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Abstract: 

Urban areas may act as important diffuse pollution sources since surface runoff during rainfall events 

could wash off a large amount of pollutant from urban surface and transport them to streams. This 

process could be facilitated in the climate change context due to potential changes in hydrological 

processes such as precipitation and evaporation. Peri-urban catchments are usually characterized by 

rapid urbanization and therefore facing great challenges of water quality degradation. In this study, the 

storm water Management Model (SWMM) was calibrated and used to investigate the potential 

influences of i) urban patterns, ii) climate change in terms of precipitation and evaporation, and iii) 

nature-based solutions for storm water management on copper and zinc loadings from roads to streams 

in a small Portuguese peri-urban catchment. The model showed a good hydrological performance 

(NSE > 0.76) and accuracy in simulating pollutant loading (on average 87% for copper and 89% for 

zinc) during the validation. Scenarios results showed sprawl urban pattern led to less pollutant loadings 

but higher event mean concentrations in surface runoff than a compact urban pattern. Urban patterns 

may also affect the temporal distribution of pollutant loadings over the simulation period. Higher 

precipitation in future climate could lead to an increase in toxic metal loads. Vegetative swales, used as 

storm water management measures, showed a better performance on pollutant removal than reducing 

surface runoff. 

Keywords: Sustainable Development, hydrology, modeling, surface water quality, peri-urban 

catchment 
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Summary: 

Storm water could transport various pollutants (e.g. toxic metals such as copper and zinc from traffic 

emission) from urban areas to streams during rainfall events and this process may be facilitated in the 

climate change context. Peri-urban catchments are usually characterized by rapid urban expansion and 

therefore facing great challenge of water quality degradation. Many studies investigated the impacts of 

urbanization on water quality, but little is known about the effects of different urbanization patterns. 

The Storm Water Management Model (SWMM) was used in this study to investigate the potential 

influences of i) different urban patterns, ii) climate change (precipitation and evaporation) and iii) 

nature-based solutions (NBS) for storm water management on copper and zinc loadings transported 

from urban areas to streams in a small peri-urban catchment in central Portugal. Two urbanization 

pattern scenarios (sprawl and compact), two hot/dry and two moderately wet climate change scenarios, 

and one NBS scenario (vegetative swales) were designed. The results showed sprawl urban pattern led 

to less pollutant loadings but higher event mean concentrations in surface runoff than compact urban 

pattern. Urban patterns may also affect the temporal distribution of pollutant loadings over the 

simulation period. Higher precipitation in future climate could lead to an increase in toxic metal loads. 

Vegetative swales, used as storm water management measures, showed a better performance on 

pollutant removal than reducing surface runoff. 

Keywords: Sustainable Development, hydrology, modeling, surface water quality, peri-urban 

catchment 
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1. Introduction
The world is experiencing rapid urbanization. Today, around 54% of the world’s total 

population live in urban areas, and it is estimated that this proportion would increase to 66% 

by 2050 (United Nations, 2015). The urbanization process exemplifies human interference 

with the hydrological cycle. The increase of urban population and expansion of urban areas 

would inevitably result in dramatic land use changes from natural or agricultural areas to 

residential, commercial or industrial land uses on the periphery of large urban centers, which 

is referred as peri-urban areas by Mejia and Moglen (2010). Peri-urban areas are usually 

characterized by a high degree of heterogeneity and high rate of land use change (Braud et al., 

2013), which could lead to major environmental impacts on both the hydrological processes 

and surface water quality of the catchments (Ferreira et al., 2016). 

The expansion of urban impervious area can facilitate dramatic changes in the magnitude, 

pathways, and timing of surface runoff dynamics and runoff-generating process (McGrane, 

2016). Since impervious surface could convert a large portion of rainfall into surface runoff, 

the peak flow of urban storm water would come earlier and with larger volume (Mansell & 

Rollet, 2006; Verbeiren et al., 2013). In addition, urban areas usually act as major sources of 

diffuse pollution in a catchment. For instance, traffic is associated with many pollutants in 

urban areas such as metals and volatile organic compounds (VOCs). On the one hand, human 

activities increase the generation and accumulation of pollutants on urban surfaces; on the 

other hand, large impervious urban landscape improves the mobilization and transport of 

pollutants to receiving water bodies by increasing surface runoff and hydraulic efficiency 

(Fletcher et al., 2013). Moreover, the impacts on water quality caused by rapid urbanization 

may be magnified by climate change since climate change could also have great effects on 

hydrological processes such as precipitation and evaporation (Tu, 2009). 

An important parameter in the investigation of urban hydrological process and water quality 

is directly connected impervious area (DCIA), which is the portion of total impervious area 

that is directly connected to the drainage system (Ebrahimian et al., 2016). Different land use 

types and spatial distribution of urban areas would greatly affect the percentage of DCIA and 

thus affect the volume of surface runoff generated from urban impervious areas (Roy & 

Shuster, 2009; Kalantari et al., 2017). Highly compact urban areas such as commercial areas 

and high-density residential areas tended to have a higher percentage of DCIA, while 

discontinuous low-density residential area, forest, and agriculture land usually have a low 

percentage of DCIA (Rossman & Huber, 2016a). As a result, hydraulic connectivity and 

pollutant mobility would differ a lot between these different land use type and urbanization 

pattern. 

Improving storm water quality is a crucial aspect for the protection of aquatic environments 

of urban areas (Wong, 2000). The impacts of urban areas on water quality have been widely 

investigated (e.g. Wang et al., 2008; Peters, 2009; McGrane, 2016; Putro et al., 2016). 

However, many studies focused on the effects of land use composition and urban expansion 

(Atasoy et al., 2006; Du et al., 2010; Wang et al., 2013; Goldshleger et al., 2015), few were 

linked to the potential impacts of different spatial patterns of urbanization and land use 

mosaic, especially in peri-urban catchments where urban land use is interweaved with non-

urban landscapes (Lindstrom, 2001; Carle et al., 2005; Borris et al., 2013; Ferreira et al., 

2016b; McConaghie & Cadenasso, 2016; Sun et al., 2016; Kalantari et al., 2017). In addition, 

many studies have focused on hydrological impacts of climate change in urban catchments, 

but few have investigated the potential influences of climate change on surface water quality 

(Praskievicz & Chang, 2009; Tu, 2009), and most of these researches were conducted on 

mesoscale (1000 – 2000 km2) watersheds instead of small peri-urban catchments (Praskievicz 

& Chang, 2009; Tu, 2009; Borris et al., 2013; Putro et al., 2016; Sun et al., 2016).  

In order to mitigate the impacts of urbanization on storm water quantity and quality, nature-

based solutions such as vegetative swales, rain gardens and green roofs have been widely 
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used in urban areas (Rossman & Huber, 2016b). Both field experiment studies and modeling 

studies have reported good performance of nature-based solutions on storm water 

management (Bäckström et al., 2006; Gilroy & McCuen, 2009; Stagge et al., 2012; Lee et al., 

2013). However, most of these studies only examined the response of nature-based solutions 

(e.g. green roof and grass swale) to individual rainfall events, little attention was paid on their 

temporal variation of performance within a year. 

The present study investigates (i) the influence of the spatial distribution of urban areas on 

surface water quality with focus on copper and zinc loadings from roads to the streams in a 

small peri-urban catchment in central Portugal; (ii) the potential impact of NBS (e.g. 

vegetative swale), on reducing pollutant loadings to the stream water; and (iii) possible future 

trends of copper and zinc loadings under climate change.  
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2. Background
2.1. Urbanization, climate change and water quality 
Urban storm water runoff can contain a wide variety of pollutants, including nutrient loads, 

toxic metals (e.g. lead (Pb), zinc (Zn) and copper (Cu) etc.), volatile organic compounds 

(VOCs), polycyclic aromatic hydrocarbons (PAHs), herbicides and pathogens (Fletcher et al., 

2013; McGrane, 2016; Ferreira et al., 2016). These pollutants are mainly generated by 

industrial activities, traffic, wastewater and inappropriate fertilization and pest control during 

the maintenance of urban green areas such as gardens and lawns (Ferreira et al., 2016). Road 

traffic is a key contributor of toxic metals and could be a major source in urban catchments 

(Ferreira et al., 2016a). Traffic related toxic metals mainly come from exhaust pipe emissions 

as well as non-exhaust sources such as tire wear and brake wear (Pant & Harrison, 2013). 

In fact, urban storm water runoff has been one of the potential threats to aquatic 

environments. Urbanization process is likely linked with increasing toxic metal and nutrient 

loadings to the water system and the biosphere (Lindstrom, 2001). It is reported that the 

concentration of pollutants is associated with the percentage urban surface (Sliva & Williams, 

2001). A program conducted nationwide in the U.S. found the level of toxic metals in urban 

storm water runoff frequently exceeded USEPA’s ambient water quality criteria, and could 

even be toxic to aquatic species (Athayde et al., 1983). It may cause adverse impacts on the 

aquatic eco-systems (Herngren et al., 2006) and could be detrimental to human health 

(Zoppou, 2001). 

Moreover, climate change could also have potential effects on the degradation of surface 

water quality since increasing precipitation in some areas could generate more surface runoff 

and therefore transport more pollutant to the stream networks (Meyer et al., 1999). A study 

conducted in eastern Massachusetts in the USA by Tu (2009) reported that climate change has 

more impact on the seasonal distribution of streamflow and nitrogen load than the average 

annual values. Sun et al. (2016) examined the combined effects of land use change and 

climate change and found that both influenced the seasonal variability of streamflow, total 

suspended solids (TSS) and total phosphorus (TP) load, but the effects of urbanization were 

greater. 

Many low impact development (LID) controls for storm water management such as rain 

gardens and rain barrels in urban areas aim to reduce DCIA by connecting impervious areas 

with adjacent pervious areas (Ebrahimian et al., 2016; Rossman & Huber, 2016b). Vegetative 

swale is a nature-based and very cost-efficient storm water management solution commonly 

applied alongside streets and highways to improve the runoff quality from roads. It is an open 

drain vegetated with grass or other plants and could remove pollutants in surface runoff 

mainly by sedimentation and filtration. During rainfall events, vegetative swales collect 

overland flow from adjacent roads surface. Its rough surface could slow down the velocity of 

overland flow while conveying it to another location so that pollutants in particle phases 

would easily settle down and runoff could infiltrate to the soil (Deletic & Fletcher, 2006). It 

has been proved to be very effective in treating particles and particle-bound pollutants by 

many studies (Bäckström et al., 2006; Deletic & Fletcher, 2006; Stagge et al., 2012). 

2.2. Storm water modeling and SWMM 
In order to manage storm water effectively and prevent aquatic ecosystems from degradation 

in urban catchments, the extent of the water quality problem must be investigated thoroughly, 

which requires accurate estimation and prediction of pollutant loadings from urban areas to 

the stream network (May & Sivakumar, 2009; Gunawardena et al., 2014). However, this has 

been one of the greatest challenges in urban hydrology over the last 20 years, since predicting 

storm water quality involves many highly uncertain factors, such as the physical and chemical 

processes on different land surfaces during the transport of pollutants, and the interweaved 

pervious and impervious land use in peri-urban catchments (Obropta & Kardos, 2007; 
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Fletcher et al., 2013). To dealing with this complexity, some studies reported DCIA could be a 

better indicator in modeling pollutant loads in urban catchments than total impervious area 

(TIA) (Fletcher et al., 2013). 

USEPA Storm Water Management Model (SWMM) is a dynamic rainfall-runoff model used 

for simulating runoff quantity and quality from urban areas. It is capable of both single event 

and long-term (continuous) simulations and could be applied to any combination of urban 

storm water drainage systems as well as natural catchments and river networks (Rossman & 

Huber, 2016a). SWMM has been widely used in the study of various urban-related 

hydrological and water quality issues. Guan et al. (2015) applied SWMM to a small 

developing urban catchment in southern Finland to assess the hydrological changes caused by 

urbanization and examine the effects of Low Impact Development (LID) controls. Di 

Modugno et al. (2015) investigated the buildup and wash-off processes of pollutants in a 

small town in Southern Italy using SWMM to support sustainable management of first flush 

phenomenon in urban areas. Bisht et al. (2016) combined SWMM with MIKE URBAN (an 

integrated urban water modeling tool) to design an efficient drainage system for a small 

urbanized area in West Bengal, India. Burian et al. (2001) could successfully model the 

atmospheric deposition and storm water wash-off of nitrogen compounds by coupling 

SWMM with CIT airshed model. 

2.3. Study area 
The small peri-urban catchment, Ribeira dos Covões (40°13’ N and 8°27’ W), is located about 

3 km from the city of Coimbra in central Portugal with an area of 6.2 km2 (Fig.1). 

 
Fig. 1. Ribeira dos Covões catchment and the streams. Source of the map on the right: Google map. 
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2.3.1.  Climate 
Ribeira dos Covões catchment has a moist Mediterranean climate with a mean annual 

temperature of 15 ℃ and precipitation of 892 mm, between 1941 and 2000. Most part of 

precipitation (61% of annual rainfall) falls from late autumn, winter and spring (from 

November to March), while summer (from June to August) is usually hot and dry, with only 

8% of annual rainfall (Ferreira et al., 2016d). During the period 2001-2013, most rainfall 

events (83%) were small events, with daily precipitation less than 10 mm (Ferreira et al., 

2016d). Such a rainfall pattern results in a strong seasonal variation in streamflow. The 

catchment drains northwards into River Mondego. Average slope is 8°. The main stream is 

perennial and supplied by several springs, with small ephemeral and intermittent tributaries 

(Fig. 1). Baseflow accounts for 33-37% of streamflow at the outlet (Ferreira et al., 2016c). 

2.3.2. Land use patterns 
The catchment has experienced profound land use change during the past few decades. Before 

1958 the catchment was mainly rural. Urbanization process started in 1973 and was 

discontinuous in the early stage (1973-1993), followed by urban consolidation since 1993. 

From 1958 to 2009, urban area has increased from 6% to 30% (14% impervious surface and 

16% urban soil in the later year), while the agricultural area has dropped dramatically from 

48% to 4% (Tavares et al., 2012; Kalantari et al., 2017). Woodland is the dominant landscape 

in the catchment and also increased (from 46% to 66%) during the same period, but the 

composition changed from Quercus suber and mixed woodland to large commercial 

plantations of pine and eucalyptus (Tavares et al., 2012). Since 2007 urban area expanded 

mainly via deforestation (Ferreira et al., 2016d). As a result, the urban area has increased to 

40% by 2012, while the woodland area has fallen to 53%. However, the land use has not 

changed much since 2012 due to the economic crisis in Portugal. 

The urban areas are dispersed in woodland and mainly consists of residential areas, including 

high-density apartment blocks as well as detached houses surrounded by gardens. There are 

also some educational and health facilities as well as some small industrial facilities, which 

comprises mostly a pharmaceutical industry, sawmill and bakery. An enterprise park (5% of 

the total area) is under construction in the southern part of the catchment since 2009. Road 

network was extended through the whole catchment since 1973, including a recently built 

(2011-2012) main road between Lisbon and Porto, with motorway profile. Therefore, two 

distinct urbanization patterns could be observed in the catchment: 1) well-defined compact 

urban cores and 2) discontinuous arrangement of houses and infrastructures. Population 

density ranged from less than 25 inhabitants per km2 to over 9900 inhabitants per km2 in 2008 

(Tavares et al., 2012). 

Separate urban drainage systems transport domestic wastewater to a treatment plant outside 

the study area. As to surface runoff, in high population density area, part of surface runoff 

from impervious surface is routed by gutters and culverts directly to the stream network 

and/or nearby areas, while in settlements surrounded by gardens and woodlands surface 

runoff dissipates in adjacent pervious areas (Ferreira et al., 2016c). 

Land use changes induced impacts on the hydrology of the catchment, such as greater runoff 

volume, higher peak flow and shorter response time due to increasing impervious area 

(Ferreira et al., 2016c). Further, the change of woodland composition might also lead to more 

overland flow since dense eucalypt forests tended to provides less water infiltration due to 

greater soil hydrophobicity (Ferreira et al., 2015, 2016d). However, these effects were partly 

offset by the mixed landscape mosaic, indicating the possibility to mitigate impacts of 

urbanization on streamflow regime through appropriate urban planning (Ferreira et al., 

2016c).  
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3. Methods and Materials 
3.1. SWMM model 
SWMM version 5.1.010 was used in this study (available at https://www.epa.gov/water-

research/storm-water-management-model-swmm). In the following sub-sections, both the 

hydrological module and the water quality module of SWMM model were discussed. 

3.1.1.  SWMM’s hydrological model 
SWMM is a distributed discrete time model. It updates its state variables and reports results 

over a sequence of time steps. The simulation result of each time step will be the initial state 

of the next time step. In SWMM, storm events are conceptualized as a series of water and 

material flows between four different environmental compartments: 1) the Atmosphere 

compartment generates precipitation onto the catchment surface; 2) the Land Surface 

compartment, which consists of several sub-catchments, receives precipitation and generates 

water outflow in the form of evaporation, infiltration and surface runoff; 3) the Sub-Surface 

compartment receives infiltration and discharge a portion of this inflow to river channels as 

lateral groundwater flow; 4) the Conveyance compartment, which is a network of sewer 

systems, gutters, streams, etc., convey water inflows such as groundwater discharge and 

surface runoff to outfalls, treatment facilities or catchment outlet, etc. 

In SWMM, the study area is usually divided into several sub-catchments based on the aim of 

modeling, urban planning, land use, etc. The generation of surface runoff within each sub-

catchment is represented as a nonlinear reservoir model, shown in Fig. 2. 

 
Fig. 2. Nonlinear reservoir model of a sub-catchment in SWMM (Rossman & Huber, 2016a). 

Precipitation that falls onto each sub-catchment experiences losses from infiltration f and 

evaporation e. The excess precipitation ponds atop the sub-catchment surface to a depth d. 

When the depth d exceeds the depression storage depth ds (representing surface wetting, 

interception by flat roofs and vegetation etc.), the ponded water could become runoff outflow 

q. The change of depth d at each time step (t) could be expressed using the following 

equation: 

𝜕𝑑

𝜕𝑡
= 𝑖 − 𝑒 − 𝑓 − 𝑞           (1) 

where d is the depth of precipitation ponds atop surface; t is time step; i is precipitation rate; e 

is evaporation rate; f is infiltration rate; and q is surface runoff rate. 

According to equation 1, the amount of surface runoff generated in each sub-catchment is 

closely related to precipitation, infiltration rate of pervious area and percentage of directly 

connected impervious area (DCIA). It is notable that SWMM considers DCIA instead of total 

impervious area (TIA). For example, if a house is surrounded by pervious area such as garden 

https://www.epa.gov/water-research/storm-water-management-model-swmm)
https://www.epa.gov/water-research/storm-water-management-model-swmm)
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or lawn, it cannot be treated as DCIA in SWMM. Therefore, the percentage of DCIA in a sub-

catchment is usually smaller than the total impervious area and the difference could be even 

greater in peri-urban areas, where urban and rural landscape are interweaved with each other 

and the coverage of urban artificial drainage systems may be relatively low so that surface 

runoff could not be effectively collected. 

3.1.2.  SWMM’s water quality model 
SWMM could take several pollutant inflows into consideration, including wet deposition 

(precipitation), dry deposition (e.g. particles deposited on urban impervious area), wastewater 

discharge, groundwater etc. In a catchment without industrial wastewater discharge, urban 

area is usually the major source of pollutants such as nutrients and toxic metals (Rossman & 

Huber, 2016b). SWMM models the pollutant loadings from urban surface based on a buildup-

washoff approach: pollutants are built up on a type of urban land use during dry weather and 

are washed off by rainfall events during wet weather. Each land use is assigned to a buildup 

function and a wash-off function for a certain pollutant. One of the options is the simplified 

linear function, in which the pollutants buildup and washed-off are at constant rates. This 

function is usually used for a general understanding of the trends of pollutant loadings. The 

empirical exponential method, which is used in this study, is another option in SWMM used 

for representing the wash-off processes. It is derived based on street experiments with a 

sprinkler system and fits the real wash-off process better than the linear function but requires 

intensive field study (Rossman & Huber, 2016b). However, the model cannot deal with the 

transport of pollutants from surface to groundwater via infiltration. 

Ample studies have shown that the buildup process of pollutants on urban surfaces is 

nonlinear (Rossman & Huber, 2016b). It involves continuous deposition (e.g. from vehicles) 

and removal (e.g. by wind) until an equilibrium state is reached (Egodawatta et al., 2013). In 

SWMM, increases in pollutant on urban surface follow an exponential growth curve and 

asymptotically reach a maximum buildup mass as dry days continue: 

𝑏 = 𝐵𝑀𝐴𝑋(1 − 𝑒−𝐾𝐵⋅𝑡)          (2) 

where b is buildup (mass); BMAX is maximum buildup (mass); t is buildup time interval (days); 

KB is a constant (days-1). Similarly, the wash-off process of pollutants also reveals an 

exponential relationship (Sator & Boyd, 1972) and the amount of wash-off at each time step 

could be expressed as a function of the mass of pollutants on surface: 

𝑤 = 𝐾𝑊𝑞
𝑁𝑊𝑚𝑏           (3) 

where w is wash-off rate (mass hour-1); q is surface runoff rate (mm hour-1); mb is the initial 

mass of pollutant at the beginning of the time step; KW and NW are constants. 

3.1.3.  Computational scheme 
In each wet step (precipitation occurs) of the simulation process, the generation of surface 

runoff and pollutant wash-off are computed as follow: 

a) The surface runoff was calculated based on the evaporation, precipitation, area of 

the catchment, DCIA, depression storage and infiltration rate (equation 1);  

b) If surface runoff is great than 0, for any combination of pollutant i and land use j, 

the wash-off is calculated using equation 3, and the surface buildup is reduced; 

c) If storm water management practice (e.g. vegetative swale) exists in the catchment, 

the pollutant wash-off was reduced according to the settings of the practice; 

d) Wash-off from all land uses is added up to derive the total pollutant wash-off of the 

catchment in this time step. 
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3.2. Data  
Since SWMM cannot simulate land use changes over time, the years of 2012 was selected as 

the start point of simulation because the land use was relatively stable since then. The model 

was run for two years, from 2012 to 2013. 

Supporting data of the study area was provided by Dr. Carla Sofia Santos Ferreira from her 

field studies, including climatic data such as precipitation, streamflow, monthly evaporation 

from Ferreira et al. (2016c). Precipitation data with 5-minute time interval was available for 

the year of 2012 and 2013 as well as automatically measured streamflow data at the 

catchment outlet (see details in Ferreira et al. 2016c). Monthly average daily evaporation data 

was also available for the same time period. Geographic data was also provided, including a 

map of Ribeira dos Covões catchment, stream networks, land use and soil type was provided 

as ArcGIS shape files and was analyzed using ArcGIS 10.2. For more information, see Table 

1. 

A research about traffic related toxic metals in storm water in the study area conducted by 

Ferreira et al (2016a) was used for the estimation of parameters that describes the buildup and 

wash-off processes of zinc and copper on road surface (equation 2 and 3). In their study, 

storm water samples during seven rainfall events in 2013 were collected from four roads in 

Ribeira dos Covões catchment with different traffic conditions. The concentrations of copper 

and zinc determined in their study were used for the parameter estimation.  

Then the estimated parameters were validated according to five well-studied storm events 

between 2012 and 2013 in another research (Table 2) about the dynamics of pollutant 

concentration in streams during rainfall events in the studied catchment conducted by Ferreira 

et al. (2016b). The metal concentrations and streamflow data of the five events were all 

measured at the catchment outlet. 

Table 1. Data used in this study. 

Data Year Comments Source 

Precipitation 
2012-

2013 
5-minute interval 

All data was provided by Dr. 

Carla Sofia Santos Ferreira in 

personal contact. Details 

about the sources of these 

data could be found in 

Ferreira et al. 2016c. 

Streamflow 
2012-

2013 

5-minute interval, at the 

catchment outlet 

Daily evaporation 
2012-

2013 
Monthly average 

Land use map 2012 

ArcGIS shape file, including 

urban area, woodland, 

agriculture land and impervious 

surfaces, including roads. 

Streams - 

ArcGIS shape file, including 

perennial stream, intermittent 

stream and ephemeral stream 

Digital elevation 

model (DEM) 
- 5m×5m grid size 

Soil type map - ArcGIS shape file 
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Table 2. The five rainfall events used for water quality validation (source Ferreira et al. 2016b) 

Event Date 
Duration 

(h) 

Rainfall 

(mm) 

Imean 
a 

(mm h-1) 

API14 b  

(mm) 

Copper Zinc 

Loading 
(kg) 

EMC 
(mg/L) 

Loading 
(kg) 

EMC 
(mg/L) 

1 2012/05/04 7.4 2.4 0.3 82.6 0.13 0.12 0.11 0.10 

2 
2012/09/25-

09/26 
16.7 14.3 0.9 14.3 0.21 0.027 1.5 0.19 

3 
2013/01/08-

01/10 
28.9 9.9 0.3 17.0 0.068 0.026 0.55 0.21 

4 
2013/01/15-

01/17 
21.4 20.2 0.9 25.4 0.93 0.076 7.0 0.58 

5 
2013/03/25-

03/29 
93.25 46.8 0.5 70.8 1.3 0.020 7.1 0.11 

a. Imean – mean rainfall intensity. 

b. API14 – 14-day antecedent rainfall. 

3.3. Model setup and assumptions 
According to the data availability and objectives of this study, the representation of Ribeira 

dos Covões catchment and the hydrological processes in SWMM was based on several 

assumptions and simplifications. 

Firstly, land use pattern within the study area was assumed no change from 2012 onwards. As 

mentioned before, land use change over time is not taken into consideration in SWMM’s 

modeling process and the land use pattern was almost stabilized since the economic crisis in 

Portugal, so the year of 2012 was selected as the base year of simulation. The land use pattern 

of 2012 is shown in Fig.3 as well as the monitoring site of streamflow data and sampling site 

of metal concentrations (the catchment outlet). 
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Fig. 3. Land use map of Ribeira dos Covões catchment (2012). 

Secondly, it was assumed that groundwater does not provide copper and zinc to the 

streamflow. Metals in surface runoff could be captured and retained by soil during infiltration 

(Barbosa & Hvitved-Jacobsen, 1999). A research conducted in a paddy field in Vietnam 

indicated that it took 470 days and 370 days for copper and zinc, respectively, to reach the 

soil depth of 1 m under a constant flooded conditions (Ngoc et al., 2009). Therefore, it was 

assumed no transport of copper and zinc to groundwater via infiltration during the simulation 

period. In addition, since little data about copper and zinc concentration in soil and 

groundwater was available for the study area, it was impossible to accurately estimate toxic 

metal loadings from groundwater discharge. Moreover, including groundwater simulation in 

SWMM would introduce eleven additional parameters (porosity, wilting point, field capacity, 

conductivity, soil tension, upper unsaturated zone evapotranspiration, evaporation depth of 

lower saturated zone, lower ground water loss rate to deep ground water, elevation of the 

bottom of the aquifer, water table elevation and unsaturated zone moisture) used for 

describing the aquifer of the catchment, which would greatly increase the uncertainty of 

calibration and the risk of over-parameterization since limited groundwater data was available 

for validation. Therefore, this study focused mainly on examining how much copper and zinc 

was transported to streams by surface runoff, and the groundwater discharge and baseflow 

were simplified as a monthly changed baseline during the simulation period. The first quartile 

of each month’s streamflow data (5-minute streamflow data provided by Dr. Carla Sofia 

Santos Ferreira) was used as the baseline of that month. 

Thirdly, roads were assumed to be the only source of copper and zinc in the catchment. As 

mentioned before the size of the existent factories within the area is very small and comprises 
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mainly of a sawmill and a bakery, and domestic water was transport to a treatment plant 

outside the area, so they would have little impact on the metal loads in the stream network. In 

a study by Ferreira et al. (2016a), water samples of surface runoff from roads with different 

traffic volume were collected and analyzed. Sampling points of the study are shown in Fig.4. 

Based on that research, the distribution of the roads and Dr. Ferreira’s knowledge about the 

catchment, all the roads in the study area were classified into three categories: high traffic, 

medium traffic and low traffic (Table 3 and Fig. 4).  

Table 3. Roads classificationa in the study area 

Sampling site in 

Ferreira et al. 2016a 

Average number of 

vehicle per day 
Classification Area (ha) 

Percent of total 

catchment area 

Site 1 26284 
High traffic 11.2 2.0% 

Site 2 5782 

Site 3 850 Medium traffic 17.9 2.9% 

Site 4 45 Low traffic 9.7 1.4% 

a. classification was based on Dr. Ferreira’s knowledge of the catchment and location of roads. 

 
Fig. 4. Classification of roads in Ribeira dos Covões catchment. 
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3.4. Calibration 
Model calibration and validation were performed for both the hydrological part and water 

quality part of SWMM. Since water quality calibration and validation was based on copper 

and zinc loading at the catchment outlet during several individual rainfall events, high-

resolution precipitation data and streamflow data was used (5-minute interval) and the time 

step of simulation was set to 5-minute. 

3.4.1. Calibration of the hydrology part 
SWMM reference manual (Rossman & Huber, 2016a) provides a sensitivity analysis report 

listing the parameters usually used for calibration and how they would affect the modeling 

results (Table 4). Seven parameters were selected for the calibration in this study: percentage 

of DCIA, width of overland flow path, slope, Manning’s roughness coefficient (for 

impervious area and pervious area, separately), depression storage for impervious area, and 

minimum infiltration rate of pervious area. Values of the selected parameters were first 

estimated based on the geographic data of the study area and SWMM reference manual, and 

were then allowed to float with a certain range (±30%) during the calibration. All other 

parameters were set at the default value as suggested by SWMM reference manual. 

Table 4. Sensitivity analysis of several main parameters in the SWMM (Rossman & Huber, 2016a) 

Parameter 
Effect on 

hydrograph 

Effect of increase 

on runoff volume 

Effect of increase 

on runoff peak 

DCIA Significant Increase Increase 

Width of overland flow path Affects shape Decrease Increase 

Slope Affects shape Decrease Increase 

Roughness coefficient a Affects shape Increase Decrease 

Depression storage  Moderate Decrease Decrease 

Minimum infiltration rate b Moderate Decrease Decrease 

a. for impervious area and pervious area, separately. 

b. only affect surface runoff generated on pervious area. 

SWMM model was calibrated based on the streamflow data at the catchment outlet (Fig. 2) 

and precipitation of October 2012, including both a relatively long dry spell (first half of the 

month) and sufficient number of rainfall events. Then the calibrated model was validated for 

the other months in 2012 and 2013. 

Hydrological calibration was performed by visual comparison of simulated hydrograph and 

field measured streamflow data of October 2012 at the catchment outlet. Nash–Sutcliffe 

model efficiency coefficient (NSE) was selected as the quantitative criterion for the 

evaluation of streamflow simulation results. NSE is a normalized statistic which indicates 

how well the simulation result fits the observed data (Moriasi et al., 2007). It could be 

calculated as follow: 

𝑁𝑆𝐸 = 1 −
∑(𝑄𝑖−𝑄′𝑖)

2

∑(𝑄𝑖−�̅�)
2         (4) 

where Qi is observed streamflow at time i; Q’i is simulated streamflow at time i; �̅� is the 

average of observed streamflow values. NSE value ranges from -∞ to 1.0. A value of 1.0 

means the simulation results matched perfectly with observed data. A NSE value of 0 

indicates the modeling results have the same accuracy as using mean value of observation to 

represent the real situation. If NSE value is less than zero, the mean value of the observed 

data is a better representation than the modelling results. The acceptable NSE value is 

between 0 and 1. The closer the NSE value is to 1, the more accurate the model is. 
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3.4.2. Parameterization and validation of the water quality part 
As mentioned before, roads were assumed the major copper and zinc source in the catchment. 

Parameter estimation of the buildup and wash-off process (equation 2 and 3) was based on 

Ferreira et al (2016a) and SWMM reference manual. Briefly, the amount of copper and zinc 

washed off from roads during seven storms studied by Ferreira et al (2016a) was first 

estimated according to the precipitation data (assuming 90% of total rainfall converted to 

runoff on road surface) and the reported metal concentrations of storm water sample collected 

from road runoff, then the estimated loadings were applied to equation (2) and (3) and the 

Solver add-in tool in Excel was employed to find possible solutions to the equations. 

The estimated parameter values were validated by the five rainfall events between 2012 and 

2013 (Table 2) in the previously mentioned study (Ferreira et al., 2016b), see section 3.2. The 

model’s hydrological performance of the five events was examined by calculating NSE value 

as described above and comparing the simulated discharge volume with the observed values, 

then the water quality part was validated by comparing the simulated copper and zinc 

loadings at the catchment outlet and event mean concentration of each event with the 

measured data. 

3.5.  Scenarios 
The impacts of spatial urban patterns on copper and zinc loadings in the stream water outlet 

origin from roads in Ribeira dos Covões catchment were examined by comparing the 

simulation results of several designed scenarios with the simulated status quo scenario. In 

addition, the effects of climate change and nature-based solution were also investigated. A 

summary of the scenarios is presented in Table 5 and detailed parameter setting of the 

scenarios can be found in the appendix (Table A1 – A5). Pearson correlation coefficient was 

employed to analyze the relationship between precipitation and metal loadings. 

Table 5. Land use characteristics and rainfall input of each scenario investigated. 

Scenario Code 
Precipitation (mm) 

Description 
2012 2013 

Status quo - 573.6 941.9 
Land use pattern of 2012. The model was run for 

the period of 2012-2013. 

Compact C 573.6 941.9 

Urban area was concentrated in the northeast part, 

DCIA was assumed 33% more than Status quo, 

while other settings were kept the same. 

Sprawl S 573.6 941.9 

Urban areas spread over the whole catchment. 

DCIA was assumed 33% less than Status quo, 

while other settings were kept the same. 

Moderately 

wet 

M1 603.8 a 1002.9 a 
Total precipitation and daily evaporation increased 

5% (M1) and 10% (M2) on average. Less rainfall 

in August and September. Increasing precipitation 

in the other months. 
M2 623.8 a 1053.0 a 

Hot/Dry 

H/D1 573.9 a 949.2 a Total precipitation changed little compared to 

status quo. Less rainfall between July and 

November. More rainfall between December and 

June. H/D2 569.5 a 955.0 a 

Nature-based 

solution 
NBS 573.6 941.9 

Vegetative swales were assumed to be placed 

alongside 50% of the roads in the catchment. 

Surface runoff generated from 50% of the total 

road surface would be collected by the swales. 
a. 2012 – 2013 precipitation data was adjusted by SWMM’s Climate Adjustment Tool. 
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3.5.1.  Status quo scenario 
The year of 2012 was selected as the status quo scenario, in which urban area comprised 40% 

of Ribeira dos Covões catchment and TIA was 13.6% of the total area. The model was run for 

two years, 2012 and 2013, and 5-minute interval precipitation data of these two years were 

used as input. Total precipitation was 1515.5 mm during the simulation period and around 

70% of the total rainfall was concentrated between October and March. Precipitation of 2013 

(941.9 mm) was much higher than of 2012 (573.6 mm). Monthly precipitation and average 

daily evaporation for the simulation period are presented in Fig.5. The other scenarios were 

all modified based on the status quo scenario. 

 
Fig. 5. Monthly precipitation and average daily evaporation between 2012 and 2013 

3.5.2.  Different spatial pattern of urban areas 
To investigate the impacts of different urbanization patterns, two scenarios were designed by 

theoretically modifying the spatial distribution of urban area in the catchment: 1) a compact 

scenario (C-scenario) and 2) a sprawl scenario (S-scenario). All the parameter settings, 

including total impervious area (TIA), were kept the same as the status quo scenario except 

DCIA (Table 5). 

For the compact scenario (C-scenario), urban areas in the catchment were assumed to be 

highly concentrated in the northwestern part (where the largest urban core is currently 

located). Such a spatial pattern may increase the connectivity of urban impervious area, 

resulting in more DCIA. In this scenario, DCIA was assumed 33% higher. 

For the sprawl scenario (S-scenario), urban area was assumed to be more discontinuous and 

spread over the whole catchment, which means small pieces of impervious area would be 

surrounded by pervious areas such as woodland. Therefore, instead of collected by urban 

drainage system, a larger part of the overland flow from impervious areas would be re-routed 

onto pervious area during rainfall events, resulting in a lower percentage of DCIA compared 

to the actual present values. In this scenario, DCIA was assumed 33% lower. 

3.5.3.  Climate change scenarios 
The effects of possible future climate change were investigated based on four scenarios 

representing two different potential climate trends, hot/dry (H/D) and moderate change (M), 

at 1) near future (2020-2049) and 2) distant future (2045-2070). The tow Hot/dry scenarios 
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(H/D1 and H/D2) and two moderately wet scenarios (M1 and M2) were designed by 

modifying the precipitation and evaporation input data of 2012 and 2013 (Fig 6). The 

adjustments were made by SWMM’s Climate Adjustment Tool (version 1.0). The source of 

these adjustments is global climate change models run as part of the World Climate Research 

Program (WCRP) Coupled Model Intercomparison Project Phase 3 (CMIP3) archive. All the 

other settings were exactly the same as the status quo scenario. Detailed values about these 

adjustments could be found in the appendix (Table A4 – A5). 

 
Fig. 6. The monthly adjustments on precipitation data. Original precipitation data in status quo scenario 

was presented as 100%. 

In the moderately wet scenarios (M-scenarios), modified total precipitation and average daily 

evaporation of the near term scenario (M1-scenario) and far term scenario (M2-scenario) 

were about 5% and 10% higher than the status quo scenario, respectively (Fig. 7). In the M1-

scenario total precipitation was 1606.7 mm (603.8 mm and 1002.9 mm for modified 2012 and 

2013 rainfall data, respectively), while in M2-scenario total precipitation increased to 1676.8 

mm (623.8 mm and 1053.0 mm for 2012 and 2013, respectively). Within each year, August 

and September would experience less precipitation (around 5% and 10% less on average for 

M1 and M2 scenario, respectively) compare to the status quo scenario, but in the other 

months, precipitation would increase (around 5% and 10% more on average for M1 and M2 

scenario, respectively) (Fig. 6). The discrepancy between dry season and wet season was 

more noticeable in this scenario. 

In the hot/dry change scenarios (H/D-scenarios), dry season was expected to be longer and 

dryer (Fig. 8). Modified total precipitation of the near term (H/D1) and far term (H/D2) 

scenario were 1523.1 mm and 1524.5 mm, respectively, only slightly higher than the status 

quo scenario (1515.5 mm). Comparing with the status quo scenario, monthly precipitation 

between July and November reduced on average 4% for H/D1-scenario and 7% for H/D2-

scenario, while in the other months, precipitation increased 3% and 5% for H/D1 and H/D2 

scenario, respectively (Fig. 6). Daily average evaporation of H/D1 and H/D2 scenario were on 

average 6% and 11% higher than status quo, respectively (Fig. 8). 
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Fig. 7. Monthly precipitation and evaporation of the moderate climate change scenarios (M1 = near 

term climate change, M2 = far term climate change) 

 
Fig. 8. Monthly precipitation and evaporation of the hot/dry climate change scenarios (H/D1 = near 

term climate change, H/D2 = far term climate change) 

3.5.4.  Nature-based solution scenario 
A scenario with nature-based solution (NBS-scenario) was designed to investigate its effects 

on the removal of pollutants in surface runoff. In this scenario, vegetative swales (2.5 meters 

wide, 50% of total road length and around 2% of the catchment area) were hypothetically 

placed alongside half of the roads in the catchment so that in theory the surface runoff 

generated from half of the total road surface (24% of TIA) would be routed to the swales 

during rainfall events. However, limited by the model structure and the simulation process, 
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the swales applied in the catchment did not directly receive surface runoff from the roads as 

assumed. In each time step, SWMM model first calculates the volume of surface runoff that is 

converted from rainfall each second for the whole catchment; then pollutant concentration in 

surface runoff is calculated based on the surface runoff rate and available buildup mass on 

road surface (equation 3); and then part of the surface runoff, in this case surface runoff from 

24% of TIA (include roads), is routed to the swales. Therefore, the surface runoff treated by 

the swales in this scenario was not only road runoff. In SWMM’s reference manual (Rossman 

& Huber, 2016b) ranges of the parameters that used for describing the characteristics of 

vegetative swales were given. The parameters of the hypothesized vegetative swales were set 

to the average of the maximum and minimum value of each parameter provided by SWMM’s 

reference manual. Details on parameters of vegetative swale could be found in appendix 

(Table A3).   
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4. Results 
4.1. Calibration and validation 
During the calibration period (October 2012). the simulation result showed a good agreement 

with field measured 5-minute streamflow data (NSE = 0.88). The variations of streamflow 

caused by the thirteen rainfall events were all captured by the model and, on average, 

simulated peak flow was about 20% lower than the observed value. The hydrograph of 

calibration result and field measurement is presented in Fig. 9. 

 
Fig. 9. Comparison between simulated and measured streamflow data of the calibration month 

(October 2012).  

The calibrated model was then validated for the other months in 2012 and 2013, and result 

was showed in Table 6. Overall, the simulation result was in good agreement with observed 

streamflow data. NSE value was 0.86 and 0.76 for the entire year of 2012 and 2013, 

respectively. For each month, SWMM tended to have a better performance on wet months 

(September to May, NSE ranged from 0.30 to 0.95) than dry months (June to August, NSE 

ranged from -0.74 to 0.68). Since little information is available about acceptable NSE values 

for SWMM model, the criterion for the Soil and Water Assessment Tool (SWAT) model was 

used as reference. According to Saleh et al. (2000) and Santhi et al. (2001), the performance 

of SWAT could be deemed as satisfactory if NSE >0.5 and as very good if NSE >0.65. 
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Table 6. Precipitation and NSE value of the validation years. 

 2012 2013 

Month Rainfall (mm) NSE Rainfall (mm) NSE 

January 18.6 NAa 167.2 0.82 

February 2.5 NAa 62.0 0.85 

March 11.8 0.43 226.6 0.74 

April 89.4 0.88 40.5 0.30 

May 77.3 0.84 42.6 0.61 

Jun 15.0 0.68 36.0 0.67 

July 3.0 NAa 2.5 0.10 

August 16.0 -0.74 0.0 NAb 

September 33.3 0.51 63.1 0.62 

October  110.3c 0.88c 125.6 0.40 

November 89.3 0.88 23.4 0.36 

December 83.6 0.95 140.8 0.73 

Annual 573.6 0.86 941.9 0.76 

a. NA – no available data. 

b. NA – no available data. No rainfall event occurred. 

c. Calibration month. 

The NSE value of the five storms used for water quality calibration (Table 7) were between 

0.55 and 0.95, whereas for simulated discharge ranged from 50% to 148% (87% on average) 

of the measured data and peak flow was about 52% to 149% of the measured data (Table 7). 

Hydrographs of the five storm events can be found in Appendix (Fig. A1). 

For copper and zinc loadings in the stream water outlet, four out of five rainfall events 

showed good agreements with measured data (Table 7). The simulated metal loadings of 

event 1 was very low, only 2% and 24% of the measured copper and zinc loading (NSE = 

0.74), respectively. Metal loadings of the other four events ranged from 76% to 148% of 

field-measured data for copper and from 87% to 122% for zinc. Event mean concentration 

(EMC) of events number 2 to 5 varied from 100% to 195% of the measured value for copper 

and 86% to 182%. In general, the model performed better on simulating pollutant loading 

than simulating EMC, especially for events with higher volume of surface runoff (event 2, 4 

and 5). Simulated copper and zinc loadings for events 2 – 5 are on average 108% and 103% 

of the measured copper and zinc loadings, respectively, indicating an overestimation of metal 

loadings. The calibrated parameter values could found in the appendix (Table A1 and A2). 
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Table 7. Comparison of simulation results of the five storms with measured data. 

Event NSE a Comparison 

Surface  

runoff 

(m3) 

Copper Zinc 

Loading 

(kg) 

EMC b 

(mg/L) 

Loading 

(kg) 

EMC 

(mg/L) 

1 0.74 

Observation 1100 0.13 0.12 0.11 0.10 

Simulation 870 0.0045 0.005 0.039 0.05 

Accuracy c 79% 3% 4% 35% 50% 

2 0.55 

Observation 7700 0.21 0.027 1.5 0.19 

Simulation 5900 0.17 0.029 1.6 0.27 

Accuracy 77% 81% 107% 106% 142% 

3 0.61 

Observation 2600 0.068 0.026 0.55 0.21 

Simulation 3800 0.094 0.025 0.62 0.16 

Accuracy 146% 138% 96% 113% 76% 

4 0.95 

Observation 12000 0.93 0.076 7.0 0.58 

Simulation 12000 0.90 0.075 6.6 0.55 

Accuracy 100% 97% 99% 94% 95% 

5 0.64 

Observation 66000 1.3 0.020 7.1 0.11 

Simulation 36000 1.5 0.039 7.0 0.18 

Accuracy 58% 115% 195% 99% 163% 

a. NSE calculated based on observed and simulated streamflow. 

b. EMC – event mean concentration. 

c. Simulation/Observation 

4.2. Scenarios results 
Detailed simulation results of all scenarios were presented in the appendix (Table A6 – A7). 

4.2.1. Status quo scenario 
In the status quo scenario, TIA was 13.6% of the catchment area according to the land use 

map of 2012 and DCIA was estimated around 75% of the TIA based on the calibration of the 

hydrology module, which means the surface runoff generated from one-fourth of the TIA 

would be routed on the adjacent pervious area. Monthly metal loadings and precipitation are 

presented in Fig. 9. For the whole simulation period (2012-2013), total surface runoff 

generated was 9.1×105 m3, and total copper and zinc loading was 56 kg and 360 kg, 

respectively. Around 70% of the total rainfall concentrated in the period between October and 

March and generated about 85% of the total metal loading. Results of Pearson correlation 

analysis show that pollutant loadings were significantly correlated with the volume of surface 

runoff (rP = 0.91 for copper and rP = 0.91 for zinc, p <0.05). 
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Fig. 9. Monthly precipitation, copper (Cu) and zinc (Zn) loading of the status quo scenario. 

4.2.2.  Different spatial patterns of urban areas 
For the C-scenario, total surface runoff during the simulation period is 1.0×106 m3, and 

copper and zinc loadings were 61 kg and 390 kg, respectively. With its approximately 33% 

more DCIA, only 15% more surface runoff reached streams comparing with the status quo 

scenario, and 10% more copper and zinc were transport to the streams. For the S-scenario, 

total surface runoff was 7.6×105 m3, copper and zinc loadings were 49 kg and 330 kg, 

respectively. Comparing with the status quo scenario, the 33% less DCIA in S-scenario 

resulted in about 16% less surface runoff and 10% less metal loading. 

The simulation results of C-scenario and S-scenario were compared with the status quo in 

Fig. 10. Generally, monthly pollutant loading in C-scenario is higher than in S-scenario 

except January 2013. The variation of pollutant loadings revealed a similar pattern as surface 

runoff over the simulation period in the two scenarios. These two urban patterns showed more 

influence over months with less precipitation. For months such as May, June, July and 

August, the two scenarios resulted in more than 30% increase (C-Scenario) or decrease (S-

Scenario) of metal loadings comparing to the status quo. On the other hand, for wet months 

with sufficient rainfall, such as January (174.7 mm), March (228.4 mm) and December (140.9 

mm) in 2013, the simulated metal loadings of these two scenarios were very close to the 

status quo (±10%). In addition, the wet season (from October to March) contributed to more 

than 80% of the total copper and zinc loading in the two scenarios. 
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Fig. 10. Comparison of the C-scenario and D-scenario comparing with the status quo scenario. 

Precipitation data was the same in the three scenarios. A) monthly surface runoff and precipitation, B) 

monthly copper loading and C) monthly zinc loading. 
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4.2.3.  Climate change scenarios 
Fig. 11 presented the relative changes of the simulation results comparing with status quo in 

terms of total precipitation, surface runoff and metal loading during the simulation period 

(2012-2013). For the moderately wet scenarios (M-scenarios), total surface runoff that 

reached streams in M1-scenario during the simulation period (2012-2013) was 1.1×106 m3, 

copper and zinc loadings were 63 kg and 390 kg, respectively. Comparing to the status quo 

scenario, an increase of 6% in the total precipitation led to an increase of 13% and 6% in total 

copper and zinc loading, respectively (Fig. 11). In M2-scenario: surface runoff, copper and 

zinc loading were further increased to 1.2×106 m3, 400 kg and 69 kg, respectively, due to an 

increase of 11% in precipitation comparing with the status quo (Fig. 11). Monthly comparison 

with the status quo scenario (Fig. 12) shows that more pollutant was transported from urban 

impervious area to the streams during the wet season (October – March), which is consistent 

with the precipitation adjustment pattern made by SWMM’s Climate Adjustment Tool (Fig. 

6). Monthly copper and zinc loading were significantly correlated with the surface runoff 

volume according to Pearson correlation analysis (p <0.05). 

For both hot/dry scenarios (H/D1 and H/D2 scenarios), total precipitation, surface runoff, 

copper and zinc loadings during the simulation period were roughly the same as the status 

quo scenario (Fig. 11). Total copper loading was 56 kg and 57 kg for H/D1 and H/D2 

scenario, respectively, which were only around 1% higher than the status quo. However, total 

zinc loading was found slightly lower than status quo (around 1%), which was 362 kg and 

359 kg for H/D1 and H/D2 scenario, respectively. Less pollutant loadings were expected from 

June to October due to decrease in precipitation (Fig. 12). 

 
Fig. 11. Comparison of relative changes of the total precipitation and simulation results of climate 

change scenarios and status quo (presented as 100%) during the simulation period (2012-2013) 
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Fig. 12. Monthly metal loading of the climate change scenarios comparing with status quo. A) monthly 

copper loadings; B) monthly zinc loadings. 

4.2.4.  Nature-based solution scenario 
Result of the NBS scenario was presented in Fig. 13. During the period of 2012-2013, there 

was in total 39 kg of copper and 250 kg of zinc transported from road surface to the streams 

by surface runoff. Comparing to the status quo scenario, the assumed vegetation swales 

removed about 30% of total metal loading overall the study period, while the total surface 

runoff that reached streams during the simulation period was only slightly lower (2%) than 

status quo. In general, the assumed vegetative swales have a better performance on reducing 

overland flow volume in months with less precipitation such as June. For the wettest months 

(e.g. January, March and December in 2013), the vegetative swale showed little influence on 

the total surface runoff. For some months such as January, March and October in 2013, the 

simulated surface runoff in the NBS scenario was slightly higher (1% – 8%) than the status 

quo. 
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Fig. 13. Comparison of the (A) simulated monthly surface runoff, (B) simulated monthly copper 

loading and (C) monthly zinc loading between the status quo and NBS scenario. 
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5. Discussion 
5.1. Model calibration and uncertainty 
Models are abstractions that simplify complex real world based on the user’s understanding 

and perception of the studied systems (Wainwright, 2013). They can be greatly affected by the 

methods and data used during modeling as well as the complexity of real systems, resulting in 

uncertainty in modeling results. 

The study area is a peri-urban catchment characterized by urban areas interweaving with 

woodland and agricultural land, so, the hydrological response to rainfall events could be very 

complicated and challenging to catch by models. In this study, precipitation and streamflow 

data with 5-minute time interval were used, such high temporal resolution might magnify the 

influences of temporal and spatial characteristics of the catchment (e.g. the spatial distribution 

of rainfall and temporal variation of soil property) and increase the uncertainty. 

Furthermore, in this study groundwater was not simulated and stream base flow was set to a 

constant value for each month, so the model could not catch the gradual recession well after a 

serious of rainfall events in the wet season. This might be one cause for the low NSE value in 

some months with high precipitation during the calibration and validation. Therefore, a 

thorough field study about groundwater and aquifer in the catchment could be helpful for 

developing credible groundwater parameters and improve the model’s hydrological 

performance. 

Generally, SWMM showed a good performance on the water quality module. Simulated zinc 

loadings were about 5 to 9 times higher than copper loadings, which was consistent with both 

the field-measured data (except event 1) and EMC data from the Nationwide Urban Runoff 

Program conducted by US EPA, which investigated more than 2300 separate rainfall events in 

U.S. (Rossman & Huber, 2016b). However, as mentioned in Section 4.1, the simulated metal 

loadings were less accurate for rainfall events with less surface runoff (e.g. simulated copper 

and zinc loading of event 1 is only 3% and 35% of the observed value). Though this 

inaccuracy may not significantly influence the total metal loadings during the simulation 

period since these small events contributed much less comparing to large events (e.g. event 4 

and 5), monthly loadings, especially dry months with less precipitation (e.g May and June), 

could be underestimated. It is notable that many studies calibrated pollutant loadings using 

measured concentration in surface runoff (Tetra Tech Inc, 2010; Di Modugno et al., 2015; 

Rossman & Huber, 2016b), while this study used metal concentration in streams during 

rainfall events. The difference is that the simulated metal loadings in this study were the 

amount of copper and zinc that actually entered the streams rather than the amount washed off 

from urban surface. Additionally, as mentioned in section 4.1, the model showed a better 

performance on modeling pollutant loadings than concentrations, this is because the 

parameters of the water quality module were estimated and validated based on metal loadings 

instead of concentration changes during rainfall events. Therefore, though the simulation 

results could be used for estimating event mean concentrations, they might have little 

implication regarding the within-event variation of metal concentrations.  

As to the sources of toxic metals, vehicle-related pollutant emission and buildup on road 

surface could be affected by various factors other than traffic, such as driving condition and 

engine type, etc. (Pant & Harrison, 2013). Thus, simply classifying roads in the catchment 

based on numbers of vehicles per day may not fully represent the spatial distribution of 

potential zinc and copper sources. Though roads were assumed as the major source of toxic 

metals in the catchment, they are not the only source. The study area is close to Coimbra, the 

main city in central Portugal, where traffic is much higher. Toxic metals could be transported 

via atmosphere from Coimbra and deposit on the Ribeira dos Covões catchment. Soil could 

also contain copper and zinc, and they could be transport to the stream network by surface 

runoff generated on pervious surface due to soil erosion, so the contribution of roads to metal 
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loadings were to some extent overestimated in this study. 

Finally, model calibration is aiming at finding the optimal parameter set that fits the observed 

data best. However, sometimes several parameter sets could lead to similar modeling result 

(equifinality), which is very common when calibrating with multiple parameters or multiple 

modeling processes. How to find the correct parameter set or reasonable parameter set greatly 

relies on the modeler’s understanding of the target system, and should not only focus on the 

best-fit of observed data (Beven & Binley, 1992; Sverdrup, 1996). In addition, though 

literatures could provide references for parameter estimation, intensive field research is still 

necessary for identifying credible parameter values. For instance, the field-measured data 

about toxic metal concentrations in road runoff and in streams from the two studies (Ferreira 

et al., 2016a; b) that used for water quality calibration was not originally designed for 

investigating the buildup and wash-off process of pollutants, and therefore may rise 

uncertainty in the water quality modeling. 

However, modeling surface runoff quality has always been a challenge for storm water 

simulation, since great uncertainty exists in the chemical and physical processes during the 

transport of pollutant from urban surface to stream networks. It is unrealistic to assume that 

such simplified conceptual model could fully represent the complex physical and 

hydrodynamic processes during buildup and wash-off. In fact, credible and reliable parameter 

values for runoff quality modeling should be based on careful site study of the buildup and 

wash-off process. Otherwise, the simulation results may be only used for examining the 

relative effects of changes (Rossman & Huber, 2016b). 

5.2. Impact of urban patterns on storm water quality 
In this study, two spatial patterns of urban areas were examined and compared with the 

current pattern. In the compact urban scenario (C scenario, 33% more DCIA than the status 

quo), storm runoff coefficient was around 11% for the whole simulation period (2012-2013), 

which was greater than the status quo scenario (10%). Higher DCIA percentage led to greater 

flow connectivity between the impervious sources and the stream network, providing greater 

surface runoff (15% more) and pollutant loading (10% and 8% for copper and zinc, 

respectively). In contrast, storm runoff coefficient of the sprawl urbanization scenario (S 

scenario, 33% less DCIA than the status quo) was 8% and total storm runoff was 16% lower 

than the status quo, resulting in 13% and 10% decrease in total copper and zinc loading, 

respectively. These results suggested different urban patterns would influence both urban 

storm water quantity and quality, and the impacts on water quantity are more prominent than 

pollutant loading. Taking the advantage of the mixed landscape pattern could be a possible 

strategy for future urban planning to reduce the impacts on hydrology and pollutant loading. 

In general, higher precipitation would lead to higher metal loading. A significant correlation 

was found between surface runoff and pollutant loading in all scenarios (p <0.05). A Larger 

amount of storm runoff could wash off more pollutant from impervious surface. However, the 

wash-off process could also be affected by the available amount of pollutant on impervious 

surface at the beginning of rainfall events. For example, total rainfall in August 2012 was 

only half of the amount in September 2012 but copper and zinc loadings were about 1.5 times 

higher than September 2012, which was probably because less rainfall in July resulted in a 

higher surface buildup. 

On the other hand, in the much wetter months (e.g. January, March and December), total 

surface runoff, copper and zinc loadings showed relatively small difference between the two 

scenarios (±10%). This is probably because the soil moisture in pervious area increased 

greatly due to consecutive precipitation during wet months and behaved more like impervious 

surface. Large amount of surface runoff washed off much pollutant (in some cases close to the 

total available mass on road surface) from the surface and only a small portion was retained 

by soil in the beginning of a series of rainfall events. Therefore, the influences of the two 
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urban patterns may be relatively small in wettest settings. 

Interestingly, copper loading in December 2013 showed a total different pattern with zinc 

loading in the same month in the C, S and status quo scenario (Fig. 10). For copper, loading 

was the highest in C scenario while lowest in the S scenario in December 2013. But zinc 

loadings were almost the same for the three scenarios, probably because the amount of zinc 

washed off reached the total mass that was available on the roads surface in that month. 

Similarly, in January 2013, both copper and zinc loadings in the C scenario were the lowest 

since much more of the metals were washed off in previous months and thus the total 

available mass on roads surface might be lower than the other two scenarios. After a relatively 

dry month (February 2013), metals built up on road surface increased and loadings in the C 

scenario became the highest again in March 2013. 

As mentioned before, in the status quo scenario around 84% zinc loading and 90% copper 

loading during the simulation period were concentrated between October and March. 

However, these values slightly reduced to 81% and 88% for zinc and copper, respectively, in 

the C scenario, while increased to 87 and 92% for zinc and copper, respectively, in the S 

scenario. Based on the results, pollutant loads would be more concentrated in wet months in S 

scenario than in C scenario. Such a difference suggests that different spatial patterns of urban 

areas might not only affect the total amount of pollutant loading but also could affect the 

temporal distribution. However, this implication still needs to be further investigated and 

validated. 

In addition, the mean concentration of copper and zinc in surface runoff during the simulation 

period (total metal loading/total surface runoff, mg/L) was highest in S scenario (0.064 mg/L 

for copper and 0.43 mg/L for zinc), followed by status quo (0.062 mg/L for copper and 0.40 

mg/L for zinc) and C scenario (0.059 mg/L for copper and 0.38 mg/L for zinc), indicating 

higher EMC is expected in a sprawl urban pattern. One possible reason could be that more 

surface runoff in the C scenario diluted metal concentration. Thus, though a sprawl urban 

pattern could reduce total metal loading, attention still need to be paid on the concentration 

control of pollutant in storm water. However, different DCIA percentage is only one of the 

consequences of distinct spatial distribution of urban area, aspects such as traffic volume 

could also be influenced. In this study, roads were deemed as the major source of copper and 

zinc in the study area and they were classified into three categories according to traffic 

volume (high, medium and low). However, urbanization pattern may also affect the use of 

vehicles. For example, low population density sprawling urban area would to some extent 

increase the use of vehicles (Salomons & Pont, 2012) and thus change the buildup process of 

pollutants on road surface, though the extent of influence maybe varied greatly on different 

spatial scales (e.g. large metropolis or small town). Therefore, though sprawl urbanization 

pattern was found effective in reducing total storm runoff volume, its effects on reducing 

pollutant loading still need to be further investigated. 

5.3. Impact of climate change on water quality 
Several studies indicated that the impacts of climate change on water quality might be less 

significant comparing with other factors such as land use change (Praskievicz & Chang, 2009; 

Sun et al., 2016), and the impacts primarily occur through hydrological changes such as 

increasing precipitation (Praskievicz & Chang, 2009; Whitehead et al., 2009; Xia et al., 

2015). Similarly, in this study more metals were transported to the streams in the M-scenarios 

than H/D-scenarios due to higher precipitation (Fig. 11), and monthly pollutant loading 

changes in each scenario are closely followed the adjustments of precipitation data. However, 

mean metal concentration in surface runoff in the M-scenarios were lower than both H/D-

scenarios and the status quo, probably due to the dilution effects of large amount of surface 

runoff (Praskievicz & Chang, 2009). Sun et al. (2016) indicated that climate change would 

affect the seasonal variation of pollutant loads. But no such influence was observed in this 

study, the pollutant loadings between October and March in all climate change scenarios were 
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around 90% and 85% of total copper and zinc loading, respectively, which are roughly the 

same as the status quo scenario. 

In this study, the adjustments of precipitation and evaporation data of the climate change 

scenarios were made by SWMM’s Climate Adjustment Tool according to results of global 

climate change models. However, great uncertainty exists in climate change impact modeling 

(Praskievicz & Chang, 2009). The moderately wet scenarios (M-scenarios) assumed 

precipitation would increase from October to July and decrease in August and September 

comparing to the status quo, while in the hot/dry scenarios the decrease in monthly 

precipitation was between July and November (Fig. 6). The adjustments of both settings led 

to increasing in annual precipitation, but in a review of climate change researches and policies 

in Portugal (Carvalho et al., 2014) suggested that, based on the analysis of historical climate 

data, Portugal would experience longer and hotter dry periods in future, and decrease in 

annual precipitation, especially in March, was expected. Such a difference implicates 

uncertainty within the designed climate change scenarios in this study. Therefore, the results 

of these two scenarios could only be considered as a preliminary investigation about how the 

catchment would respond to different climate conditions. 

5.4. Effects of vegetative swale 
In the nature-based solution scenario (NBS scenario), vegetative swales were assumed to be 

applied to Ribeira dos Covões catchment and it showed good performance on reducing the 

total pollutant loading (30% less compared to the status quo). On the contrary, they showed 

little influence on surface runoff quantity, which only decreased 2% comparing with the status 

quo scenario. According to Kalantari et al. (2014), the vegetative swale has an impact on 

discharge mainly when the peak discharge is low, indicating that this type of measure could 

be more effective during small events generally occurring in summer time. Since the primary 

mechanisms of pollutant removal are sedimentation and filtration within the vegetation layer 

(Stagge et al., 2012), it maintained good performance in wet months as well, though the 

reduction of storm runoff volume was less efficient. For some wet months such as March and 

October in 2013, the simulated surface runoff in the NBS scenario was slightly higher (1% - 

8%) than the status quo. One possible explanation could be that the Manning roughness 

coefficient for the vegetative swale (0.15) was set lower than other pervious area (0.4), which 

means surface runoff flew faster in the swales than on other pervious area and therefore had 

less time for infiltration. 

Based on field experiment study on a roadside grass swale in Sweden, Bäckström et al. 

(2006) reported the pollutant removal could be related to the ratio between swale area and 

contributing impervious area, and a swale with 0.5 m2 swale/ m2 road provided a low to 

moderated removal efficiency (15% - 20%) of copper and zinc loads. In this study, the 

assumed swales have higher ratio (0.64 m2 swale/ m2 road) and removal efficiency (30%). 

Bäckström et al. (2006) suggested a ratio greater than 1 m2 swale/ m2 road is needed for metal 

removal in urban storm water. However, swales with different physical design, types of 

vegetation and plant density could result in great difference in pollutant removal efficiency 

(Leroy et al., 2017). In addition, the parameters for the swales were not based on field study, 

so though they performed well on removal metals from surface runoff in the simulation, the 

type of vegetation swale that suits the catchment and the extent of its actual effects still need 

to be further investigated. 

Moreover, some studies indicated the captured toxic metals are not permanently bound to the 

vegetation or soil. The accumulated pollutants could be gradually released back to surface 

runoff via chemical or biochemical processes (Li & Davis, 2008; Leroy et al., 2017), and 

these processes may be facilitated by climate change. For instance, higher future temperature 

may increase microbe activity and thus lead to faster release of the metals accumulated in 

plants and higher rainfall intensity may exacerbate soil erosion (Whitehead et al., 2009). 
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Leroy et al. (2017) observed negative pollutant removal efficiencies when swales received 

surface runoff with very low pollutant concentrations, indicating the swales would rather 

release pollutants than capture under such circumstances. In other words, the accumulated 

metals may lead to degradation of soil and have the risk to release back to surface runoff 

during rainfall events, therefore further treatment may be needed.  
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6. Conclusion 
In this study, the Storm Water Management Model (SWMM) was used to investigate the 

potential effects of spatial pattern of urban areas, climate change and nature-based solution on 

copper and zinc loadings in a small peri-urban catchment, the Ribeira dos Covões catchment, 

located in central Portugal. 

Two scenarios, a compact urban scenario (C-scenario) and a sprawl urban scenario (S-

scenario), were designed to examine the impacts of different urban patterns. With 33% more 

DCIA than the status quo, in the C-scenario 10% more copper and 8% more zinc was 

transported to the streams by surface runoff during the simulation period. In the S-scenario, 

33% less DCIA reduced copper and zinc loading by 13% and 10%, respectively, comparing to 

the status quo scenario. The differences between the simulation results of these two patterns 

are greater in months with little precipitation such as June – August (±30%) than in wettest 

months such as December and March (±10%). Comparing with compact urban pattern, sprawl 

urban pattern could result less pollutant loadings but higher event mean concentration of 

copper and zinc in surface runoff. Urbanization patterns may cause influence on the temporal 

distribution of pollutant loadings as well. In the C-scenario 88% of total copper loading and 

81% of total zinc loading during the simulation period was concentrated between October and 

March, while in S-scenario the proportion increased to 92% and 87%, respectively. 

Two groups of climate change scenarios, moderately wet scenarios (M-scenarios) and hot/dry 

scenarios (H/D-scenarios), were designed to investigate the effects of climate change. Results 

showed that, with higher precipitation (6% and 11% higher than the status quo for M1 and 

M2 scenario, respectively), more copper and zinc was transported to the streams in the M-

scenarios than in H/D scenarios and the status quo. No significant influence on seasonal 

variation of pollutant loadings were found in the climate change scenarios. 

In the nature-based solution scenario (NBS-scenario), the assumed vegetative swales revealed 

a better performance on reducing pollutant loading than reducing surface runoff quantity. 

Removal efficiency was lower in wettest months (January and March in 2013) than in other 

months. 

  



 32 

7. Acknowledgement 
First of all, I would like to thanks my supervisors, Dr. Carin Sjöstedt at Swedish University of 

Agricultural Sciences, who helped me a lot with the model calibration and structuring and 

writing of my thesis, and Dr. Carla Sofia Santos Ferreira at CERNAS, Agrarian School of 

Coimbra in Portugal, who has provided me the important data and useful information of the 

Ribeira dos Covões catchment and who is always there when I have questions, without your 

help and support I could not finish this project. 

I would also like to thank Dr. Zahra Kalantari at Stockholm University for the interesting 

discussion about hydrology models and modeling techniques, which helped a lot in improving 

the SWMM model’s performance. 

  



 33 

8. References 
Atasoy, M., Palmquist, R. B. & Phaneuf, D. J. (2006). Estimating the effects of urban residential 

development on water quality using microdata. Journal of Environmental Management, 79(4), pp 

399–408. 

Barbosa, A. E. & Hvitved-Jacobsen, T. (1999). Highway runoff and potential for removal of heavy 

metals in an infiltration pond in Portugal. Science of the Total Environment, 235(1–3), pp 151–

159. 

Beven, K. & Binley, A. (1992). The Future of Distributed Models - Model Calibration and 

Uncertainty Prediction. Hydrological Processes, 6(3), pp 279–298. 

Bisht, D. S., Chatterjee, C., Kalakoti, S., Upadhyay, P., Sahoo, M. & Panda, A. (2016). Modeling 

urban floods and drainage using SWMM and MIKE URBAN: a case study. Natural Hazards, 

84(2), pp 749–776. 

Borris, M., Viklander, M., Gustafsson, A.-M. & Marsalek, J. (2013). Simulating future trends in 

urban stormwater quality for changing climate, urban land use and environmental controls. Water 

Science and Technology, 68(9), pp 2082–2089. 

Braud, I., Fletcher, T. D. & Andrieu, H. (2013). Hydrology of peri-urban catchments: Processes 

and modelling. Journal of Hydrology, 485, pp 1–4 (Hydrology of peri-urban catchments: 

processes and modelling). 

Burian, S. J., Streit, G. E., McPherson, T. N., Brown, M. J. & Turin, H. J. (2001). Modeling the 

atmospheric deposition and stormwater washoff of nitrogen compounds. Environmental Modelling 

& Software, 16(5), pp 467–479 (Design principles for environmental information systems). 

Bäckström, M., Viklander, M. & Malmqvist, P.-A. (2006). Transport of stormwater pollutants 

through a roadside grassed swale. Urban Water Journal, 3(2), p 55. 

Carle, M. V., Halpin, P. N. & Stow, C. A. (2005). Patterns of Watershed Urbanization and Impacts 

on Water Quality1. JAWRA Journal of the American Water Resources Association, 41(3), pp 693–

708. 

Carvalho, A., Schmidt, L., Santos, F. D. & Delicado, A. (2014). Climate change research and 

policy in Portugal. Wiley Interdisciplinary Reviews, 5(2), p 199. 

Deletic, A. & Fletcher, T. D. (2006). Performance of grass filters used for stormwater treatment - a 

field and modelling study. Journal of Hydrology, 317(3–4), pp 261–275. 

Di Modugno, M., Gioia, A., Gorgoglione, A., Iacobellis, V., la Forgia, G., Piccinni, A. F. & 

Ranieri, E. (2015). Build-Up/Wash-Off Monitoring and Assessment for Sustainable Management 

of First Flush in an Urban Area. Sustainability, 7(5), pp 5050–5070. 

Du, N., Ottens, H. & Sliuzas, R. (2010). Spatial impact of urban expansion on surface water 

bodies—A case study of Wuhan, China. Landscape and Urban Planning, 94(3–4), pp 175–185. 

Ebrahimian, A., Gulliver, J. S. & Wilson, B. N. (2016). Effective impervious area for runoff in 

urban watersheds. Hydrological Processes, 30(20), pp 3717–3729. 

Egodawatta, P., Ziyath, A. M. & Goonetilleke, A. (2013). Characterising metal build-up on urban 

road surfaces. Environmental Pollution, 176, pp 87–91. 

Ferreira, A. J. D., Soares, D., Serrano, L. M. V. & Walsh, R. P. D. (2016a). Roads as sources of 

heavy metals in urban areas. The Covões catchment experiment, Coimbra, Portugal. Journal of 

Soils and Sediments,. 

Ferreira, C. S. S., Walsh, R. P. D., Costa, M. de L., Coelho, C. O. A. & Ferreira, A. J. D. (2016b). 



 34 

Dynamics of surface water quality driven by distinct urbanization patterns and storms in a 

Portuguese peri-urban catchment. Journal of Soils and Sediments, 16(11), pp 2606–2621. 

Ferreira, C. S. S., Walsh, R. P. D., Nunes, J. P. C. & Steenhuis, T. S. (2016c). Impact of urban 

development on streamflow regime of a Portuguese peri-urban Mediterranean catchment. Journal 

of Soils and Sediments, 16(11), pp 2580–2593. 

Ferreira, C. S. S., Walsh, R. P. D., Shakesby, R. A. & Keizer, J. J. (2016d). Differences in overland 

flow, hydrophobicity and soil moisture dynamics between Mediterranean woodland types in a 

peri-urban catchment in Portugal. Journal of Hydrology, 533, pp 473–485. 

Ferreira, C. S. S., Walsh, R. P. D., Steenhuis, T. S. & Shakesby, R. A. (2015). Spatiotemporal 

variability of hydrologic soil properties and the implications for overland flow and land 

management in a peri-urban Mediterranean catchment. Journal of Hydrology, 525, pp 249–263. 

Fletcher, T. D., Andrieu, H. & Hamel, P. (2013). Understanding, management and modelling of 

urban hydrology and its consequences for receiving waters: A state of the art. Advances in Water 

Resources, 51, pp 261–279. 

Gilroy, K. L. & McCuen, R. H. (2009). Spatio-temporal effects of low impact development 

practices. Journal of Hydrology, 367(3–4), pp 228–236. 

Goldshleger, N., Maor, A., Garzuzi, J. & Asaf, L. (2015). Influence of land use on the quality of 

runoff along Israel’s coastal strip (demonstrated in the cities of Herzliya and Ra’anana). 

Hydrological Processes, 29(6), pp 1289–1300. 

Guan, M., Sillanpaa, N. & Koivusalo, H. (2015). Modelling and assessment of hydrological 

changes in a developing urban catchment. Hydrological Processes (Online), 29(13), p 2880. 

Gunawardena, J., Ziyath, A. M., Egodawatta, P., Ayoko, G. A. & Goonetilleke, A. (2014). 

Mathematical relationships for metal build-up on urban road surfaces based on traffic and land use 

characteristics. Chemosphere, 99, pp 267–271. 

Herngren, L., Goonetilleke, A. & Ayoko, G. A. (2006). Analysis of heavy metals in road-deposited 

sediments. Analytica Chimica Acta, 571(2), pp 270–278. 

Kalantari, Z., Ferreira, C. S. S., Walsh, R. P. D., Ferreira, A. J. D. & Destouni, G. (2017). 

Urbanization development under climate change: Hydrological responses in a peri-urban 

Mediterranean catchment. Land Degradation & Development, p n/a-n/a. 

Kalantari, Z., Lyon, S. W., Folkeson, L., French, H. K., Stolte, J., Jansson, P.-E. & Sassner, M. 

(2014). Quantifying the hydrological impact of simulated changes in land use on peak discharge in 

a small catchment. Science of the Total Environment, 466, pp 741–754. 

Lee, J., Hyun, K. & Choi, J. (2013). Analysis of the impact of low impact development on runoff 

from a new district in Korea. Water Science and Technology, 68(6), pp 1315–1321. 

Leroy, M. C., Marcotte, S., Legras, M., Moncond’huy, V., Le Derf, F. & Portet-Koltalo, F. (2017). 

Influence of the vegetative cover on the fate of trace metals in retention systems simulating 

roadside infiltration swales. Science of the Total Environment, 580, pp 482–490. 

Li, H. & Davis, A. P. (2008). Heavy Metal Capture and Accumulation in Bioretention Media. 

Environmental Science & Technology, 42(14), pp 5247–5253. 

Lindstrom, M. (2001). Urban land use influences on heavy metal fluxes and surface sediment 

concentrations of small lakes. Water Air and Soil Pollution, 126(3–4), pp 363–383. 

Mansell, M. & Rollet, F. (2006). Water balance and the behaviour of different paving surfaces. 

Water and Environment Journal, 20(1), pp 7–10. 



 35 

May, D. B. & Sivakumar, M. (2009). Prediction of heavy metal concentrations in urban 

stormwater. Water and Environment Journal, 23(4), pp 247–254. 

McConaghie, J. B. & Cadenasso, M. L. (2016). Linking Nitrogen Export to Landscape 

Heterogeneity: The Role of Infrastructure and Storm Flows in a Mediterranean Urban System. 

Journal of the American Water Resources Association, 52(2), pp 456–472. 

McGrane, S. J. (2016). Impacts of urbanisation on hydrological and water quality dynamics, and 

urban water management: a review. Hydrological Sciences Journal-Journal Des Sciences 

Hydrologiques, 61(13), pp 2295–2311. 

Mejia, A. I. & Moglen, G. E. (2010). Spatial distribution of imperviousness and the space-time 

variability of rainfall, runoff generation, and routing. Water Resources Research, 46, p W07509. 

Meyer, J. L., Sale, M. J., Mulholland, P. J. & Poff, N. L. (1999). Impacts of climate change on 

aquatic ecosystem functioning and health. Journal of the American Water Resources Association, 

35(6), pp 1373–1386. 

Moriasi, D. N., Arnold, J. G., Van Liew, M. W., Bingner, R. L., Harmel, R. D. & Veith, T. L. 

(2007). Model evaluation guidelines for systematic quantification of accuracy in watershed 

simulations. Transactions of the Asabe, 50(3), pp 885–900. 

Ngoc, M. N., Dultz, S. & Kasbohm, J. (2009). Simulation of retention and transport of copper, 

lead and zinc in a paddy soil of the Red River Delta, Vietnam. Agriculture Ecosystems & 

Environment, 129(1–3), pp 8–16. 

Obropta, C. C. & Kardos, J. S. (2007). Review of urban stormwater quality models: Deterministic, 

stochastic, and hybrid approaches. Journal of the American Water Resources Association, 43(6), 

pp 1508–1523. 

Pant, P. & Harrison, R. M. (2013). Estimation of the contribution of road traffic emissions to 

particulate matter concentrations from field measurements: A review. Atmospheric Environment, 

77, pp 78–97. 

Peters, N. E. (2009). Effects of urbanization on stream water quality in the city of Atlanta, 

Georgia, USA. Hydrological Processes, 23(20), pp 2860–2878. 

Praskievicz, S. & Chang, H. (2009). A review of hydrological modelling of basin-scale climate 

change and urban development impacts. Progress in Physical Geography, 33(5), pp 650–671. 

Putro, B., Kjeldsen, T. R., Hutchins, M. G. & Miller, J. (2016). An empirical investigation of 

climate and land-use effects on water quantity and quality in two urbanising catchments in the 

southern United Kingdom. Science of the Total Environment, 548, pp 164–172. 

Rossman, L. A. & Huber, W. C. (2016a). Storm Water Management Model Reference Manual 

Volume I – Hydrology (Revised) [online]. US EPA. (EPA/600/R-15/162A). 

Rossman, L. A. & Huber, W. C. (2016b). Storm Water Management Model Reference Manual 

Volume III – Water Quality [online]. US EPA. (EPA/600/R-16/093). 

Roy, A. H. & Shuster, W. D. (2009). Assessing Impervious Surface Connectivity and Applications 

for Watershed Management. JAWRA Journal of the American Water Resources Association, 45(1), 

pp 198–209. 

Saleh, J. G. Arnold, P. W. Gassman, L. M. Hauck, W. D. Rosenthal, J. R. Williams & A. M. S. 

McFarland (2000). APPLICATION OF SWAT FOR THE UPPER NORTH BOSQUE RIVER 

WATERSHED. Transactions of the ASAE, 43(5), pp 1077–1087. 

Salomons, E. M. & Pont, M. B. (2012). Urban traffic noise and the relation to urban density, form, 



 36 

and traffic elasticity. Landscape and Urban Planning, 108(1), pp 2–16. 

Santhi, C., Arnold, J. G., Williams, J. R., Dugas, W. A., Srinivasan, R. & Hauck, L. M. (2001). 

Validation of the Swat Model on a Large Rwer Basin with Point and Nonpoint Sources1. JAWRA 

Journal of the American Water Resources Association, 37(5), pp 1169–1188. 

Sator, J. D. & Boyd, G. B. (1972). Water Pollution Aspects of Street Surface Contaminants 

[online]. Washington, DC: US EPA. (EPA-R2-72-081 (NTIS PB-214408)). 

Sliva, L. & Williams, D. D. (2001). Buffer zone versus whole catchment approaches to studying 

land use impact on river water quality. Water Research, 35(14), pp 3462–3472. 

Stagge, J. H., Davis, A. P., Jamil, E. & Kim, H. (2012). Performance of grass swales for improving 

water quality from highway runoff. Water Research, 46(20), pp 6731–6742. 

Sun, N., Yearsley, J., Baptiste, M., Cao, Q., Lettenmaier, D. P. & Nijssen, B. (2016). A spatially 

distributed model for assessment of the effects of changing land use and climate on urban stream 

quality. Hydrological Processes, 30(25), pp 4779–4798. 

Sverdrup, H. (1996). Geochemistry, the key to understanding environmental chemistry. Science of 

the Total Environment, 183(1), pp 67–87. 

Tavares, A. O., Pato, R. L. & Magalhães, M. C. (2012). Spatial and temporal land use change and 

occupation over the last half century in a peri-urban area. Applied Geography, 34, pp 432–444. 

Tetra Tech Inc (2010). Stormwater Best Management Practices (BMP) Performance Analysis 

[online]. Tetra Tech Inc. 

Tu, J. (2009). Combined impact of climate and land use changes on streamflow and water quality 

in eastern Massachusetts, USA. Journal of Hydrology, 379(3–4), pp 268–283. 

Verbeiren, B., Van de Voorde, T., Canters, F., Binard, M., Cornet, Y. & Batelaan, O. (2013). 

Assessing urbanisation effects on rainfall-runoff using a remote sensing supported modelling 

strategy. International Journal of Applied Earth Observation and Geoinformation, 21, pp 92–102. 

Wainwright, J. (2013). Environmental Modelling : Finding Simplicity in Complexity. Wiley. ISBN 

978-0-470-74911-1. 

Wang, J., Da, L., Song, K. & Li, B.-L. (2008). Temporal variations of surface water quality in 

urban, suburban and rural areas during rapid urbanization in Shanghai, China. Environmental 

Pollution, 152(2), pp 387–393. 

Wang, S., He, Q., Ai, H., Wang, Z. & Zhang, Q. (2013). Pollutant concentrations and pollution 

loads in stormwater runoff from different land uses in Chongqing. Journal of Environmental 

Sciences, 25(3), pp 502–510. 

Whitehead, P. G., Wilby, R. L., Battarbee, R. W., Kernan, M. & Wade, A. J. (2009). A review of 

the potential impacts of climate change on surface water quality. Hydrological Sciences Journal-

Journal Des Sciences Hydrologiques, 54(1), pp 101–123. 

Wong, T. H. F. (2000). Improving Urban Stormwater Quality - From Theory to Implementation. 

Water - Journal of the Australian Water Association, 27(6), pp 28–31. 

Xia, X. H., Wu, Q., Mou, X. L. & Lai, Y. J. (2015). Potential Impacts of Climate Change on the 

Water Quality of Different Water Bodies. Journal of Environmental Informatics, 25(2), pp 85–98. 

Zoppou, C. (2001). Review of urban storm water models. Environmental Modelling & Software, 

16(3), pp 195–231.   



 37 

Appendix 

Table A1. Parameter settings for different urban pattern scenarios. Calibration parameters were 

underlined. 

Parameter 
Status quo  

scenario 

Compact urban 

scenario 

Sprawl urban 

scenario 

TIA (%) 14 14 14 

Width of overland  

flow path (m) 
63.7 63.7 63.7 

Slope (%) 20.8 20.8 20.8 

Manning’s N for  

impervious area 
0.011 0.011 0.011 

Manning’s N for  

pervious area 
0.40 0.40 0.40 

Depression storage of 

impervious area (mm) 
2.8 2.8 2.8 

Depression storage of  

pervious area (mm) a 
7.3 7.3 7.3 

Percent impervious area  

routed on pervious area (%) 
25 0 50 

Maximum infiltration  

rate (mm/h) a 
58 58 58 

Minimum infiltration 

rate (mm/h) 
0.4 0.4 0.4 

Decay constant (h
-1

) b 4 4 4 

Drying time (days) b 7 7 7 

a. source: (Rossman & Huber, 2016a) 

b. default value 

  



 38 

Table A2. Calibration of the pollutant buildup and wash-off process on road surface. 

Parameter 

Copper Zinc 

Low 

traffic 

Medium 

traffic 

High  

traffic 

Low 

traffic 

Medium 

traffic 

High 

traffic 

Maximum build up 

(kg/ha) 
0.950 0.672 1.814 4.128 1.164 4.605 

KB (day-1) 0.007 0.007 0.007 0.038 0.038 0.038 

NW 2.300 2.300 2.300 2.425 2.425 2.425 

KW 0.014 0.014 0.014 0.0104 0.0104 0.0104 

 

Table A3. The parameters of the assumed vegetative swale. 

Parameter Selected value Typical range a 

Maximum depth (mm) 380 b 150 – 600 

Vegetation volume fraction 0 c 0.0 – 0.2 

Surface roughness 0.15 b 0.02 – 0.30 

Surface slope (%) 2 b 1 – 3 

Total area (ha) 12.1 d - 

Width (m) 2.5 e - 

% of impervious area treated 24 e - 

a. source: (Rossman & Huber, 2016b) 

b. average of the provided range 

c. suggested value. Source: (Rossman & Huber, 2016b) 

d. Total area = swale width × half of the total road length 

e. assumed value. 

 

Table A4. Adjustment (mm/day) of daily evaporation data for the climate change scenarios. 

Month 
Moderate change scenarios Hot/dry scenarios 

M1 M2 H/D1 H/D2 

January 0.0254  0.0762  0.0508  0.1016  

February 0.0762  0.1270  0.0762  0.1270  

March 0.1524  0.2540  0.1270  0.2286  

April 0.1524  0.2794  0.1778  0.3302  

May 0.2032  0.3556  0.2032  0.3810  

June 0.1778  0.3302  0.2032  0.3810  

July 0.2032  0.3810  0.2032  0.3810  

August 0.2032  0.3556  0.2286  0.4064  

September 0.1270  0.2540  0.1778  0.3302  

October 0.1270  0.2032  0.1270  0.2540  

November 0.0762  0.1524  0.1016  0.1778  

December 0.0408  0.0762  0.0762  0.1270  
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Table A5. Monthly adjustment (multiplier) of precipitation data for the climate change scenarios. 

Month 
Moderate change scenarios Hot/dry scenarios 

M1 M2 H/D1 H/D2 

January 1.109  1.199  1.007  1.012  

February 1.084  1.154  1.055  1.100  

March 1.084  1.153  1.039  1.071  

April 1.045  1.082  1.043  1.079  

May 1.038  1.069  1.004  1.008  

June 1.020  1.036  1.010  1.019  

July 1.003  1.006  0.990  0.982  

August 0.931  0.874  0.978  0.960  

September 0.967  0.939  0.961  0.929  

October 1.049  1.089  0.920  0.853  

November 1.057  1.104  0.965  0.937  

December 1.056  1.102  1.034  1.062  
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Table A6. Simulation results of the status quo scenario, C-scenario and D-scenario. 

Month 
Precipitation 

(mm) 

Status quo scenario Compact scenario (C scenario) Sprawl scenario (S scenario) 

Surface 

runoff (m3) 

Cu loading 

(kg) 

Zn loading 

(kg) 

Surface 

runoff (m3) 

Cu loading 

(kg) 

Zn loading 

(kg) 

Surface 

runoff (m3) 

Cu loading 

(kg) 

Zn loading 

(kg) 

2012-01 18.3  4800  0.016  0.25  6700  0.021  0.34  3000  0.011  0.17  

2012-02 2.5  0  0  0  0  0  0  0  0  0  

2012-03 12.0  2300  0.015  0.19  3100  0.020  0.25  1400  0.010  0.12  

2012-04 96.2  33000  1.1  14  45000  1.5  18  21000  0.76  9.7  

2012-05 78.7  32000  1.7  19  41000  2.2  23  23000  1.2  14  

2012-06 15.3  1500  0.010  0.090  2000  0.014  0.11  890  0.0070  0.063  

2012-07 3.9  0  0  0  0  0  0  0  0  0  

2012-08 17.1  6700  0.48  5.1  8900  0.63  6.6  4400  0.32  3.5  

2012-09 36.7  12000  0.36  3.4  17000  0.48  4.4  8000  0.24  2.3  

2012-10 111.7  54000  2.5  23  69000  3.2  28  39000  1.8  17  

2012-11 91.5  37000  0.98  7.9  51000  1.3  9.7  23000  0.67  5.7  

2012-12 89.7  65000  4.9  38  73000  5.6  41  57000  4.1  34  

2013-01 174.7  190000  8.2  45  200000  7.8  42  170000  8.5  48  

2013-02 62.6  23000  0.73  4.5  31000  0.93  5.8  16000  0.53  3.3  

2013-03 228.4  140000  8.8  47  160000  9.4  49  130000  7.6  43  

2013-04 40.9  13000  0.12  0.46  17000  0.15  0.56  9000  0.10  0.39  

2013-05 42.8  5000  0.031  0.22  7100  0.041  0.29  2800  0.021  0.14  

2013-06 36.3  8800  0.27  2.5  12000  0.36  3.2  5800  0.19  1.7  

2013-07 2.6  0  0  0  0  0  0  0  0  0  

2013-08 0.4  0  0  0  0  0  0  0  0  0  

2013-09 63.1  26000  1.4  14  33000  1.7  17  18000  1.0  10  

2013-10 125.7  93000  11  73  100000  12  77  84000  9.0  67  

2013-11 23.5  6000  0.12  0.59  8800  0.15  0.68  3200  0.086  0.46  

2013-12 140.9 150000  13  66  160000  13  66  140000  12  66  
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Table A7. Simulation results of the climate change scenarios. 

Month 

M1 scenario M2 scenario H/D1 scenario H/D2 scenario 

Precipita
tion 

(mm) 

Surface 
runoff 

(m3) 

Cu 
loading 

(kg) 

Zn 
loading 

(kg) 

Precipita
tion 

(mm) 

Surface 
runoff 

(m3) 

Cu 
loading 

(kg) 

Zn 
loading 

(kg) 

Precipita
tion 

(mm) 

Surface 
runoff 

(m3) 

Cu 
loading 

(kg) 

Zn 
loading 

(kg) 

Precipita
tion 

(mm) 

Surface 
runoff 

(m3) 

Cu 
loading 

(kg) 

Zn 
loading 

(kg) 

2012-01 20.3  5800  0.023  0.38  21.9  6600  0.031  0.51  18.4  4800  0.016  0.26  18.5  4800  0.016  0.26  

2012-02 2.7  0  0  0  2.9  0  0  0  2.6  0  0  0  2.7  0  0  0  

2012-03 13.0  2600  0.021  0.26  13.8  2900  0.026  0.34  12.5  2400  0.017  0.22  12.9  2500  0.019  0.25  

2012-04 100.5  35000  1.3  16  104.1  37000  1.4  18  100.3  35000  1.3  16  103.8  36000  1.4  17  

2012-05 81.7  34000  1.9  21  84.1  35000  2.1  22  79.0  31000  1.7  19  79.3  31000  1.7  19  

2012-06 15.6  1500  0.011  0.10  15.9  1500  0.012  0.10  15.5  1500  0.011  0.092  15.6  1500  0.011  0.093  

2012-07 3.9  0  0  0  3.9  0  0  0  3.9  0  0  0  3.8  0  0  0  

2012-08 15.9  6000  0.37  3.9  15.0  5500  0.30  3.1  16.7  6400  0.44  4.7  16.4  6200  0.41  4.4  

2012-09 35.5  12000  0.32  3.0  34.5  11000  0.29  2.7  35.3  12000  0.31  2.9  34.1  11000  0.28  2.6  

2012-10 117.2  58000  2.9  26  121.6  61000  3.2  29  102.8  47000  2.0  18  95.3  41000  1.6  14  

2012-11 96.7  40000  1.1  8.9  101.0  42000  1.2  9.7  88.3  34000  0.87  7.2  85.7  32000  0.79  6.7  

2012-12 100.7  74000  5.7  43  105.1  82000  6.3  46  98.6  69000  5.5  43  101.3  74000  6.0  47  

2013-01 193.7  25000  11  51  209.5  310000  13  53  175.9  190000  8.3  45  176.8  190000  8.4  44  

2013-02 67.9  27000  0.83  4.9  72.2  30000  0.89  5.3  66.0  25000  0.86  5.3  68.9  27000  0.98  6.0  

2013-03 247.6  180000  9.6  47  263.3  210000  10  47  237.3  160000  9.6  49  244.6  170000  10  50  

2013-04 42.8  14000  0.12  0.41  44.3  17000  0.12  0.37  42.7  14000  0.13  0.47  44.1  14000  0.14  0.48  

2013-05 44.4  5200  0.03  0.22  45.8  5500  0.03  0.23  43.0  4800  0.03  0.20  43.2  4600  0.03  0.18  

2013-06 37.0  9000  0.27  2.51  37.6  9100  0.26  2.57  36.7  8800  0.27  2.48  37.0  8900  0.27  2.50  

2013-07 2.6  0  0  0  2.6  0  0  0  2.6  0  0  0  2.6  0  0  0  

2013-08 0.4  0  0  0  0.4  0  0  0  0.4  0  0  0  0.4  0  0  0  

2013-09 61.0  24000  1.2  12  59.2  22000  1.0  11  60.6  23000  1.2  12  58.6  22000  1.0  10  

2013-10 131.9  100000  12  79  136.9  120000  13  84  115.6  73000  8.4  63  107.2  60000  6.7  55  

2013-11 24.8  6600  0.13  0.61  25.9  7000  0.14  0.61  22.7  5200  0.11  0.58  22.0  4500  0.092  0.56  

2013-12 148.8  170000  14  67  155.3  190000  15  66  145.7  160000  15  73  149.6  170000  17  79  
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Fig. A1. Hydrographs of the five rainfall events used for water quality calibration. A) event 1; B) event 

2; C) event 3; D) event 4 and E) event 5. 
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