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Abstract 

 

Stormwater management is a topic of growing complexity. It includes all measures in mitigating stormwater runoff. Various 

studies have identified stormwater as a major carrier of various pollutants and other contaminants. The utmost motive behind 

the implementation of stormwater management strategies is to use a suite of Best Management Practices to reduce sediment 

load, nutrients and chemical pollutant loads in stormwater before they reach natural watercourses downstream. Mitigation of 

the flood threat is another objective. Mitigation measures have been implemented in many countries with the same objectives. 

The relevant factors to be considered when adopting stormwater management measures are the geophysical aspects such as 

the climate, hydrology, land, soil and topography, law and social factors as well as the technical and economic issues. The 

world is moving more towards green concepts in mitigating stormwater runoff. Some of these measures are Low Impact 

Designs, Sustainable Urban Drainage System (SUDS) and Water Sensitive Urban Design. SUDS are more attuned to the green 

concept. The primary goal of SUDS is to switch from pipe-engineered system to practices and systems that use and enhance 

natural processes, i.e. infiltration, evapotranspiration, filtration and re-use. While conventional drainage systems focus only 

on the stormwater quantity, SUDS pay attention to all three aspects of quantity, quality and amenity/biodiversity. These 

measures have their own advantages and shortcomings. This review targets the present the state of the art of SUDS and its 

importance in stormwater management. 

 

Keywords: Best management practices, Green infrastructure, Green roofs, Stormwater management, Sustainable urban 
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1. Introduction 

 
Stormwater originates from precipitation and melting 

ice. A significant portion of stormwater infiltrates into the 

soil. The other portion flows on the surface and is known       

as surface runoff. Stormwater, when it is in a controllable 

state, is not a serious issue. However, it becomes one of the 

most critical issues when there is excessive stormwater 

runoff and it cannot be controlled. Unlike sewage, 

stormwater is not treated before it reaches the receiving   

water in most countries. Therefore, it carries various 

pollutants including suspended solids, heavy metals, 

biodegradable organic matter, organic micro-pollutants, 

pathogenic microorganisms and nutrients [1]. Stormwater 

washes these pollutants into nearby bodies of water. The 

impact is much higher in the first flush [2-4]. It has been 

identified that the largest mass of pollutants are often 

transported during the initial period/volume of stormwater 

runoff. This is commonly known as the “first flush” or the 

“first foul flush” [1]. Phosphorus and nitrogen are two of the 

most  important  components  in  fertilizers.  They  are  very  

prominent in stormwater runoff. Therefore, many urban 

streams suffer from increased phosphorous concentrations 

due to the ubiquitous application of lawn and garden 

fertilizers. However, urban areas also contribute nitrogen to 

waterways. This comes from industries. Additionally, metals 

including lead, zinc, chromium, copper, manganese, nickel 

and cadmium are common in urban runoff [5-6]. 

 Furthermore, the quantity of stormwater is also a 

problem [1, 7-8]. The discharge of stormwater into water 

bodies causes impact depending on the characteristics of the 

discharge (quality and flow velocity) and the volume and 

quality of the receiving water [1]. More importantly, the 

quantity of stormwater matters when it falls on hard or 

impervious surfaces such as paved roads, roofs, driveways 

and parking lots [1]. Impervious layers restrict the infiltration 

and increase surface runoff. Figure 1 clearly shows the 

accumulation of stormwater due to limited infiltration. 

 Urbanization increases the impervious area. It is well 

understood that urbanization increases surface water runoff 

[9]. Human activities including removal of vegetative 

surfaces, conversion of  raw  land into  impervious pavement,
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Figure 1 Accumulated stormwater at the Sri Lanka Institute of Information Technology (SLIIT) (Photo curiosity: Mr. 

Babishya Khaniya, undergraduate student, Faculty of Engineering, SLIIT, Sri Lanka) 

 

and filling in of natural ponds and streams. These directly 

increase the impervious area. Some studies show that 

impervious area increased by about 255% over a 34 year 

period. This research work was carried in the Snohomish 

water resources area of western Washington. It clearly shows 

the adverse impact to surface water runoff [10]. The situation 

is much worse in China. The amount of urbanized land 

increased by 43.46% in the years 2000 to 2008 in China. 

However, the impervious area increased by 53.30% in the 

same period [11]. This is a good example showing the 

relationship between urbanization and increased impervious 

area. Figure 2 further illustrates the temporal variation of 

impervious area in Urumqi, China from 1990 to 2010 [12]. 

Impervious area increased from 25% to 63% over 20 years. 

Greater impervious area increases surface runoff and can 

cause local flooding. Additionally, high volume flows can 

cause other impacts to nature. River banks can be eroded due 

to higher flow rates and wildlife habitats can be destroyed. 

Uncontrolled stormwater runoff is one of the main causes of 

stream impairment in urban areas [13-14]. Therefore, 

stormwater planning and management are very important. 

Thus, this review paper presents the state of the art of 

sustainable urban drainage systems (SUDS) and its 

importance in stormwater management all over the world.  

 

2. Stormwater management 

 

 Stormwater management is the management of the 

quantity and quality of stormwater. The general advantages 

of stormwater management include mitigation the damage to 

the property, protection of the natural water bodies from 

pollution, to provide the economic benefits, and to promote 

public health.  However, unplanned stormwater runoffs have 

to be treated in an engineered system. Over the past couple 

of decades, many countries have implemented new policies 

to address stormwater runoff. Unplanned stormwater runoff 

(or excessive stormwater runoff) can be triggered due to 

reduced infiltration, altered riparian ecology and frequent 

peak stream flows [15]. It has a direct impact upon the 

livelihoods of people, irrespective of geographic or climatic 

regions [16]. Stormwater management frequently follows 

Best Management Practices (BMPs). BMPs are techniques 

or structural measures that can be used to better control 

stormwater flow and its quality. They are used to maintain 

an acceptable level of quality, including reducing sediment, 

nutrients and other contaminants before the stormwater 

reaches natural water bodies.  

 

3. Sustainable urban drainage system (SUDS) 

 

Structural and non-structural measures are quite 

common in stormwater management. Both developing and 

developed countries follow structural measures. However, 

several countries now use non-structural ways to control 

stormwater. The world has moved mostly towards green 

measures in mitigating stormwater runoff [17-19]. Under 

these measures, municipalities try to reduce stormwater 

runoff at its origin [20-21]. One of these emerging practices 

is "Sustainable Urban Drainage Systems”, commonly called 

SUDS.  

In an organically rich environment (humus soil), a 

significant volume of rainfall soaks into the ground through 

infiltration [22]. However, this is reduced in urban areas 

where the land is paved by various impervious materials. 

Conventional drainage networks are designed to transport 

stormwater to natural water bodies or wastewater treatment 

plants. These can either be stormwater networks (where   

only stormwater is transported) or combined sewers (where 

stormwater it’s transported with wastewater) [23-24]. 

Separate drainage systems to collect stormwater and 

wastewater can be seen in Australia. However, combined 

systems are common in other places. During stormy    

periods, downstream floods are frequent due to this                

stormwater.  

However, SUDS offers a sustainable solution to 

flooding. SUDS switches from piped engineered system to 

practices and systems that use and enhance natural processes 

(i.e., infiltration, evapotranspiration, filtration, retention and 

reuse). It provides drainage solutions by introducing 

alternatives to the direct channeling of stormwater runoff 

through pipes and sewers to nearby water resources [25]. 

SUDS uses a set of techniques that is collectively referred as 

the “Management Train”. This includes four key steps: 

source control, pre-treatment, retention and infiltration. The 

other objectives of implementing SUDS are reducing surface 

water flooding, improving water quality and enhancing the 

amenity and biodiversity of the environment. In achieving 

the above objectives, SUDS reduces flow rates, the transport 

of pollution to the environment and increases the water 

storage capacity. 
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Figure 2 Land cover change over the years [12] 

 

  
(a)                                                                                              (b) 

 

Figure 3 a: An ecological swale with river gravel making up a flow flow channel [26]; b: SUDS at the Royal North Shore 

Hospital, Sydney, Australia (Photo curiosity: Ms. Uvini Sirishantha, Instructor, Faculty of Engineering, SLIIT, Sri Lanka) 

 

 Figure 3a shows an ecological swale [26] developed by 

the University of Sains in Malaysia to simultaneously reduce 

surface runoff velocity and increase infiltration. River gravel 

was used to enhance the porosity of the contact ground to 

increase the infiltration.  

 Figure 3b shows the application of SUDS at the Royal 

North Shore Hospital, Sydney, Australia. There is clear 

space for SUDS between the roads and the footpath. A green 

area with a highly porous soil allows infiltration of much 

stormwater and the nearby screen shown in the figure allows 

excessive stormwater to run into a drain.  

 While the conventional piped system mainly addresses 

the stormwater quantity control, SUDS pays attention to all 

three aspects of stormwater, i.e., its quantity, quality and 

amenity/biodiversity [27-28]. Figure 4 shows couple of 

plants (Schoenoplectus tabernaemontani and Juncus 

edgariae) [29] after being submerged for one year in a 

synthetic stormwater to experiment the capture of various 

pollutants in stormwater. The experiments were done in New 

Zealand yielding sound results.  

 Additionally, climate change [30-31] and urbanization 

[29, 32] are believed to be two of the main reasons for urban 

flooding. Many researchers have found that the frequency 

and magnitude of flooding are increasing as a result of 

climate change. Concurrently, urbanization plays an 

important role in degrading the quality of stormwater. 

Therefore, SUDS can be an effective solution to 

aforementioned issues of stormwater runoff. 

 
 

Figure 4 Plants from vegetated floating mats [29] 

 

4. SUDS renamed?  

 

SUDS have been implemented in many countries under 

different names.  In Europe,  SUDS  are  being  implemented 

with the goals of maintaining public health, protecting 

valuable water resources from pollution and preserving 

biological diversity and natural resources for future needs. In 

Australia, a similar catchment-wide approach is being 

practiced under the name, Water Sensitive Urban Design 

(WSUD), where SUDS is a part of the design. It sustainably 

integrates urban water management into city landscapes to 

minimize environmental degradation. In the United States 

and Canada, Low Impact Development (LID) measures         
are   practiced.   These   acts   as  an   approach   promoting   the 
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Figure 5 Comparison of conventional and renewed urban drainage system [33] 

 

interaction of natural processes with urban environments to 

conserves and uses natural features to mitigate the adverse 

impacts of urbanization [1]. However, the main role of any 

system is to reduce the adverse impacts of increasing 

volumes of polluted stormwater runoff. 

 

5. SUDS vs conventional drainage systems  

 

Conventional drainage systems were designed and 

implemented with the main goal of managing stormwater 

volumes to avoid or reduce urban flooding. Conventional 

drainage systems are comprised of many structural 

components, e.g., concrete pipes, manholes and storage 

facilities. Therefore, the construction and installation costs of 

conventional drainage systems are high. Additionally, the 

burden on the existing drainage systems is high because of 

increased stormwater flows resulting from climate change 

and urbanization. Therefore, new construction is necessary if 

the authorities are to rely on conventional drainage systems. 

However, such construction disrupts the general public. So, 

this solution is not sustainable. Conventional drainage 

systems are more challenging. SUDS can overcome these 

issues. The early objectives of SUDS were to provide a 

convenient cleaning mechanism to promote public hygiene 

and to provide flood protection [9]. Nevertheless, SUDS 

today have enhanced capabilities by adding recreational 

value, ecological protection to aquatic environments and 

pollutant control along with the provision doe other water 

uses.  

 Figure 5 shows another example of a practical 

application of SUDS [33]. This shows a comparison of a 

conventional approach to a SUDS upgraded drainage system 

in Colarado, in the USA. Stormwater runoff from impervious 

surfaces drains into a micro-flow system, where a filtration 

process takes place. Porous pavers, grass swales and 

bio-retention basins can be fitted into this micro-flow 

system. The overflow from this layer is directed to drains 

along the streets. However, conventional systems only 

collect stormwater through the roadside drains. 

 

6. SUDS in action  

 

 SUDS gives equal importance to stormwater quantity, 

quality and biodiversity/amenity. It considers the technical, 

environmental, social and economic impacts of stormwater 

runoff [28]. Various techniques have been adopted to satisfy 

the three goals of SUDS, runoff attenuation and mitigation, 

pollutant reduction and amenity construction. The filters and 

infiltration trenches, permeable surfaces, water storage areas, 

swales, water harvesting, detention basins, wetlands and 

ponds are major devices that have been used. From a 

hydrological point of view based on the impacts on water 

runoff and routing processes, SUDS act as a source control 

measure, an on-site control measure and a downstream 

measure [34]. It is expected to keep the excess stormwater 

runoff upstream to delay the downstream flow. Next on-site 

control is necessary to prevent flooding and to minimize 

flood damage. Finally, downstream measures are required to 

efficiently control the upstream flow to reduce the runoff and 

increase the infiltration. 

 SUDS have many advantages. They reduces the peak 

flow in the hydrograph. It helps to improve the water quality 

and naturally mitigate waterborne deceases. Additionally, 

SUDS provide a temporary storage in the event of extreme 

rainfall to keep downstream areas safe from flooding while 

recharging the ground water table. SUDS have some 

disadvantages too. The stormwater infiltration trenches can 

become clogged by sediment over time and their life span 

reduced [35]. This is costly. Therefore, sediment traps are 

necessary in the upstream infiltration trenches [36]. 

 

7. Implementing Green Infrastructure (GI) in 

stormwater runoff mitigation 

  

 Green infrastructure (GI) is an intergral component of 

SUDS approaches [37]. GI can be defined as any green 

spaces that are interconnected to protect nature and benefit 

mankind, flora and fauna [38-39]. It is a way of managing 

stormwater runoff by infiltration into the soil or reducing 

runoff through reuse [40]. The utmost motive behind 

implementation of GI is to improve the quality of prevailing 

surface conditions while managing stormwater in a 

sustainable manner. 

GI can be implemented through structural and 

non-structural measures such as green roofs, rainwater tanks, 

wetlands. Pervious pavements, bio-swales, planter boxes, 

cisterns and rain barrels are examples of structural GIs [39]. 

Non-structural measures include policy decisions to design 

buildings and roads to minimize impervious area, improve 

the infiltration capacity of soils and increase vegetation cover 

[41]. 

Computer models play an important role in 

implementing GIs. They can make highly accurate 

predictions. Therefore, their use in GIs is becoming popular. 

RECARGA [42], P8 Urban Catchment Model [43], SWMM 

5.0 [44-45], MUSIC [46], SUSTAIN [47] and WinSLAMM 

[48] are few computer models used by researchers and 

industrial designers. Computer models of green architecture 
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enhance the accuracy of simulation results. SWMM by 

United States Environmental Protection Agency (US EPA) 

provides for more benefits than other models as it can be used 

in more complex, large-scale projects. It is one of the most 

sophisticated tools in modeling stormwater quality, quantity 

and GI performance [39, 44]. 

Green infrastructure has growing public interest in recent 

years due to its provision for eco-system services. Energy 

savings, air quality improvement, mitigation of climate 

change impacts can be achieved by reducing greenhouse 

gases, and increasing the green cover. These are a few of the 

eco–system services of GI [39].   

 

8. Source control as an approach 

 

As was previously discussed, the increase of impervious 

surfaces associated with urban development is partially 

responsible for the current stormwater management issues. 

Structural infrastructure has been introduced to address these 

management issues. However, they provide temporary and 

short term solutions in storing excess water. Source control 

is a good solution due to the area limitations in urban zones. 

It has many benefits over traditional approaches [49-51]. 

Identifying stormwater problems and implementing 

necessary solutions at the origin is the basis of the source 

control [52]. Green roofs and pervious pavements are widely 

used source control structures.  

 

9. Green roof - an emerging trend 

 

 Green roofs reduce stormwater runoff volume by 

retaining a portion of the precipitation. They use the existing 

roofs and space limitations are not an issue in urban areas. 

Many researchers have shown that the there is a significant 

reduction in stormwater runoff from green roofs [53-54]. 

Additionally, green roofs keep buildings cooler during the 

summer months [55]. Furthermore, green roofs can return 

water to the atmosphere by evapotranspiration [56]. Land use 

information, basin information, precipitation and the 

potential for evapotranspiration are important input variables 

when designing green roofs [52]. Researchers found that the 

total the area coverages is more important than the thickness 

of the green roof. The initial costs for construction of these 

green roofs is high. However, over a longer term, green roofs 

are economical [56].  

 Figure 6 [57] shows green roofs that were tested by the 

United States Environmental Protection Agency (US EPA). 

Successful application of green roofs can be clearly seen by 

the growth of the plants in green roof after a six month and 

one year timeframe. 

 

10. SUDS in various climatic regions 

 

 SUDS have been successfully applied in many climatic 

regions. However, there are some differences from region to 

region. Scandinavian countries have a six month winter 

season. Therefore, countries like Norway, Sweden and 

Finland have to implement their SUDS during the non-winter 

seasons. They also have to maintain their systems properly. 

However, these countries use country specific guidelines for 

stormwater control [58]. 

However, there is a slight advantage in stormwater control in 

cold climates in winter. Snow takes a time to melt and there 

is no sudden stormwater flow during the winter. Instead, the 

snow can infiltrate into the soil later. Nevertheless, there can 

be problems in the spring. There may be sudden snow 

melting due to the rising temperatures. Additionally, frozen 

soil and dormant biological functions lead for poor 

stormwater management during the winter months [59]. 

However, the findings of Roseen et al., [59] showed that 

LIDs were not affected by seasonal effects whereas 

hydrodynamic separators and swales exhibited large 

seasonal variations. Therefore, these structures have to be 

oversized.  

 Stormwater management in dry or desert areas is 

interesting and has not been given enough attention. Many 

people believe there are no significant issues in stormwater 

management in arid regions as they receive little 

precipitation on an annual basis [60]. There are some arid 

regions with significant amounts of precipitation, but with 

lower event frequencies. The characteristics of the 

precipitation in areas with large inter-storm durations should 

be considered in stormwater management for arid areas. This 

is similar the case of humid and trophic environments [61]. 

Consideration of the climatic region is an important factor in 

selecting the correct SUDS approach in stormwater 

management.  

 

11. Final remarks and conclusions 

 

 Stormwater runoff has recently been a topic under 

discussion. This is largely due to the immeasurable damage 

it causes socially, environmentally and economically. 

Therefore, measures addressing this issue should be 

implemented. Recent research has shown green adoption 
measures to be more sustainable and eco-friendly than most

 

 
(a)                                                                                                 (b) 

 

Figure 6 An example of a green roof in a SUDS: (a) in November 2003 and (b) in June 2005 [57]  
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of the structural mitigation measures. Thus, green 

approaches have gained popularity. One such emerging 

green trend is Sustainable Urban Drainage Systems (SUDS). 

This review touches the state-of the-art of SUDS as practiced 

in today’s world.  

 SUDS have augmented conventional drainage pipe 

networks with their economic and environmentally friendly 

benefits. They have proven to be a good solution for 

stormwater management. These systems avoid floods by 

providing temporary water storage during extreme rainfall 

events. They adds aesthetical value to the areas in which they 

are located. Furthermore, the can attract wildlife thus 

creating new habitats promoting bio-diversity. In this way, 

SUDS increase the amenity of the environment.  

SUDS also have some barriers to their application. 

Expert knowledge is required when implementing and 

maintaining them. Additionally, the cost to convert from 

conventional drainage systems to SUDS is high. 

Furthermore, their infiltration trenches can become clogged 

over time providing hindering the performance of such 

systems. Every system has its benefits and its shortcomings. 

Efficient performance can be expected when the necessary 

modifications are made before adopting the measures. This 

review examines green measures that have been 

implemented so far, the reasons for using them and their 

shortcomings. It is important to note that different measures 

can be adopted considering the various characteristics that 

change from region to region. Appropriate modifications 

should be made to design the best systems possible. 
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