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Abstract :
Sustainable Urban Drainage Systems (SUDS) have the primary purpose of reducing 
flooding.  However,  vegetated  SUDS  components,  singly  or  combined  as  'Rain 
Gardens,' provide a range of significant secondary benefits. Through processes such 
as  evapotranspiration,  bioretention  and  phytoremediation,  vegetation  provides  air 
cooling, carbon sequestration and storage, and removal of air pollution. 

Cities such as Portland, Berlin,  Chicago and Copenhagen, have begun to redesign 
their urban built environment around sustainable urban drainage. A multi-disciplinary 
'green  infrastructure'  approach  is  showing  quantifiable  results  in  these  secondary 
parameters. 

This paper analyses the extent to which vegetation can remove air pollution, reduce 
Urban Heat Island effect, sequester carbon and provide a range of important health 
benefits to congested urban centres. 
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Background
After  serious  widespread  flooding across  England in  2007,  the  Pitt  Review 2008 
provided  a  major  impetus  for  the  Flood  Water  Management  Act  (2010).  This 
legislation establishes SUDS Approving Bodies (SAB's) at county or unitary local 
authority  levels,  and requires developments  to  obtain SUDS Approval  at  an early 
stage of the planning process. The present estimate of a date for implementation of 
SAB's is Autumn 2012 (EA 2011).

All SUDS  endeavour to mimic the natural movement of water from development, 
reducing  flood  risk  and   improving  water  quality.  Broadly,  they  achieve  this  by 
replacing impervious surfaces (eg.  roads,  paved areas,  roofs) with pervious and/or 
retentive  structures  such  as  green  roofs,  swales,  ponds  and  constructed  wetlands. 
These interventions are placed as close to source as possible. The main  vegetated 
techniques are listed in Table 1.

Urbanisation
Flooding  is  a  problem in  many  cities  around  the  world,  where  a  legacy  of  now 
overstretched Combined Sewer Overflows (CSO's) is exacerbated by both rises in sea 
levels and changes in rainfall patterns. However, flooding is simply one of several 
further  symptoms of  urbanisation,  which also  include :  Water  shortages;  Sewage 
discharges; Air pollution; Urban Heat Island Effect (UHIE); Traffic congestion; Road 
safety; Lack of biodiversity; Lack of amenity space; Noise; Ill health; Stress; Crime.



Understanding  that  these  symptoms  of  urbanisation  are  interlinked  in  complex 
negative feedback loops, a number of cities around the world have begun to embrace 
vegetated SUDS and Rain Gardens (VSUDS), within a wider Green Infrastructure 
ethos. Such solutions to stormwater provide substantial secondary benefits. 

Vegetated SUDS : Established Practice
Augustenborg in Malmo, Sweden, was a run-down housing estate. In 1998, the city 
launched a major sustainability project for the area. Green roofs, ponds and extensive 
landscaping  were  installed.  80%  of  rainfall  now  evaporates,  with  only  20% 
discharging into the drains. “The results of all the greening include moderating the 
climate, cutting energy costs, and turning a sterile environment into a natural place. 
Heating costs have been cut by 35% and total energy costs by 25%.” (TEN 2010)

Portland,  Oregon  is  seen  as  a  leader  in  co-ordinating  stormwater  within  a  wider 
framework of urban improvements. Portland introduced 'Green Streets' in 2007. This 
involved retro-fitting streets with landscaped kerb extensions, swales, planter strips, 
pervious pavements and street trees to intercept and infiltrate stormwater. This major 
emphasis on cycling infrastructure aimed at getting 40% of children cycling to school 
safely, resulting also in long-term health benefits and community cohesion.

Chicago, Illinois has also developed a range of Best Management Practices to deal 
with the problem of CSO's, a legacy of C19th urbanisation. The City employs the full 
gamut of Green Infrastructure interventions, from Green Roofs to Rain Gardens, to 
address its Urban Heat Island Effect and air quality. “A 1999 study undertaken by the 
city of Chicago estimated that the greening of all of the city’s roofs would save $100 
million worth of energy each year, especially due to a reduction in the need for air 
conditioning  costs  –  the  equivalent  energy  consumption  of  several  coal-fired 
generating stations or one small nuclear power plant” (GLA 2008, 14).  Chicago has 
also carried out extensive research to quantify the beneficial effects of urban trees and 
estimates  that  888 tons of  air  pollution are  removed by its  street  trees  each year 
(Nowak et al. 2010, 7)

Potsdamer  Platz  in  Berlin  achieves  'zero  discharge'  of  stormwater  through  a 
combination of green infrastructure and rainwater recycling. Since 1995, 16000 m2 (or 
30%) of roof area has been covered with green roofs, with substrate depths of up to 
600  mm.  Berlin  is  not  alone  in  combining  the  benefits  of  VSUDS  with  other 
important environmental benefits. According to Grant (2006, 38), “Nearly half of all 
cities in Germany... ...offer incentives for roof greening... The main rationale for this 
is the significant saving in heating and air conditioning costs.”

These cities show that Green Infrastructure measures, introduced primarily to reduce 
stormwater to over-stretched urban CSO's, have provided a wealth of secondary gains. 
Stated benefits include : Energy savings – both from heating and cooling; Reduction 
in UHIE; Reductions in air pollution; Increased biodiversity;  Job creation; Carbon 
sequestration; Recreational and amenity space; Transportation improvements; Climate 
moderation;  River  quality  and watershed health;  Liveability;  Road safety;  Health; 
Financial  savings.  In  each  of  these  cases,  the  importance  of  a  multi-disciplinary 
approach is stated as key to achieving the wide range of benefits.

In contrast,  a  significant UK infrastructure project  is  the Thames Tideway Tunnel 



Scheme.  Thames  Water  intends  to  build  a  £3bn  tunnel  under  London,  to  store 
stormwater surges and prevent CSO discharges. (Thames Water 2011). This will be its 
only function.

Vegetated SUDS – Design Principles
Essentially,  all  SUDS  are 
designed  primarily  around 
their  capacity  for  storage 
and/or  infiltration.  In 
VSUDs,  rainwater  is  also 
evaporated  through 
biological  processes  to  the 
air.  Table 1 summarises the 
main  mechanisms  at  work 
in  each of  the main SUDS 
components.  Clearly,  green 
roofs,  swales,  bioretention 
areas,  infiltration  (esp. 
bioinfiltration)  basins, 
ponds  and  wetlands  all 
provide the widest range of 
mechanisms. 

SUDS Mechanisms for Secondary Gains
1. Water : Vegetation provides SUDS with additional capabilities,  over and above 
their main functions of attenuation and infiltration, in 2 main functions of SUDS :

In terms of stormwater volumes and flowrates, the main benefits of vegetation are :
a.  Increased  surface  area  (eg.  leaves)  for  interception  storage.  The  proportion  of 
rainfall  intercepted  is  referred  to  as  interception  loss,  with  values  of  9-25%  for 
broadleaf forest and 14-19% for natural grasses.
b. Evapotranspiration (ET) to the surrounding air from soils and vegetation release 
significant volumes.  An intensive green roof can intercept and  evapotranspire 70-
80% of rainfall in summer, and 10-35% in winter (CIBSE 2007, 11).

In terms of stormwater quality, VSUDS provide a high level of 'source control' of the 
two main sources of stormwater pollution : Airborne contaminants precipitated with 
rainfall, and pollutants washed by storm runoff from impervious surfaces. Runoff may 
contain  a  cocktail  of  pollutants,  including  heavy metals,  hydrocarbons,  rare  earth 
metals, nitrogen, sulphur, phosphates, glycols and alcohols,  bacteria and viruses from 
a range of sources (Woods-Ballard 2007, 1.7).

The  SUDS  Manual  lists  the  following  9  categories  of  removal  mechanism  and 
describes,  for  each,  the  biological,  physical  and  chemical  processes  at  work  : 
Sedimentation;  Filtration  and  Biofiltration;  Adsorption;  Biodegradation; 
Volatilisation; Precipitation; Uptake by Plants; Nitrification; Photolysis. The majority 
of these mechanisms are due to, or enhanced by, plant vegetation and/or processes 
(including microbial and bacterial processes) in soil. Plants' leaves effectively bind 
particulates to their surface during the first interception stage of treatment, and so 
prevent them from discharging during the 'first  flush'  of a rainfall  event.  The soil 

Table 1: Main Mechanisms in Each Type of Vegetated SUDS Component.

Green Roofs ⎷ ⎷ ⎷ ⎷ ⎷ ⎷
Filter Strips ⎷ ⎷
Trenches ⎷ ⎷
Swales ⎷ ⎷ ⎷ ⎷ ⎷ ⎷ ⎷
Bioretention Areas ⎷ ⎷ ⎷ ⎷ ⎷ ⎷ ⎷ ⎷
Sand Filters ⎷ ⎷
Infiltration Basins ⎷ ⎷ ⎷ ⎷ ⎷ ⎷ ⎷ ⎷
Detention Basins ⎷ ⎷
Ponds ⎷ ⎷ ⎷ ⎷ ⎷ ⎷
Wetlands ⎷ ⎷ ⎷ ⎷ ⎷ ⎷ ⎷ ⎷
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filters out the particulates for take-up by the vegetation using a variety of mechanisms 
referred  to  as  phytoremediation.  High  removal  rates  are  possible  by  vegetated 
components : Up to 95% of TSS; 90% of heavy metals; 90% of hydrocarbons; 80% 
Total Phosphorus; 90% Total Nitrogen. (Wilson, Bray & Cooper 2004, 64)

2. Air :  Vegetation has significant potential for improvements in Air Pollution, Air 
Cooling and, consequently, Urban Heat Island Effect.

As  shown above,  air  contains  a  number  of  pollutants.  Air pollution is  a  serious 
problem, causing up to  50,000 early deaths per year  in the UK (Vidal  2010) and 
costing at least £8-20 billion (Environmental Audit Committee 2010, 3.21). In cities it 
occurs from two main sources : Roadside air pollution  from primary sources such as 
vehicle emissions;  and background pollution from many other sources,  principally 
energy generation, domestic boilers, and transportation.  Research into vegetation on 
behalf  of Transport  for London (TfL 2010, 30) shows relatively low capability in 
removing primary NOx close to source (ie. busy arterial roads). 

However, vegetative treatment of background air pollution shows greater potential. 
GHASP (1999,  30)  states,  “Both  the  soil  and  vegetative  surfaces  are  active  in 
removing  gaseous  pollutants,  such  as  ozone,  nitrogen  dioxide,  sulfur  dioxide, 
formaldehyde, benzene, and hydrogen fluoride, from the atmosphere.”  Processes in 
soil  have  high  capacity  for  gas  and  particulate  removal.  Leaves  are  also  highly 
effective. In Chicago, “Peak 1-hour air quality improvements during the in-leaf season 
for heavily-treed areas were estimated to be: O3 13.4% ; SO2 14.1% ; CO 0.05% ; PM10 

9.9% ; NO2 6.3%”(Nowak et al. 2010, 7).  The depth of soil and surface area of leaves 
are highly influential on removal, and so SUDS incorporating deep soils and trees or 
vegetation with a high Leaf Area Index are most beneficial.

In addition to reducing air pollution and manufacturing oxygen, VSUDS also have 
significant potential,  through evapotranspiration, for  air cooling. Each kilogram of 
water evapotranspired 'removes'  2257kJ of latent heat  energy from the air,  and so 
reduces  the  air  temperature.  A green roof  can  evapotranspire  70-80% of  summer 
rainfall falling on it, and the value of this cooling effect, when multiplied by the area 
of a green roof, rain garden or urban forest, is substantial. A study in Ottawa showed a 
green roof reducing the average daily energy demand of a building by more than 75%. 
A further study in Toronto “estimated that the direct energy savings citywide, through 
reduced energy for cooling as a consequence of whole scale greening, would be in the 
order of $22 million, equivalent to 4.15kWh/m2 per year” (GLA 2008,7). This equates 
to a saving in CO2 emissions of 1.7kg/m2/yr.

The Urban Heat Island Effect is a further symptom of urbanisation, and is related to 
air temperatures and air pollution. Cities retain the daytime heat energy from solar 
radiation, and then release it during the night. This thermal storage prevents buildings 
from being passively cooled,  and so more energy is  required for air  conditioning. 
However,  AC  simply  transfers  heat  from  interior  to  exterior,  and  so  exterior 
temperatures increase further in a negative feedback loop of increased energy inputs. 
The  higher  temperatures  promote  ozone  production  and  thus  air  pollution,  with 
serious health effects. In the heat wave of 2003, 30,000 deaths (600 in London) were 
caused by these effects (Grant, 2010, 8).



VSUDS can substantially contribute to reducing UHIE in 2 main ways : 
a.) Evapotranspirative cooling reduces temperatures, reducing ozone production and 
pollution. b.) Vegetation improves the albedo (reflection coefficient) of surfaces and 
reflects more solar radiation, reducing surface temperatures and thermal storage.

3. Energy : As shown above, vegetation has a high potential for energy savings, and 
energy use correlates closely with the production of CO2. Warwick & Charlesworth 
(2011) compared the rate of Carbon Sequestration and Storage (CSS) by a range of 
methods, including VSUDS components. They concluded that widespread retro-fit of 
green roofs would be substantially more effective, in CSS terms, than tree-planting 
initiatives.  Further  research  by  Lancaster  University   shows good performance  of 
urban trees in air pollution reduction, but concludes that “the amount of carbon stored 
in the West Midlands tree population is equivalent to only 6% of the carbon dioxide 
emitted to the atmosphere from the West Midlands in a single year.” (Stewart et al. 
2002, 8). Although CSS performance is disappointing, nevertheless these benefits are 
in addition to other gains such as pollution removal, stormwater attenuation etc.

4. Other SUDS Benefits :  There are several further symptoms of urbanisation, and a 
vegetated  SUDS approach  may  also  help  to  resolve  these  issues  and  add  further 
benefits.  It  is  clear,  for  example,  that  vegetated  SUDS components  contribute  to 
biodiversity potential more than conventional inert urban materials. 

Portland has used every opportunity to incorporate SUDS into  road safety and active 
travel (cycling & walking). Rain gardens provide road-narrowing; Pathways and cycle 
tracks  are  separated  from traffic  by  continuous  vegetated  strips  or  swales;  Grass 
verges are  converted to  infiltration and detention basins;  Pocket  parks,  created by 
removing  traffic,  create  bike-  and  walker-friendly  spaces  with  all  the  benefits  of 
vegetated SUDS. The secondary benefits to Portland have been substantial, in terms 
of health, employment, and local spending. (CRC 2011)

A vegetated SUDS approach can improve health and well-being, by promoting urban 
green space as a multi-purpose community facility with an underlying 'stormwater 
engineering'  purpose.  “In  England  alone,  obesity  and  physical  inactivity  cost  the 
country £2.5 billion and £8.2 billion respectively.” (CABE 2009, 4). However, “in 
residential areas with high levels of greenery, the likelihood of residents being more 
physically active was more than three times higher  and the chance of  their  being 
overweight and obese was about 40 per cent lower than for areas with low levels of 
greenery.” (CABE 2009, 14). Similarly, studies show that distance from green space 
correlates with levels of stress, obesity and recovery from illness. CABE suggests that 
access to green space for walking has shown significant increases in preventing heart 
attacks, diabetes, colon cancer, fracture of the femur and longer lifespan. Green space 
also promotes inclusion, access, integration and cohesion. 

There is even evidence that vegetation, especially trees, in inner-city neighbourhoods 
correlates with reduced crime. (Sullivan & Kuo, 2001).

Conclusion :
The problems associated with urbanisation are complex and interlinked. However, 
several  cities  have  put  sustainable  urban drainage  at  the  heart  of  a  more  holistic 
approach to the varied and serious problems of urbanisation. In contrast, projects such 



as the Thames 'Super Sewer' focus on a single aspect of a wider problem. Vegetated 
SUDS have significant potential  in reducing the serious problems of air pollution, 
Urban  Heat  Island  Effect  and  greenhouse  gas  emissions  and,  as  a  consequence, 
contributing significantly to biodiversity, health and well-being, and liveability.
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