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ABSTRACT

Urban populations worldwide are expanding rapidly and consequently a large
number of people are becoming exposed to hazards inherent in cites.
Phenomena such as the urban heat island can exacerbate the effects of
heatwaves, and land surface sealing can lead to flash flooding. Cities are also
the sites of enhanced air and water pollution from non-point sources such as
concentrated motor vehicle use. Climate change predictions for the UK include
increased winter precipitation and an increase in frequency of summer
heatwaves. This will put further pressure on urban residents and infrastructure.
Roof greening can be used within climate change adaptation schemes because
green roofs have a range of environmental benefits which can help urban
infrastructure become more sustainable.

This thesis empirically quantifies several of these benefits, and the processes
influencing them, by monitoring real green roofs in Manchester. A number of
novel discoveries were made. Green roofs act as passive filters of airborne
particulate matter. 0.21 tonnes of PM1o (2.3% of the inputs) could be removed
from Manchester city centre in a maximum extensive green roof scenario.
Species and site differences in particle capture were exhibited and related to
morphology and proximity to sources respectively. An intensive green roof was
able to lower the monthly median overlying air temperature at 300 mm by up to
1.06 °C. A combination of drought and mismanagement caused damage to the
vegetation on one of the green roofs, with a subsequent reduction in the cooling
effect. Daytime air temperatures were higher than over an adjacent bare roof for
a larger proportion of the day than over the undamaged roof, and lower cooling
was observed at night.

A site-specific methodology was devised to monitor the rainwater runoff from an
intensive green roof and an adjacent bare roof. Average runoff retention of 65.7%
was observed on the green roof, compared to 33.6% on the bare roof. Season
and rainfall amount had significant impacts on retention, however, many other
explanatory variables such as Antecedent Dry Weather Period (ADWP) and
peak rainfall intensity had no demonstrable, significant impact. Intensive roof
construction on 10% of the rooftops in Manchester city centre would increase
annual rainfall retention by 2.3%. The runoff was characterised with regards to
heavy metals and nutrients. Nutrient levels were found to be not a significant
problem for water quality, however, Environmental Quality Standards (EQS)
values for protection of freshwater were exceeded for concentrations of Cu, Pb
and Zn. High metal concentrations within the sediments may be acting as
sources of pollution, particularly in the case of Pb. The age of the green roof
means that past atmospheric deposition of Pb could be contributing to the runoff
quality.

The multi-benefit aspect of green roofs is discussed in the light of the results of
this thesis and recommendations made for policy makers and the green roof
construction industry.
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CHAPTER 1 INTRODUCTION

1.1 Research rationale

Urban popul ations worl dwide are steadi

population is classed as urban and this is predicted to become 70% by 2050
(UN 2009). There are a number of pressures exerted on the urban system
that can act independently or in conjunction with each other to produce
impacts with potentially serious consequences for urban residents (Gill et al.
2004). For instance, urbanisation increases the amount of surface coverage
of materials with a high thermal capacity such as concrete and asphalt (Taha
2004), which is one of the contributing factors to the Urban Heat Island (UHI)
phenomenon (Oke 1982). It is widely recognised that built areas can be
warmer than surrounding rural areas, up to 5 - 6°C have been reported (Oke
1982) and when combined with high summer temperatures, human
physiological stress can occur. An estimated 70,000 heat-related fatalities
have been linked to the 2003 European heatwaves (Robine et al. 2008), of
which over 2,000 were in England and Wales (Larsen 2006).

A further pressure on the urban system arises from the impervious nature of
the built environment which can lead to pluvial (surface water) flooding during
heavy rainfall events. The hydrochemical quality of this runoff can also
become degraded by highly persistent and toxic heavy metals (Pizzol et al.
2011), or nutrients which can lead to eutrophication in receiving water bodies
that are already nutrient-rich (Ellis and Mitchell 2006). The processes behind
the inputs of these substances to the urban environment are themselves a
direct result of urbanisation, such as airborne dusts from high volumes of
road traffic (Robertson et al. 2003), and wet and dry deposited air pollution
from anthropogenic emissions (Fowler et al. 2007). There is an associated
deterioration of air quality in cities from these emissions. Particulate Matter
smaller than 10 microns (PMjg), 0zone (O3) and oxides of nitrogen (NOy) are
elevated in cities due to high vehicular emissions. While there are some
signs of abatement due to UK vehicle usage levelling off in the past three
years (DfT 2013), concentrations can still exceed air quality standards and do

not always seem to reduce in line with emissions estimates (NAEI 2012).
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Some of the predicted effects of climate change will be felt most acutely by
the inhabitants of cities (Wilby 2007). It is estimated that there will be an
increase in the frequency of summer heatwaves (Murphy et al. 2009), which
when combined with the UHI effect, means that cities will become quite
uncomfortable places to live for some parts of the year. Changes to
precipitation are also expected, with increases of up to 33% by the 2080s
under a medium emissions scenario, with western UK being hardest hit
(Murphy et al. 2009).

These pressures and their predicted increase in frequency /severity from
both climate change and increasing urban populations means there is an
urgent need for adaptation strategies. One adaptation technique that seeks
to reduce the extent and magnitude of the UHI is to increase the amount of
urban vegetative cover (Hardin and Jensen 2007). This has numerous
additional potential benefits such as the passive filtration effect of the
vegetation and subsequent improvements in air quality (Powe and Willis
2004). A problem with extensive greening of cities is that there is competition
for expensive building space and the fundamental layout of cities is unlikely
to change (Wong et al. 2003). Green roofs overcome this barrier by utilising
the space afforded by rooftops which can account for 35% of the land cover
(MacMillan 2004).

Green roofs broadly consist of a drainage layer underneath a substrate layer
which supports vegetation. They offer a number of benefits such as localised
cooling, stormwater retention and air pollution reduction, which will be
detailed in Chapter 3. As green roofs are a relatively new technology there is
a need, particularly in the UK, to quantify and evaluate the benefits they
afford. This will realistically allow their usefulness within climate change
adaptation schemes to be demonstrated. There is a need to investigate how
well green roofs perform in a range of climates and urban morphologies. The
impacts of climate change vary widely in type and severity depending upon
location so green roofs can be tailored for a particular location in its current
and projected states. A large amount of green roof research has been
focussed on Germany (Kohler 2005; Mentens et al. 2006) so it is necessary

to understand how green roofs perform elsewhere in the world, for instance



in the tropics or in cooler maritime climates which are predicted to get
warmer in a future climate. There is also a need to bridge the gap between
academia and practitioners so that green roof policies can be developed and
so that the green roof industry can respond to scientific research in a way

that allows the best technology to be developed.
1.2 Involvement of Manchester City Council

This work was funded through a Natural Environment Research Council
(NERC) Co-operative Awards in Science and Engineering (CASE)
studentship (Grant reference: NE/G012393/1). The CASE scheme aims to
promote partnerships between Higher Education Institutes (HEIs) and other
bodies such as private industry or the public sector. Manchester City Council
(MCC), specifically the Green City team within the Environmental Services
Department, are the CASE partner for this thesis. The Green City team
oversee the delivery of Manchiesterds cl i
Manchester: A Certain Future (MACF) 1 which is part of the Greater
Manchester Climate Change Strategy (GMCCS). The strategy sets out plans
to reduce carbon emissions by 48% by 2020 and provides an integrated
approach to tackling climate change (MCC 2011). One of the four headline
visions of GMCCS is to be prepared for and actively adapt to a rapidly
changing climate, and one of the themes of MACF is adaptation using green

and blue infrastructure.

The results of the thesis will feed into the evidence base for the Green
Infrastructure (Gl) Strategy that MCC is developing. The Gl strategy
provides a framework that brings together disparate Gl strategies and
research (such as the Biodiversity Action Plan and Tree Audit data) into a
single place. The strategy establishes the economic, social and
environmental business case for investing in new, or improving the quality of
existing, Gl across the city, highlights the multifunctional benefits that Gl can
offer and includes examples of how GI can be used to support the specific
aims in each of the City's Strategic Regeneration Framework Areas
(Personal Communication from Neil Jones, Environmental Strategy Officer,
MCC, 16 May 2013).



In conjunction with the business case, a 15 year action plan and a
Geographical Information System (GIS) browser has been developed which
will identify future GI projects and research opportunities, as well as map the
ongoing evolution of the City's GI. The research will feed into these
workstreams and can be used to identify further areas of research in the
future. The initial research objectives of the CASE partnership were very
extensive and broad (see Appendix I) and the thesis necessarily evolved by
determining which aspects allowed the biggest scope for novelty and were

also feasible given budget and time constraints.

A green roof feasibility study was carried out by MCC which proposed a work
programme for Greater Manchester which, upon implementation, would
result in the increased installation of green roofs across the region whilst
providing a guidance document for the installations (MCC 2009).
Stakeholders for the study included the University of Manchester,
Manchester Metropolitan University, a commercial property company named
Bruntwood and Red Rose Forest, a community forest partnership initiative.
Five buildings were chosen to act as green roof demonstrator projects,
however, due to a number of setbacks which included buildings failing to
meet structural standards for being able to support a green roof, and the
global financial crisis, only one of the exemplar roofs was constructed. This
was installed on the Whitworth Art Gallery in 2010 and consisted of an
extensive-type roof planted with sedum. A short video of the construction

can be viewed at http://vimeo.com/14006655.

The Green City team are at the heart of a campaign to help Manchester
become Bgreenes cityidterms of air quality, biodiversity, climate
change, energy and the built environment. Green roofs can play an
important role in each of these areas so this thesis will provide valuable
information for this campaign, whilst furthering knowledge within urban

environmental science under the NERC umbrella.



1.3 Aims and Objectives

This thesis seeks to quantify the environmental impacts of green roofs using
a multivariate, empirical monitoring approach. The thesis is directed by four

main aims which are related to the four environmental impacts of interest.

The first aim is to assess what quantities of air pollution, specifically PMy,
can be removed from the urban atmosphere by green roof vegetation. The
second aim is to see how green roofs can impact the local thermal
microclimate relative to a conventional roof surface. The third aim is to
quantify the rainwater retention efficiency of an intensive green roof. The
fourth aim is to assess the impacts on quality of rainwater runoff exerted by

an intensive green roof.

When assessing the multi-beneficial nature of green roofs, it is not possible
to sufficiently encompass all the benefits within one thesis, so this thesis will
focus on the benefits which previous work has indicated require more

research.
Specific objectives are:

1 To quantify the amounts of PMjg that can be captured by green roof

vegetation

1 To investigate differences in PMyg capture arising from roof location

and green roof vegetation composition

1 To estimate the potential impact of green roofs on PMyq pollution
under theoretical future construction scenarios using upscaling

methods

1 To measure the cooling impact of an intensive green roof on the

overlying air relative to a conventional roof surface

1 To measure and compare the rainwater runoff retention efficiency of

an aged intensive green roof with that of a conventional roof surface



1 To measure and compare the rainwater runoff quality of an aged
intensive green roof with that of a conventional roof surface and with

water quality guidelines

1 To draw together results from experimental studies in order to assess

the environmental impacts of green roofs

During the data collection period, circumstances allowed for a further

objective:

1 To investigate how the cooling effect of an intensive green roof can be

impaired by damage to the vegetation layer
1.4 Methodological Framework

Site selection was informed largely by issues of access to the roofs.

Rooftops can be highly unsafe zones when safety features such as railings or
raised edges are absent, therefore suitability for inclusion in the study
depended on these features. Potential green roofs and bare roofs, owned by

the stakeholders, were identified and access granted.

The four main chapters, wherein lie the results and discussion of the thesis,
each required their own monitoring methodologies. For Chapter 7, a novel
approach to monitoring roof runoff was called for, due to the problems
associated with adopting an experimental approach on a pre-existing roof
with a fixed structure that could not be altered. The monitoring periods for
each of the four chapters overlapped temporally. An empirical monitoring
approach was chosen, as opposed to a modelling approach. It can be
argued (see Chapter 4 i Methodology) that there is a need for more
empirical work within urban climatology. A large proportion of urban
climatology studies tend to rely on modelling approaches. Models are useful
tools for representing and investigating the dynamics of the various fluxes
within cities such as energy or pollutants, but there is a need for monitoring
work to obtain real-world data from different unique urban setups which can

then feed into and validate the modelling work.



1.5 Study Site i Manchester

The city of Manchester, located in North West England (see Fig. 1.1), is used
as a case study for this thesis. The Greater Manchester urban area is the
third largest in the UK, with a population of 2.7 million (UK Census 2011).
Manchester is representative of a large conurbation both in the UK and in
Northern Europe. It is of a sufficient size to manifest characteristics of
interest to urban climatologists, such as an Urban Heat Island (Smith et al.
2011), and significant transport-related air pollution (HFAS 2011). The
results of the thesis will therefore be of particular interest to not just
academics, but practitioners such as town planners, architects and local

authorities in Northern Europe.

' Urban areas
. District boundary

Fig. 1.1 7 Location of Greater Manchester. (Author created)

Sites were chosen ivaspatallyefideddreaof Cor ri dor 6

economic development centred on the Oxford Road corridor of Manchester i
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see Fig. 1.2. The Corridor is a major transport link stretching from the city
centre to south Manchester and is a strategically important economic
development area. A Corridor Partnership has been set up, which includes a
number of the stakeholders of the aforementioned green roof feasibility study
who are located around Oxford Road. As part of the partnership, a £1 billion
investment programme aims to maximise the opportunities arising from future
developments in the area, whilst supporting growth through improvements in
infrastructure. The environment is a key part of these infrastructure
improvements and The Corridor Partnership is keen to reduce pollution,
emissions and noise through incorporating sustainable urban planning, for

instance improved public transport and tree planting (MCSP 2009).

o .~ . Manchester
T ““4n . City Centre

. The Corridor

Fig. 1.2 1 Location of The Corridor in relation to Manchester city centre. (Source:
Corridor Manchester 2012)



The Corridor is also of interest for urban climate studies as it has featured in
previous studies, including a characterisation of the variability of metal
contamination in Road-Deposited Sediment (RDS) (Robertson and Taylor
2007), and an investigation into the capability of The Corridor to adapt to
future climate warming by increasing the amount of green land cover in a
model simulation (Cavan and Kazmierczak 2011). However, an extensive

investigation of green roofs in the area has not been attempted.

Manchester was one of the worldoés first
history of the climatic effects of urbanism, such as smog (MacKillop 2012). It

is also the site of one of the first observations on the uniqueness of urban

climates. The physicist, Sir Arthur Schuster, set up a weather observatory at

the University of Manchester which allowed comparisons with another station

located two miles north, and he wrote in 1893:

frhe remarkable differences which appear in the temperature records
in different parts of the city furnish an additional proof, if proof were
wanted, that observations taken in or near a large town cannot be
taken to represent correctly the meteorological character of the
surrounding districts, but it by no means follows that these
observations are of no value. On the contrary, they may lead to some
important conclusions on what may be called town weather as

distt ngui shed from country weather. o

It is apt, therefore, that Manchester continues to be a well researched city

within urban climatology.
1.6 Significance of Research

This study, by its empirical multivariate approach, has allowed a number of

novel green roof discoveries. It is the first study:

1 to use magnetic techniques to quantify particle capture by green roof

vegetation

I aY



to quantify, using particle counting, how much urban particulate
pollution can be expected to be removed from an urban area, annually,

in response to green roof installation (see Chapter 5)

to reveal how the location, and plant species composition, of green
roofs can influence the capture of urban particulate pollution (see
Chapter 5)

to assess the extent to which damage to the vegetation of an intensive
green roof allowed the impairment of the relative cooling properties to
be quantified, where previous studies have only postulated this effect
(Gill 2007) (see Chapter 6)

to quantify runoff retention capacity of an intensive, aged, in-situ green

roof during a period of above average rainfall (see Chapter 7)

to assess the effects of age on the runoff quality of an intensive green
roof (see Chapter 8)

to undertake a chemical and physical analysis of green roof soil which
allowed a simple budget for Pb to be calculated. This identified a
possible link between historic atmospheric deposition and present day
runoff contamination (see Chapter 8)

to assess the multi-benefit aspect of green roofs, within Manchester, in
terms of the services they provide as green infrastructure in cities, for

instance with respect to climate change adaptation (see Chapter 9)
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1.7 Structure of Thesis

Fig. 1.3 shows a thesis outline diagram. This thesis is presented in an
Oalternative formato. This means that t
as articles suitable for publication in peer-reviewed journals. Three of the

articles have already been published, and the remaining article is under

review. A brief summary of the articles published is as follows:

Chapter5 Publ i shed in 6Atmospheric Environm
Speak, A. F., Rothwell, J. J., Lindley, S. J. & Smith, C. L. (2012).
Urban particulate pollution reduction by four species of green
roof vegetation in a UK city. Atmospheric Environment 61(0):
283-293.

Chapter6 Publishedi n 6 Ur ban Cl i mateb6.
Speak, A. F., Rothwell, J. J., Lindley, S. J. & Smith, C. L. (2013).
Reduction of the cooling properties of an intensive green roof

due to vegetation damage. Urban Climate 3: 40 - 55

Chapter7 Publishedi n 6 Science of the Total Envi:t
Speak, A. F., Rothwell, J. J., Lindley, S. J. & Smith, C. L. (2013).
Rainwater runoff retention on an aged intensive green roof.
Science of the Total Environment 461-462: 28 - 38

Chapter8 Submitted to OEnvironment al Pol |l ut
Speak, A. F., Rothwell, J. J., Lindley, S. J. & Smith, C. L. (2013).
Metal and nutrient dynamics on an aged intensive green roof.
Submitted to Environmental Pollution 14 May 2013
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Chapter 1 has detailed the rationale, aims and significance of this research
and outlined the involvement of MCC as a CASE partner. Chapters 2 and 3
will provide a review of the state of current knowledge of relevance to the
thesis, and explain some of the different types and properties of green roofs.
Chapter 2 will discuss current climate change predictions for the UK and
introduce concepts from urban microclimatology and climate change
adaptation with green infrastructure. This will allow the existing knowledge
base on green roofs to be critically analysed in Chapter 3 and identify gaps in
the knowledge. Chapter 4 will outline the methodological approach used,

along with details of the empirical setups used in each of the studies.

Chapter 5 investigates the ability of green roofs to remediate PMy, pollution
by using longitudinal leaf sampling techniques. Chapter 6 uses air
temperature data collected over a green roof and an adjacent bare roof to
assess the relative cooling properties of the green roof. Chapters 7 and 8
deal with the green roof hydrology. In Chapter 7, rainwater runoff is
quantified to see how green roofs increase the rainfall runoff retention over
that of a bare roof, and in Chapter 8, a chemical analysis of the runoff gives
insights into how the quality of the runoff is affected by the presence of the
green roof. The findings of this research are then summarised in Chapter 9,
along with a discussion on the multi-benefit nature of green roofs and
suggestions of future research possibilities.

A number of typographic changes were made to Chapters 5 to 8 in order to
change the format from that of a published or submitted journal article to one
which matches the formatting of the thesis. The section humbering was
changed to coincide with chapter numbers and the table and figure numbers
were changed to continue the numbering of the previous chapters, otherwise
papers are as published/submitted.
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CHAPTER 2 CURRENT KNOWLEDGE ON CLIMATE
CHANGE AND URBAN CLIMATES

2.1 Climate Change
2.1.1 Definition and broad-scale concepts

The fourth assessment report from the Intergovernmental Panel on Climate
Change (I PCC) highlighted that warming o
unequivocal and is evidenced from increasing global average air and ocean
temperatures and widespread melting of snow and ice (IPCC 2007a). Global
warming is the term given to the increase in the average temperature of the
oceans and near-surface air since the start of the industrial era (around 1750)
due to anthropogenic emissions of greenhouses gases (IPCC 2007b).

Carbon dioxide (CO,) is the most important greenhouse gas, and records
from the Scripps Institution of Oceanography show that global average CO,
concentration has increased from 315 ppm in 1958 to 395 ppm in 2013
(Keeling et al. 2013). Currently around 50 Gigatonnes of greenhouse gasses
(CO; equivalent) are emitted into the atmosphere each year (Rogelj et al.
2013), mostly from the combustion of fossil fuels for energy, and indirectly
from changes in land use. The elevated levels of greenhouse gasses have
led to an increase in forcing from solar radation in the lower atmosphere
resulting in a global average temperature rise (Fig. 2.1) of about 0.6°C over
the past 100 years (Hulme 2002)
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Fig. 2.1 7 Change in global surface temperatures relative to 1951 i 1980 climate

average temperatures. (Source: NASA 2011)
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Climate models such as those produced by the Hadley Centre are able to
simulate the recent temperature changes when they incorporate both natural
and anthropogenic factors. Natural external forcing factors include changes
in the energy output of the sun and volcanic eruptions. These, when
considered alone and excluding increasing greenhouse gas concentrations,
are unable to account for the warming of the past 50 years (Stott et al. 2006).
This analysis, amongst others, led the IPCC to state that most of the warming
is due to humans, with a 95% confidence level (IPCC 2007b).

The Copenhagen Accord of 2009 stresses t

commi t ment to O6hold the increase in glob
Cel siusdé6 ( Copenhaghanbeehcritiaseddor ridtOinel@d)ng I

any binding emissions targets, and focus
nati onal emissions as soon as possi bl ed

accounting for cumulative emissions which are much more important due to
the long residence time of CO, (Anderson and Bows 2011). Revised
estimates, which incorporate the continued growth in emissions by both
Annex 1 and non-Annex 1 nations indicate a world where a 4°C global

average rise is likely (Anderson and Bows, 2008).

The current and projected impacts of this warming are numerous. Increasing
global temperature leads to melting of the ice caps, glacial retreat and
subsequent rise in sea levels (Hock et al. 2009). An increased intensity and
frequency of extreme weather events has been observed and related to
increasing sea-surface temperatures (Webster et al. 2005). Warming leads
to more evaporation and thus surface drying, so an increased intensity and
duration of droughts is predicted (Coumou and Rahmstorf 2012). Warmer air,
by being able to hold more moisture, may enhance precipitation extremes,
and provide more latent energy to drive storms (Coumou and Rahmstorf
2012). Additionally, changes in rainfall distribution are expected, with water

scarcity in some areas and floods in others (Boyd and Ibarraran 2009).

The IPCC projections for Europe indicate the largest warming is likely to be in
northern Europe in the winter and in the Mediterranean area in the summer

(IPCC 2007b). Fig. 2.2 shows that the five warmest European summers of
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the past 500 years have occurred in the past decade. Upper extremes of
daily precipitation are very likely to increase in northern Europe and the risk
of summer drought is likely to increase in central and southern Europe
(Christensen et al. 2007).

European summer temperature
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Fig. 2.2 7 European summer temperatures for 1500 i 2010. The top panel shows the
statistical frequency distribution of summer land-temperature anomalies (relative to the
197071 1999 period) for the 1500 i 2010 period in Europe. The five coldest and
warmest summers are highlighted. The lower panel shows a running decadal frequency
of extreme summers, defined as those with a temperature exceeding the 95" percentile
of the 1500 1 2010 distribution. (Source: Barriopedro et al. 2011)

What is clear is that an increase in global average temperature will have
profound and varied effects on a local scale, impacting areas with dense
human populations such as cities. Warming over land areas will be greater

than the global mean due to less evaporative cooling and a smaller thermal
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inertia than the oceans (Christensen et al. 2007). Cities in Europe will have
to find ways to adapt to significant temperature increases. For example, the
maximum summer temperatures in Paris could rise by as much as 5°C by the

end of the century (Lemonsu et al. 2013).
2.1.2 Climate change in the UK

In the United Kingdom, the UK Climate Impacts Programme (UKCIP) is
responsible for developing a comprehensive climate model for predicting
changes to the climate of the British Isles and the production of reports to
help policy makers, local authorities and businesses plan and adapt, the
latest of which is UKCP09 (Murphy et al. 2009). UKCPO09 gives probabilistic
projections for a number of atmospheric variables with different temporal and
spatial averaging, by several future time periods, under three future
emissions scenarios (Jenkins et al. 2009). It is an improvement on previous
model projections in a number of ways such as enhanced spatial resolution,
inclusion of carbon cycle feedback data and modelling uncertainty
exploration (Jenkins et al. 2009). Fig. 2.3 shows one of the main climate
changes predicted for the 2080s under the medium emissions scenario.
Under this scenario, at 50% probability level, there would be an increase in
summer mean temperatures (greatest in parts of southern England i up to
4.2°C) and an increase in mean daily minimum temperature in winter, by on

average 2.1°C to 3.5°C depending on location.
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Fig. 2.3 71 10, 50 and 90% probability levels of changes to the mean daily minimum
temperature in winter (top) and summer (bottom), by the 2080s, under the Medium

emissions scenario. (Source: Murphy et al. 2009)

The predicted patterns for precipitation are shown in Fig. 2.4. An increase,
by up to 33%, of winter precipitation, is expected in western parts of the UK
and mean summer cloud amount decreases by up to -18% in parts of
southern UK (Murphy et al. 2009). The UKCPOQ9 projections describe a
future with a higher frequency of extreme events - droughts and heatwaves in
the summer, and floods in the winter. In summer, a possibility is that rainfall

could become concentrated into intense downpours, with an increase in the
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Fig. 2.4 71 10, 50 and 90% probability levels of changes to annual (top), winter (middle)
and summer (bottom) mean precipitation, by the 2080s, under the Medium emissions

scenario. (Source: Murphy et al. 2009)

frequency of 20, 30, 50 and 100 year return period events for the north west
UK (Sanderson 2010).

Recent instances of weather extremes exemplify the damage to

infrastructure and threat to human life that is possible. The 2003 European
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heatwave caused an estimated 70,000 excess deaths (Robine et al. 2008), of
which over 2,000 were in England and Wales (Larsen 2006), and it was the
hottest summer for at least 500 years (Luterbacher et al. 2004). The wettest
autumn on record in England and Wales occurred in 2000 causing £1.3
billion in damages to property (Pall et al. 2011), and the period from May to
July in 2007 was also a record-breaking wet period with 406 mm rain (WMO
2009). These synoptic weather events can have greater impacts locally,
depending on the nature of the receiving environment. The next section
explores how urban areas can manifest unique climates which make them
potentially more vulnerable to the increased frequency of extreme events

predicted by climate change scientists.
2.2  Urban Climates
2.2.1 General overview

Urban climate phenomenon will now be discussed in detail, and related to the
study site of Manchester. Urban areas can generate their own local climate
conditions due to the nature of the physical aspects of the built-up
environment in compari sonandduetothe e Onatur
human activities that occur within cities (Oke 1981; Wilby 2007). The
process of urbanisation replaces vegetated surfaces with impervious built
surfaces, and the result is a modification of the local climate i both within the
built-up area, and in the atmosphere above the city and beyond its
boundaries (Erell et al. 2011). Localised climates arise from the different
surface elements of urban areas forming a patchwork of paved areas and
some green space with contrasting radiative, thermal, aerodynamic and
moisture properties. These possess diverse energy budgets leading to
mutual interactions by radiative exchange and small-scale advection (Arnfield
2003). As well as being associated with urban-rural differences, aggregation
of these fundamental morphological units can create distinct climatic zones
within cities (Arnfield 2003). For instance, building walls and the streets
between them define the urban canyon which can affect local temperature
differences and wind and turbulence patterns at street level (Souch and

Grimmond 2006). These distinct zones can even influence the composition
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of plant species |iving in that zone

preferences, to an extent which allows floristic mapping of phenomena such
as the Urban Heat Island (UHI) (Bechtel and Schmidt 2011).

2.2.2 Urban Heat Islands

Urban areas are subject to relatively high temperatures compared to their
rural hinterlands and it is widely recognised that built up areas can develop
UHIs which can be up to 5-6°C warmer than surrounding rural areas (Oke
1982).

Commercial

Temperature Park District HH -
Qoooonn [mﬂﬂﬂrﬂﬂﬂ H P’Hﬂ |

Fig. 2.57 A generalised Urban Heat Island. (Source: Erell et al. 2011)

A UHI arises when there is a difference in temperature between a certain
urban location and a given reference point in a nonurban location (Taha
2004). Fig. 2.5 shows how this temperature difference evolves as one
moves from outside a city into the urban core. They can appear due to a

combination of several factors:

A Urban areas are abundant in materials with a high thermal capacity

such as concrete and asphalt (Taha 2004).

A Urban geometry results in a higher total surface area able to reflect,
absorb and re-release solar radiation. The release of this extra heat
contributes directly to warming the air (Taha 2004).
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A Urban areas have a smaller Sky View Factor (SVF, portion of visible

sky) which helps create night time UHIs as radiative cooling of urban

surfaces to the cooler sky is hindered by obstructions such as walls.

Radiated heat is subjected to multiple reflection s

wi t hin

ur ban

(streets cutting through dense, high buildings) which warms the surfaces and
air (Oke 1981;Holmer et al. 2007).

A The albedo of urban surfaces can be lower than that of the vegetated

surfaces abundant in rural areas (Taha 1997).

A The
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ed

surfacesb®o

of

ur ban

bui

and this combined with a lower vegetative cover means less heat loss from

the system as evapotranspiration (Whitford et al. 2001).

A Urban areas have greater inputs of heat as a result of the high density

of energy use in cities such as heating of commercial buildings and a

concentration of vehicular transport (Davies et al. 2008; Hamilton et al. 2009;

Smith et al. 2009).
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Fig. 2.6 1 Regional Climate Model climate change over the UK (2050s minus 1980s,

SRES Alb) due to (left) greenhouse gases, (middle) greenhouse gases and

increased energy use in urban areas, and (right) increased energy use only.
(Source: McCarthy et al. 2010)
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All these factors contribute to an altered surface energy balance and

consequent elevation of sensible heat in cities via the absorption of radiated

energy by the surrounding air. This localised effect of land-use change is

highly significantandhas| ed t o criticism of the cl i ms
major focus on mitigation of greenhouse gas emissions and globally

averaged temperature increases rather than tackling the much greater

temperature increases occurring in cites (Stone 2012). Much more tangible

climate impacts will occur in urban areas, affecting a majority of the human

population. Cities are no longer considered by climatologists as sources of

anomalous data distortions within synoptic grids, but are being incorporated

into global climate policy (Hebbert and Jankovic 2013).

Fig. 2.6 shows the results of representing the urban land surface in the UK
Met Office Hadley Centre Regional Climate Model and demonstrates the
impact that urban centres such as London and Manchester can have on local
temperature changes. An increase in computer processing power is allowing
climate models to operate at increasingly finer resolution which allows cities,
and their unique climates, to be represented within general circulation models
(Hebbert and Jankovic 2013).

The effects of UHIs are varied but the main one of concern to city dwellers is
the increased ambient temperature which is typically of the magnitude of 2°C
but has been recorded to be as high as 10°C (Livada 2002). A study in
Turkey found the UHI of Istanbul was even responsible for significant
warming of urban groundwater (Yalcin and Yetemen 2009). Manchester 0
UHI has been relatively well researched and has been found to be 3°C in the
day and 5°C at night under ideal UHI conditions in summer (Smith et al.
2011). A study using fixed point monitoring stations found urban-rural
differences of up to 8°C in summer and 10°C in winter (Cheung 2011). The
UHI intensity had a negative linear relationship with distance from city centre,
evapotranspirative fraction, wind speed and cloud cover (Cheung 2011).
UHIs are generally more of a problem in summer months, when peak
temperatures become prevalent. In winter, a UHI can serve to reduce

heating costs (Akbari and Konopacki 2005).
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A 10°C heat island was also observed in a study which utilised a large
number of simultaneous, but perhaps less reliable, measurements in March,
and found high temperatures correlating well with low vegetation cover
(Knight et al. 2010). A model to investigate the anthropogenic heat fluxes,
which would contribute to this UHI effect in Manchester, quantified mean heat
emissions of 23 W/m? in city centre areas, with buildings accounting for 60%
of the total emissions (Smith et al. 2009). Manchester therefore represents a
city with a demonstrable UHI linked to the altered land use.

2.2.3 Precipitation

Increased cloudiness and rainfall can occur as a result of enhanced
convective activity within heat plumes generated by UHIs (Taha 2004).
Additionally, higher atmospheric particulate matter or aerosol concentrations
can provide condensation nuclei for rain droplets (Bonan 2002). In one of the
first studies on this phenomenon, the areas of increased precipitation ranged
from directly over the urban centre to 80 km downwind (Huff and Changnon
1973).

Of particular interest, however, is what happens to the precipitation, once it
falls, within the built environment. Hydrological processes in cities are
altered with respect to those within rural areas. Cities have large areas of
impervious surfaces, so that there is an increase in the rate and volume of
surface rainwater runoff (Whitford et al. 2001). Cities have even been
likened to a karst topography, with sewers performing the same function of
limestone caves leading to rapid through-flow of rain runoff and leaving a
parched physical environment in city centres (Bunge 1973). A high spatial
diversity in urban soil moisture characteristics arises with intensely built-up
areas being virtually devoid of replenishment by infiltration. Subsequently,
parks and gardens, by providing infiltration routes for surface runoff, may
then have more infiltration than adjacent rural areas (Douglas 1991). The
artificially created (sewers, gutters, storm drains) or human-modified
(culverted streams) drainage channels that exist in cities carry greater
volumes of runoff than in rural areas, and the water movement is

concentrated into bigger storm peak discharges (Douglas 1991).
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A general lack of landscape features, such as greenspace and water bodies,
which can intercept, store, and infiltrate rainwater is one of the main causes
of flooding in towns and cities (Defra 2008). Flooding resulting from rainfall
can be caused by different patterns of rainfall, such as small but frequent rain
showers steadily moving a groundwater system to full capacity, or one heavy,
prolonged rain shower causing a flash flood (Dale 2005). Surface water
(pluvial) flooding can be more important than fluvial flooding in cities (Defra
2008) and the priority given to it in recent flood management legislation has
been recently improved due to the fact that 2 million people in UK urban

areas are at risk of a 1 in 200 year event (Houston et al. 2011).

In Manchester, flooding has the potential to cause huge amounts of damage
to buildings and critical infrastructure (Kazmierczak 2011), and surface runoff
from urban areas can also impact negatively on local receiving waters by
increasing bank erosion of streams (Hilten et al. 2008) and raising the
temperature of aquatic systems (Frazer 2005). Flooding has been suggested
to be the dominant climate impact in the Manchester region, over
temperature extremes, high winds, fog and drought, in a study which used
archival research and statistical analyses of past climate data (Smith and
Lawson 2012). There is also some evidence that flood events in the region
have been becoming more frequent over recent decades and have shifted
from riverine to pluvial in nature (Smith and Lawson 2012).

2.2.4 Air Pollution

Manchester, due to its industrial past, has had a long history of urban air
pollution. The Manchester and Salford Police Act of 1792 emphasised a
need for industrial chimneys to reduce the smoke from coal combustion
(Brimblecombe and Maynard 2001). The Clean Air Act of 1956 regulated
domestic and industrial sources of air pollution and brought about a
significant decrease in levels, mostly due to a switch from coal combustion to
natural gas in domestic heating. Since then, there have been a succession
of Clean Air Acts and EC Directives to combat air pollution by setting
emissions limits, for example (NEGTAP 2001). This substantial political

action to reduce the effects of the major pollutants responsible for
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acidification, smog and eutrophication has resulted in a significant decline of
emissions of sulphur dioxide (SO) and NO, (NEGTAP 2001). The UK has
extensive monitoring networks in place to observe changes in concentration,
deposition and effects on soils and freshwater, to ensure the targets are met
(Fowler et al. 2006).

While regional and transboundary air pollution levels are falling, high
concentrations of air pollutants can exist at a more local scale in urban areas
(Brimblecombe and Maynard 2001). This is due to a concentration of sources
of pollution in cities. Road traffic, for example, has increased five-fold since
the Clean Air Act of 1956 and is only very recently showing signs of levelling
off, in terms of vehicle miles, possibly as a consequence of the financial crisis
(DfT 2013). This has an associated decrease in air quality due to an
increase in emissions of NOy, benzene, O3 and particulate matter (PM) from
fuel combustion and vehicle component wear (AQEG 2005; Petroff et al.
2008; Bukowiecki et al. 2010).

Urban areas often manifest specific spatial and temporal distributions of air
pollution. For instance, in Manchester, identifiable peaks in ultra-fine PM
concentration occur with greater magnitude in the city centre and coincide
with the twice-daily rush hour vehicle increases (Harris et al. 2009). Strong
urban-rural gradients in air pollutant concentrations are well-documented
(Lovett et al. 2000; Harner et al. 2004) and concentrations are often positively
correlated with building density (Weng and Yang 2006). Road network
density is also important, with vehicle-sourced pollution being very high at the
kerbside (Birmili 2006).

Atmospheric inversion events can lead to the development of persistent
pollution episodes by trapping pollutants within the urban boundary layer and
reducing the speed of beneficial winds which normally ventilate cities and
disperse the pollution. Climate change could become responsible for an
increase in the frequency of stagnant air masses in summer (AQEG 2007).
Also, higher summer temperatures lead to a higher frequency of
photochemical smog episodes and there could also be an increase in the flux
of O3 from the stratosphere to the troposphere (AQEG 2007).
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Mitigation measures for urban air pollution are currently a high priority
because levels in Europe, particularly for PM, remain high (Pascal et al.
2013). Arecent study of 25 European cities highlights the public health
burden of PM and O3 in Europe, with significant health and monetary gains
from reducing PM concentrations to the World Health Organisation (WHO)
guideline values (Pascal et al. 2013). Newly emerging evidence suggests
possible effects on premature births, lung-function development in children
on top of established short and long-term effects on cardiovascular and
respiratory diseases (The Lancet 2013). The effects may exist at low levels
of air pollution, with no safe threshold level, but a linear concentration-
response relationship (The Lancet 2013). The majority of air pollution control
measures are rightly focussed on reducing emissions, but techniques that aid
in the removal of existing pollutants from the atmosphere, such as tree-

planting (Morani et al. 2011), are also highly desirable.
2.2.5 Water Pollution

A further problem caused by air pollution is related to the fate of the
pollutants within cities. Air pollutants, such as NO,and PM containing heavy
metals such as Cd, Cu and Zn from vehicular sources, accumulate on
impervious surfaces during the processes of wet and dry deposition and are
subsequently taken up in rainfall runoff and enter surface waters (Forster
1999). Afirst flush phenomenon often manifests, whereby the concentration
of pollutants is substantially higher during the initial stages of runoff initiation
than in later stages (Lee et al. 2002). Once in water bodies, pollutants cause
problems for aquatic life as they bioaccumulate and exert toxic effects
(Tipping et al. 2008; Pizzol et al. 2011). The key contaminant parameters for
water pollution potential are Total Suspended Solids (TSS), Biochemical
Oxygen Demand (BOD), bacteria, heavy metals (Zn, Pb and Cd) and
polyaromatic hydrocarbons (PAH), with urban open areas, particularly roads,

being important sources (Ellis and Mitchell 2006).

Nutrients, such as atmospherically deposited NO, NO, and NH3, can also be
a problem when urban surface waters discharge to water bodies that are

already nutrient-rich, resulting in eutrophication effects (Ellis and Mitchell
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2006). Characteristic problems associated with eutrophic systems include
the development of algal blooms which can often be toxic (Heisler et al.
2008). The algal blooms limit light to benthic aquatic vegetation and can
produce anoxic conditions when it decomposes which has adverse effects on
macrofauna populations e.g. fish (Heisler et al. 2008; Carey et al. 2013). The
damage costs of freshwater eutrophication in England and Wales have been
estimated to be up to £114 million/yr due to factors such as reduced value of
waterfront dwellings, drinking water treatment costs, reduced amenity value

of water bodies and negative ecological effects on biota (Pretty et al. 2002).

Urban areas can also demonstrate legacy pollution, whereby pollution exists
from past activities (Albanese and Cicchella 2012). Examples included
highly localised Cr (VI) contamination of soil on land once occupied by
tanneries (Stepniewska and Bucior 2001), and Pb contamination from a more
diffuse source of past use of lead additives in petrol (Laidlaw et al. 2012).
Leaching of these contaminants by infiltration of rainwater then causes
problems for nearby aquatic systems. These zones of contamination often
occur in brownfield sites, which are abandoned, vacant or derelict areas
within cities where the costs of dealing with the contamination have

prohibited development (Iverson et al. 2007).

The European Community passed its Water Framework Directive (WFD,
European Community 2000) in 2000 which requires management of waters
on a whole river catchment basis. One requirement of the WFD is the
identification and quantification of diffuse sources of urban water pollution in
terms of the land-use activities that generate it and the associated discharge
loadings (Ellis and Mitchell 2006). The sources of this Urban Diffuse
Pollution (UDP) can then be controlled in order to preserve water resources
from the deleterious effects of urbanisation (Defra 2011).

2.3 Adaptation
2.3.1 Introduction to adaptation themes

This section will explore some of the options open to city planners for

adapting cities to climate change and thereby reversing some of the
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deleterious effects of urbanisation discussed in the previous section.
According to the IPCC (2007a), responses to climate change can be divided

into:

A Adaption T Initiatives and measures to reduce the vulnerability of
natural and human systems against actual or expected climate change

effects.

A Mitigation 7 with respect to climate change, mitigation means
implementing policies to reduce greenhouse gas emissions and enhance

sinks.
The focus for this thesis is adaptation, specifically urban adaptation.

The unique climates that manifest in cities have the potential to combine with

climate change projections to make cities hazardous places to live.

Addi ti onal |l y, h a lorfcurtedthelivewocitids,caiddshispso pu |l at i
projected to increase to 70% by 2050 (UN 2009). Most European countries

have well over half their populations living in cities, and the UK urban

population is currently over 60% of the total population (Pateman 2011).

Therefore, simply from the higher population densities it is reasonable to

expect that climate change impacts will be felt most severely in cities (Wilby

2007), but the nature of the built environment enhances the risks.

For example, the large proportion of impervious surfaces in cities increases
the risk of surface water flooding. An increased volume and flow-rate of
rainwater runoff can put pressure on heavily modified and channelised urban
watercourses which compromises their ability to deal with excess water
(Whitford et al. 2001) with resultant flood damage to infrastructure. Rising
temperatures associated with climate change can combine with the high
temperatures attributed to the UHI effect, especially in the summer months
when temperature extremes are common. When the temperature is close to
human body temperature of 37°C, physiological stress can occur. Negative
health effects from climate change also arise from communicable disease,
lack of food and water security, stress and population migration (Lundgren et

al. 2013). Impacts on cities can also have different scales of effects
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depending on the relative vulnerabilities of ecosystems, infrastructure and
people such as the elderly or infirm (Lindley et al. 2004; Hunt and Watkiss
2011).

The potential of predicted climate changes to cause an increase in
biophysical hazards in cities has prompted research into strategies to
respond. The planning response is the focus of the Building Knowledge for a
Changing Climate programme, which urges urban designers, architects and
pl anners to Iingoromdn atged o ol nmavt eevel opme
refurbishments (Shaw et al. 2007). Recently in the UK, the ARCC
(Adaptation and Resilience in a Changing Climate) research network
contains multiple projects with the aim to develop tools for analysis of
adaptation options in urban areas, with particular focus on making
infrastructure, the built environment and transport systems resilient to
environmental change (ARCC 2013).

Passive, soft engineering, adaptation strategies that seek to reduce the
extent and magnitude of the UHI, and adapt to future climate change in urban
areas include increasing urban vegetative cover (Hardin and Jensen 2007),
which will be discussed in section 2.3.2, and using higher-albedo surface
materials (Pomerantz et al. 1999; Akbari and Matthews 2012). The latter
works by reflecting a higher proportion of incoming solar radiation, thus
absorbing, and later re-radiating, less energy to the surrounding air. Albedo
can be increased by using lighter coloured materials for construction, painting
existing surfaces with light paints or using new cool coloured materials that
are highly reflective in the near-infrared band (Synnefa et al. 2007). There is
a great potential for reducing the net absorption of solar radiation and
modelling studies have shown that significant urban temperature reductions
and consequent energy savings can be achieved by albedo modification
(Solecki et al. 2005; Synnefa et al. 2008). A problem with the use of highly
reflective materials in cities is that the reflected light can cause discomforting
glare (Synnefa et al. 2007) and the reflected radiation is simply diverted
elsewhere, enhancing the radiative forcing on nearby buildings. Also, in high

latitude cities, increasing the albedo of roof surfaces can reduce solar heating
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in winter and thus offset energy savings from a decrease in air conditioning

with an increase in space heating (Oleson et al. 2010).

Passive adaptation strategies are preferable to active strategies (such as
mechanical air conditioning in homes and work places) because of the
reduced energy demand and thus reduced greenhouse gas and air pollutant
levels from the burning of fossil fuels by electricity-producing facilities to meet
this demand (Papadopoulos et al. 2003; Gupta and Gregg 2012). The use of
air conditioning has increased rapidly in the developed world with 87% of US
housing units having central or room air conditioning (Sivak 2009). Buying
and using air conditioning is prohibitively expensive for many urban poor
(Sivak 2009) and the increased summer electricity demand is significant.
Peak urban electric demand has been found to rise by 2% i 4% for each 1°C
rise in daily maximum temperature above a threshold of 15°C to 20°C (Akbari
and Taha 1992).

The main focus of climate change adaptation literature is the effect that rising
temperatures will have on energy use and human wellbeing, however,
adaptations that seek to also reduce the impacts of flooding and air pollution
are also receiving a lot of attention and are the subject of much research.
Adaptations that can meet multiple targets are much more beneficial than
those, such as high-albedo roofs, which only adapt for one climate impact.
Urban greenspace can often meet these multiple targets, whilst providing
additional benefits not directly related to climate change adaptation.
Adaptation appears to be a low priority issue for city planners and governors
in Europe at present (Carter 2011), however progress is being made in
overcoming barriers within policy, governance frameworks and uncertainty in
climate science. An example of good practice which utilises urban
greenspace comes from Frieburg in Ger man
2020 prioritises landscape protection over building development, and

encourages the protection of cool air corridors into the city (Carter 2011).
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2.3.2 Adaptation with greenspace

Vegetation in urban areas can have significant impacts on microclimate

(Wilmers 1988; Dimoudi and Nikolopoulou 2003; Gémez et al. 2004; Gomez

et al. 2008). Urban vegetation can take many forms - from large, landscaped

inner city parks (James et al. 2009) to roadside trees, residential gardens,

green facades (Kohler 2008) and green roofs (Grant 2006). These patches

of green exist at different spatial scales and at differing levels of

interconnectedness (Heidt and Neef 2008) but can impact on the urban

environment by affecting thermal dynamics (Takebayashi and Moriyama

2007), wind speed (Taha et al. 1991), air quality (Taha 1996) humidity (Liu et

al. 2008) and noise levels (Van Renterghem and Botteldooren 2008) on a

localised scale (Huang et al. 1987; Vargo et al. 2013) and at a city-wide scale

(Oke 1989). These benefits are often discussed
servicesd6 which are benefits to mankind

Lundholm 2012), such as the ones at the heart of this thesis.

With regard to lowering the high air temperatures synonymous with the UHI

effect, urban vegetation achieves its effect by:

A Reduction of solar heat gains in urban surfaces through leaf shading
(Hardin and Jensen 2007)

A Increase of solar reflectance due to the higher albedo of leaf surfaces
compared to most building materials (Grant et al. 2003)

A Increase of latent cooling by adding moisture to the air through
evaporation from soils and leaf surfaces and transpiration from plants
(Solecki et al. 2005)

Alexandri and Jones (2008) found that covering the entire building envelope
with vegetation can reduce daytime average temperatures in the urban
canyons of hot and arid Riyadh by 9.1°C. Courtyards in southern Israel
treated with shade trees and grass yielded a daytime air temperature
reduction of 2.5°C relative to a non-vegetated, unshaded courtyard
(Shashua-Bar et al. 2009). The local cooling effects of green areas can be

correlated with human comfort indices (Gomez et al. 2004).
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Surface and air (globe) summer temperatures were measured at plots

consisting of a grass or concrete surface and with or without tree-shade, in

Manchester (Armson et al. 2012). Surface temperatures were greatly

affected by surface type and shade, with grass reducing maximum surface

temperatures by 24°C and tree shade reducing them by 19°C. Grass had

little effect on air temperatures, however, while tree shade reduced them by

up to 5°C - 7°C. Thus, grass and trees can have significant effects on
Manchester s UHI by reducing surface tem
shade can provide human thermal comfort benefits. Human thermal comfort

is strongly related to ambient air temperature and humidity, but also to solar

radiation, infrared radiation and windspeeds (Herrington and Vittum 1977).

Tree planting in Manchester can be used to climate-proof high density
residential areas (Hall et al. 2012) with reductions of maximum building
surface temperature of between 0.5°C and 2.3°C possible. However,
additional planting could only increase tree cover by between 2.8% and 5.3%

due to limitations on available space (Hall et al. 2012).
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Gill (2007) characterised the urban environment of Manchester into distinct
Urban Morphology Types (UMTs) and used this to approximate the amount of
evapotranspiring surfaces. This information was used in an energy
exchange model which was run for the baseline 1961-1990 climate and low
and high emissions scenarios for the 2020s, 2050s and 2080s of the
UKCIPO2 climate prediction conditions. Adding or removing 10% green
cover had a dramatic effect on surface temperature (Fig. 2.7), with addition
resulting in surface temperatures being kept at or below the 1961-1990
baseline temperatures up to, but not including, the 2080s high emissions
scenario (Gill 2007). 10% removal of green cover from the town centre UMT
resulted in a surface temperature increase of 8.2°C by the 2080s high
emissions scenario compared to a rise of only 4.4°C if no change was made
to surface cover. An assumption made in this study, however, was that there
is no drought stress on the vegetation. This would reduce the
evapotranspiration cooling effect due to a lack of water in the substrate and
plant tissues.
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Fig. 2.7 - Maximum surface temperature for the 98" percentile summer day in town
centres, with current form and when 10% green cover is added or removed.
Dashed line shows the temperature for the 1961-1990 current form case. (Source:
Gill 2007)
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When investigated as an adaptation strategy for UHIs it must be noted that

any strategy that simultaneously reduces urban temperature and greenhouse

gases via the sequestration of carbon in the increased plant biomass is

preferred (Solecki et al. 2005). Strategies of this nature, such as urban
afforestation programmes, are termed o6ad
valuable for nations committed to reaching climate goals as set out by the

Kyoto protocol, among others (Stone 2012).

Urban greenspace can also help reduce the impact of climate change
predictions for increased winter precipitation. Sustainable Urban Drainage
Systems (SUDS) is the name given to a range of low impact development
techniques, such as permeable pavings and rain gardens, that aim to
manage surface water drainage and prevent flooding (CIRIA 2007). Natural
systems are replicated as much as possible so that surface water runoff can
be collected, stored and even cleaned before it is released slowly back into
the environment i.e. into groundwater and watercourses. Parks and other
urban Gl can act as stores or access routes to the groundwater (Frazer
2005), however different soil types have different qualities, with clay soils
being more impervious to heavy downpours. Urban vegetation increases
evapotranspiration, thus allowing significant amounts of water to go back to

the atmosphere.

SUDS components work in a number of ways: they enable infiltration into the
ground (porous pavings), convey flow into a watercourse (swales), provide
on-site storage which can be temporary (rain gardens) and attenuate the flow
of water (green roofs) (CIRIA 2007). Source control is one of the more
important principles of SUDS design because it relieves pressure on the
more terminal storage techniques, such as ponds, whose capacities can be
exceeded in heavy rainfall events. Source control techniques include green

roofs and rainwater harvesting (CIRIA 2007).

Strategic planting schemes can also help to reduce air pollution. Vegetation,
with its high leaf surface area, can intercept gaseous pollutants (SO,, NOy,
0O3) and PM, thus enhancing deposition rates (Fowler et al. 1989). The

pollution can be retained on the leaf surface until it is washed off by rains or
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removed from the system via deciduous leaf-fall. This has prompted a
number of quantification studies. Parks in Shanghai could contribute to 9.1%,
5.3% and 2.6% removal of PM, SO, and NO, respectively (Yin et al. 2011).
Species differences were displayed in a study by Beckett et al. (2000) which
found patrticle trapping efficiencies were higher for conifer species,

presumably due to the finer, more complex foliage structure.

Urban green areas can have multiple benefits in addition to climate
modification, pollution reduction and stormwater buffering such as the strong
relation between green space and perceived general health of city residents
(Maas et al. 2006), generation of positive social cohesion (Fuller and Gaston
2009) and native biodiversity protection (Millard 2008). These are added
incentives to adopt urban greening as an adaptation method for a changing
climate which should be included in urban planning approaches utilising
strategies such as plant species evaluations of suitability for the urban
environment (Monterusso et al. 2005). Green space is more than just a
luxury and aesthetic component of cities and should be considered an
integral part of urban planning (James et al. 2009).

2.4 Conclusion

This chapter has outlined some of the projected impacts of climate change
on cities and their inhabitants, with a particular emphasis on those relevant to
a large city in Northern Europe such as Manchester. Cities are where the
impacts of climate change will be most severely felt due to the high
population density and the nature of the built environment. High
temperatures may combine with the urban heat island effect to create a risk
of thermal discomfort and heat stress mortality. The impervious nature of
cities means that surface water flooding can have adverse effects on
infrastructure. High vehicle use in cities means air pollution threats are
present. Deposition of these pollutants onto the urban surface results in a
deterioration of the water bodies receiving runoff from these surfaces.
Increasing the amount of greenspace within cities can address these
problems, often simultaneously, and there is a growing interest in using green

infrastructure to climate-pr oof t he wor | doés azardst i e s
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CHAPTER 3 CURRENT KNOWLEDGE ON GREEN ROOFS

3.1 Green roofs 1 an introduction

One problem with extensive greening of urban centres is the competition for

expensive building space and the fact that the fundamental layout of cities is

unlikely to change for some years (Wong et al. 2003). It has already been

noted in section 2.3.2 how tree planting schemes aimed at climate-proofing
Manchesterds building stock are | imited
which is often restricted to intra-pavement planting (Hall et al. 2012). A

solution is to utilise the available space afforded by rooftops. Estimates of

urban rooftop coverage vary greatly but can be as high as 35% of the land

cover (MacMillan 2004) and 40 1 50% of the impervious area (Dunnett and

Kingsbury 2004).

The use of green roofs has a long tradition worldwide (Kohler et al. 2002)
with turf roofs developed in Viking times still being used on pitched roofs in
Scandinavia (Dunnett and Kingsbury 2004) and roof gardens have been
identified in the ruins of Roman Herculaneum, buried in the eruption of Mount
Vesuvius in AD 79 (Grant et al. 2003). The contemporary green roof
movement can be said to have begun in the early 20th century in Germany,
where extensive green roofs were developed for use on residential buildings
as a form of fire protection (Kéhler et al. 2002), however it is possible that
these roofs were not initially planned to be greened because the initial fire
protection strategy was to just use tarboards and then a layer of a sand and
gravel, which consequently became colonised by spontaneous vegetation
(Werthmann 2007).
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Fig. 3.1 1 Intensive green roof on the Precinct bridge in Manchester, UK (Author

image)

Green roofs are broadly classified as intensive or extensive. Intensive green
roofs (Fig. 3.1), often called roof gardens, generally have a substrate depth
greater than 150-200mm (Oberndorfer et al. 2007) and are characterised by
an ability to support a wide variety of plants but with the need for high levels
of maintenance and possibly artificial irrigation. Extensive green roofs (Fig.
3.2) have a thinner substrate, require less maintenance and are
characterised by ground coverage plants of low height such as grasses and
sedum - a succulent genus chosen for its tolerance to drought and its shallow

substrate adaptability (Monterusso et al. 2005; VanWoert et al. 2005).
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Fig. 3.2 1 Extensive green roof in Manchester, UK (Author image)

Brown roofs are a less expensive type of extensive roof consisting of a gravel
substrate which is allowed to be colonised by wind and bird distributed plants.
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Fig. 3.317 Schematic diagram of the layered structure of a typical green roof system

(Source: American Wick Drain Corp 2009)

The species composition of a green roof is determined by a number of
factors such as design intent, aesthetic appeal, environmental conditions,
media depth and composition, roof accessibility and maintenance
requirements (Getter and Rowe 2008). Succulent plants such as sedum are
preferred for extensive green roofs due to their low maintenance
requirements and ability to withstand the often harsh conditions on a rooftop,
however, there is a lot of research underway into the suitability of many other
plant taxa with a preference for native taxa due to their adaptation to the
existing climate (Monterusso et al. 2005; Nagase and Tashiro 2012; Davies
et al. 2012). Green roof species compositions are also dynamic in nature,
and succession has been demonstrated on both extensive sedum roofs
(Rowe et al. 2012) and on intensive roofs planted with grasses and herbs,

often due to wind and bird-carried invasive species (Dunnett et al. 2008a).
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Construction methods vary but a general outline can be seen in Fig. 3.3.
Initial construction costs can be high and a level of structural assessment is
needed when retrofitting green roofs, however the numerous benefits
afforded by them can outweigh the initial cost when a Life Cycle Analysis
(LCA) is performed (Saiz et al. 2006; Kosareo and Ries 2007). Installation
costs range from £60 m™ for extensive roofs to £140 m™ for intensive (Green
Roof Centre 2013). There may also be costs for structural assessment work
on retrofitted roofs (~ £1,500), and maintenance costs, which can be
substantial for intensive roofs. Energy use reduction is the critical factor for
environmental impact and long-term cost saving in LCAs (Kosareo and Ries
2007). Green roof technology and development are strongest in the
German-speaking countries of Europe, however, even there, interest in green
roofs as a serious architectural component only really took hold in the 1980s,
spurred on by the large social force that is the rise of environmentalism
(Werthmann 2007). Architects worldwide are increasingly aware for the need
for environmentally responsible design and green roofs are a useful resource
for meeting environmental standards (Stang and Hawthorne 2005). They
can also help buildings gain higher stature in sustainable building rating
systems (Kula 2005) such as the Building Research Establishment
Environmental Assessment Method (BREEAM) system used worldwide,
mostly due to their ability to reduce summer air conditioning energy use
(Sfakianaki et al. 2009).

3.2 Green roofs as adaptation strategies for high temperatures

The cooling properties of green roofs are generally less studied than those of
parks and trees (Bowler et al. 2010), however they have been researched
using both empirical (K6hler et al. 2003a; Spolek 2008; Teemusk and Mander
2009) and modelling studies (Barrio 1998; Niachou et al. 2001; Alexandri and
Jones 2008) to assess their role as adaptation strategies for high urban
temperatures. Climate modification mechanisms are similar to those of
urban vegetation discussed previously; raising the albedo, shading of
building materials from solar radiation and evapotranspirative cooling. Fig.
3.4 is a schematic diagram of these processes. On a conventional roof (left),
shortwave solar radiation is absorbed by the building material and re-radiated

41



as longwave radiation at night, contributing to the night-time UHI. Little water
is evaporated on the conventional roof, however the water content of green
roofs (right) allows for greater evapotranspirative cooling (blue arrow) which
lowers the sensible heat flux by partitioning more of the inputs into latent heat.

Plant leaf albedo can result in greater reflectance of the shortwave solar

inputs than on a conventional roof.

Fig. 3.41 Schematic diagram of the different processes occurring during the day
(top) and at night (bottom) which characterise the thermal performance of a
conventional roof (left) and a green roof (right). (Author created)
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Fig. 3.517 Comparison of the energetic exchanges of a dry or wet green roof with a
traditional roof, starting with 100 incident solar radiation units I summer session

(Source: Lazzarin et al. 2005)

The results of a modelling and experimental study are summarised in Fig. 3.5
(Lazzarin et al. 2005). Solar absorption is simply the absorption, and
utilisation for photosynthesis, of incoming radiation by the vegetation (Posada
et al. 2012), and adduction is a term the author uses to sum convection and
radiation heat fluxes. The relative contribution of the main processes i
reflection, absorption and evapotranspiration i to the reduction in outside and
inside (building) heat flux can be clearly seen with, for example, outside
adduction for wet and dry roofs being 15% and 28% (respectively) of that on
a traditional roof. The soil heat flux is slightly complicated because higher
soil moisture levels in the wet green roof increase heat flux, but simultaneous
higher evapotranspiration rates are possible which lowers the heat flux. A
well-watered, intensive green roof could have considerable
evapotranspirative cooling during the day, as the rate of evapotranspiration
can be 70% to 80% of the evaporation from a free-water surface, such as a

lake (Erell et al. 2011). Extensive green roofs, however, would exhibit less
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evapotranspirative cooling due to the thinner substrates being more water-
limited, but also because the plants used in these types of roofs tend to be
succulents which use Crassulacean Acid Metabolism (CAM) as part of their
photosynthesis. This means the plant stomata only open for gas exchange
at night, to reduce plant water loss, therefore closed stomata during the day

reduce evapotranspiration rates (Black and Osmond 2003).

A total of 22 papers investigating the cooling properties of green roofs are
presented and summarised in Table 2.1. Significant reductions were seen in
roof surface, ambient air and indoor temperatures when green roofs were
compared to standard roofs. Surface temperature reductions of up to 45°C
(Liu and Baskaran 2003) were reported, with under-platform air temperature
reductions of 18°C (Simmons et al. 2008) and air temperature at 10cm
reductions of 0.7°C possible (Jim 2012) Most studies were conducted in
temperate zones with just one study in the northern latitudes of the Baltic Sea
area (Teemusk and Mander 2009) and a few studies in the tropics (Wong et
al. 2003; Wong et al. 2007; Jim and Peng 2012; Liu et al. 2012).
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Country Location Climate Method Roof type Main finding Reference
(Kdppen classification)
Canada Ottawa Snow. Empirical, roof Extensive - grass Green roofs lower the roof Liu and
membrane temperature by up to Baskaran 2003
Fully humid, warm summer 45°C and also modify the
temperature fluctuations
experienced
Halifax Snow, warm summer Empirical, roof Extensive T grass Roof surface temperature reduced | Macivor and
continental and wildflower by 3.44°C on average lundholm 2011
China Taiwan Humid, subtropical Empirical, roof Extensive 1 Maximum surface temperature Liu et al 2012
simulation various difference between bare roof and
under vegetation of 17.1°C
Estonia Tartu Snow. Empirical, roof Extensive T sedum | Summer temperature fluctuations Teemusk and
decreased by green roofs. Mander 2009
Fully humid, warm summer
Germany | Neubrandenberg | Warm temperate. Fully Empirical, roof Extensive 1 sedum | Surface temperature differences of | Kohler et al.
humid, warm summer 6°C between green and gravel 2003a
roofs
Greece Athens Warm temperate, hot, dry Empirical and Extensive i Energy savings from reduction in Santamouris et
summer modelling, roof wildflower cooling load al. 2007
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Empirical and

Extensive i mixed

Energy savings from reduction in

Sfakianaki et

modelling, roof cooling load al. 2009
Empirical, roof Extensive Lower indoor temperature of Niachou et al.
buildings with green roofs 2001
Hong Hong Kong Humid, subtropical Empirical, roof Extensive Surface temperature reduction of Jim & Peng
Kong 5.2°C, and air temperature at 10 2012
cm reduced by 0.7°C
India Yamuna Nagar | Warm temperate. Dry winter, | Empirical and Extensive T herbs Indoor air temperature reduced by | Kumar and
hot summer modelling, roof 5.1°C when green roof compared Kaushik 2005
to bare roof
Italy Trieste Warm temperate, hot, dry Empirical, roof Extensive Maximum temperatures under the Nardini et al.
summer simulation green roof modules were 151 2012
20°C lower than on the bare roof.
Japan Osaka Warm temperate, fully humid, | Empirical, roof Extensive Increased humidity and decreased | Harazono et
hot summer simulation temperature on green roof al. 1990
Empirical, roof Extensive T grass Surface temperature of roof Onmura et al.
material lowered by 30°C on green | 2001
roof
Tokyo Warm temperate, fully humid, | Empirical and Extensive T turf Inside air temperatures lower for Takakura et al.

hot summer

modelling, roof
simulation

green roof than bare roof

2000
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Kobe Warm temperate, fully humid, | Empirical, roof Extensive 1 turf Sensible heat flux on green roof Takebayashi
hot summer simulation lowered by evapotranspiration and Moriyama
2007
Singapore | Singapore Equatorial, fully humid Empirical, roof Extensive i Ambient temperature differences of | Wong et al.
various 6°C between before and after 2007
installation
Empirical, roof Intensive i various | Ambient air temperatures reduced | Wong et al.
by 4.2°C by presence of plants 2003
UK Manchester Warm temperate. Fully Modelling Unknown Predicted surface temperature Gill 2007
humid, warm summer decreases of up to 7.6°C (2080s
high emissions scenario, town
centres)
USA New York Warm temperate. Fully Empirical, roof Extensive | sedum | Temperature fluctuations Gaffin et al.
humid, hot summer experienced by the roofing 2009
membrane reduced by green roofs
Austin Warm temperate. Fully Empirical, roof Extensive I native | Inside air temperature reduced by | Simmons et al.
humid, hot summer simulation perennials 18°C under green roof 2008
Portland Warm temperate. Dry, warm | Empirical, roof Extensive 1 Ecoroof - heatflux reduced by 72% | Spolek 2008
summer various in summer
Michigan Snow, warm summer Empirical, roof Extensive - sedum | 5°C surface temperature difference | Getter et al
continental to gravel roof 2011
Table 3.1 7 Summary of findings from studies on the cooling effect of green roofs worldwide. (K&ppen classification from Kottek et al. 2006)

47




Only one study looked at an intensive green roof (Wong et al. 2003). This
reflects the dominance of extensive roofs due to lower installation and
maintenance costs, however more research is needed on the cooling
properties of intensive roofs to demonstrate the expected higher cooling rates
resulting from greater evapotranspiration. The specific performance
expectations of intensive roofs means further research on them is required.
Six of the studies used constructed simulations of green roofs (Harazono et
al. 1990; Takakura et al. 2000; Takebayashi and Moriyama 2007; Simmons et
al. 2008; Liu et al. 2012; Nardini et al. 2012), which may not adequately
represent the processes of a real green roof or anticipate modification of
cooling effects as a result of real world conditions such as a combination of
poor maintenance and a long, dry weather period.

The Gill (2007) paper which focuses on the climate of Manchester found a
dramatic effect of roof greening on surface temperatures, preventing
temperatures exceeding the 1961-1990 baseline for all time periods and
future emissions scenarios in the model. There is no mention, however, of
the details of the green roof parameters used in the model such as whether
extensive or intensive roof designs were used, whether artificial irrigation was
included for summer months, which green roof taxa were considered or the
spatial increase of green roof cover over present day levels. The work of
Cavan and Kazmierczak (2011), which used an energy exchange model and
a 0deepnd scenario consisting of signifi
the Oxford Road Corridor, found rising surface temperatures resulting from
climate change were significantly ameliorated. Interviews with Corridor
stakeholders suggested there is a good chance for implementation of some

el ements of the &6deep greendé scenari o.

The cooling effect of green roofs discussed above reduces heat transfer
through the roof, thus reducing the heating and cooling energy consumption
in a building (Martens et al. 2008), i.e. they provide an insulation function.
The indoor air temperature reductions seen in table 3.1 can provide direct
energy savings, as every decrease in internal temperature of 0.5°C may
reduce electricity use for air-conditioning by up to 8% (Dunnett and Kingsbury
2004). Because buildings represent 65% of total urban electricity
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consumption, significant energy savings could be achieved from the wide-
scale greening of roofs (Kula 2005). Urban electricity use in summer could
also be reduced by the effect that large scale roof greening may have on the
UHI, with a 25% reduction in electricity use suggested by Akbari and
Konopacki (Akbari and Konopacki 2005) from the indirect effects on the UHI
of cool roof installation and increasing the amount of urban vegetation. This
highlights the influence green roofs may have on the local microclimate, as
opposed to reduced heat flux into individual buildings, and this area is largely

under-studied.
3.3 Green roofs as SUDS

Roof surfaces form a large proportion of the urban impervious area
(VanWoert et al. 2005) and vegetated roofs can help reduce the increased
rainwater runoff that this causes by acting as a buffer for heavy rainfall,
storing it in the soil substrate and returning moisture to the atmosphere via
evapotranspiration. A large amount of research has been undertaken in
Germany with the first mention of the water-retention capacity of green roofs
appearing in 1985 (Ernst and Weigerding 1985). The substrate layer confers
the bulk of the storage capacity and 25 litres of water can be retained per m?
of a 60 mm thick extensive green roof (Scholz-Barth 2001). The storm water
runoff from green roofs is not just reduced in volume but the runoff event is
extended in duration, well beyond the duration of the rainfall itself (VanWoert
et al., 2005) which can help lesson the damaging effects of flash floods in
built up areas. This is clearly seen in Fig. 3.6, with significant delay to the
onset of runoff and significant reduction in overall runoff compared to the
traditional roof. A delay in initiation of runoff of around four hours can be
seen in Fig 3.6. Runoff peak flows compared to bare roof peaks have also
been found to be delayed up to 10 min for 57% of results (Berndtsson 2010).
Outflow delay, calculated as difference between hyetograph and hydrograph
centroids, ranged from 50 to 148 min for events producing an outflow peak
greater than 1 I/s (Fioretti et al. 2010).
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Fig. 3.6 i1 Cumulative runoff from a green roof and non-green roof in Belgium during

the 24 hour period of a 14.6 mm rain shower. (Source: Mentens et al. 2006)

Fig 3.7 shows the runoff retention capabilities of four different roof surfaces
as determined in a meta-analysis by Mentens et al. (2006). Note the
dominance of studies on extensive over intensive green roofs as evidenced
by sample sizes. The green roofs clearly allow less of the annual rainfall to
become runoff, with the intensive roofs outperforming extensive ones. The
meta-analysis of data from 18 German publications allowed the derivation of
empirical models which found the annual rainfall-runoff relationship is
strongly determined by the depth of the substrate (Mentens et al. 2006)
which has been confirmed in other studies (Getter and Rowe 2006; Rowe et
al. 2006). Further studies on intensive roofs, in different climates, could
increase the evidence base for the increased retention afforded by deeper

substrates.
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A number of factors influence the runoff quantity such as slope of roof (Getter
et al., 2007), and green roof plant composition (Dunnett et al. 2008b) due to
differing evapotranspiration rates (Farzaneh 2005). The Dunnett et al (2008b)
study was an attempt to investigate how vegetation type can influence green
roof function, however it had to rely on roof simulations, due to the lack of

species diversity on existing green roofs and the need for control.

Runoff retention is also influenced by the size of the rain event with greater
retention for small rainfalls (Hilten et al. 2008; Simmons et al. 2008; Stovin et

al. 2012) and time of year as evapotranspiration is higher in summer leading
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t o shortgeerd Opreercihcadrs of t (Mentensetat B00G; on c ap e
Stovin et al. 2012). Rainwater retention benefits are expected to be of major

importance in the tropics where simultaneous high temperatures and high

rainfall are common (Simmons et al., 2008).

While the retention capabilities of individual roofs are impressive, their
performance at the urban catchment scale becomes more modest, due to
limitations of the number of buildings that can support a green roof and
therefore the proportion of surrounding impervious surfaces dominates the
catchment hydrology. Mentens et al. (2006) found that runoff at the city scale
could be reduced by 2.7% if 10% of the roofs of Brussels were greened with
an extensive green roof (100 mm substrate depth). Therefore green roofs
are increasingly considered as SUDS for storm water management alongside
other technologies such as porous pavements and ponding basins (Frazer
2005) which aim to lessen the impact of urban development on receiving

water bodies (Carter and Jackson 2007).
3.4 Green roofs as remediators of air pollution

Green roofs have the potential to be an effective sink for air pollutants by
providing a large surface area for wet and dry deposition (Hill 1971).
Subsequent pH-dependent sequestration of pollutants such as heavy metals
within the soil layer (Kandpal et al. 2005) or sequestration within plant tissues
as a form of phytoremediation (Vangronsveld et al. 2009) can remove these
pollutants from the urban system. The vegetation canopy-atmosphere
interface is reflected in a parameter called the Leaf Area Index (LAI) which
incorporates the varied leaf morphologies, sizes, orientations etc. (Breda
2003). The vegetation interacts with the turbulent transfer of the pollutants
within the air mass (Lovett 1994). Particles and aerosols are then captured
by the vegetation surfaces through the processes of Brownian diffusion,
interception, impaction and sedimentation under gravity (Petroff et al. 2008).
Once adhered to leaf surfaces, pollutants can then be removed by
resuspension to the atmosphere, washed off in rains, or enter the substrate
layer when a leaf senesces (Nowak et al. 2006). Gaseous air pollutants are

primarily taken into the plant via leaf stomata, where they diffuse into
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intercellular spaces and are absorbed by water films to form acids or can
react with inner-leaf surfaces (Smith 1990). The number of factors that can
potentially regulate pollutant removal is enormous, ranging in scale from
meteorology and aerosol chemistry through to leaf micromorphology and
canopy structure (Lovett 1994). For this reason the factors that control
deposition are conceptualised as resistances that reflect transport rates
through vegetation canopies (Lovett 1994). Intensive green roofs, with their
larger vegetation canopies, would be expected to have higher resistances

and higher pollution capture rates.

Previous studies on air pollution removal by green roofs are scarce and rely
heavily on modelling, with the parameters for pollutant deposition velocities
estimated from other studies on grass and ivy which were themselves not
determined in a green roof setting (Pugh et al. 2012), or estimating
deposition velocity as the inverse of plant canopy aerodynamic resistance
(Yang et al. 2008).

These modelling studies have nonetheless indicated promising results.

Yang et al. (2008) found that 1675 kg of air pollutants, such as NO,, SO, and
PMso , was removed by 19.8 ha of green roofs in one year with O3 accounting
for 52% of the total. A study in Toronto found that 58 metric tons of air
pollutants could be removed if all the roofs in the city were converted to
green roofs, however intensive green roofs have a higher impact than
extensive green roofs, with shrubs being almost as effective as trees at
pollutant removal within the Urban Forest Effects (UFORE) model (Currie
and Bass 2008). Pugh et al. (2012) included green roofs, as well as green
walls, in a model which found street-level concentrations of NO, and PM1g
could be reduced by 40% and 60% respectively. As previously mentioned,
the processes involved in pollution capture and removal from the urban
atmosphere are complex so there is a need to validate these modelling
studies with empirical data from real green roofs. For instance LAl is often
reduced to a single component in models. In reality this masks the interplay
of many processes such as species differences in leaf morphology, leaf
senescence and growth throughout the year, which can only be effectively
captured in empirical studies.
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3.5 Green roofs and runoff water quality

Green roofs are effective at capturing air pollutants, however if there is
incomplete sequestration of the pollutants within the sediment layer then
there is the possibility of merely trading air pollution for water pollution as the
pollutants enter the rainwater runoff (Rowe 2011). Additionally, green roofs
often require artificial fertilisation, which can impact negatively on the nutrient
content of the runoff (Monterusso et al. 2004; Emilsson et al. 2007).
Subsequently, studies on the quality of the runoff from green roofs have
produced mixed results.

A number of studies have found green roofs can improve the chemical quality
of roof runoff by absorbing the pollutants of wet and dry deposition and by
uptake of nutrients such as nitrogen (Berndtsson et al. 2006). Some soill
minerals can encourage the sequestration of metals such as Cu and Pb via a
number of mechanisms; from weak electrostatic attraction to stronger
covalent surface complexes (Sposito 1989). Soil characteristics that
influence sequestration include pH, cation exchange capacity, grain size and
organic matter, clay and CaCOg3; contents (Hooda and Alloway 1998). With
respect to green roofs these characteristics are dependent on the age of the
green roof, substrate composition and level of fertilisation. Substrate depth,
plant composition and local pollution sources are also influential on the
sequestration ability of green roofs (Berndtsson et al. 2006; Teemusk and
Mander 2007). Kohler et al. (2003b) found 94.7% of Pb and 87.6% of Cd
inputs were being retained by green roofs with a recycled soil substrate

consisting of a loamy sand with rock fragments.

Conversely, green roofs have been demonstrated to be sources of heavy
metals (Berndtsson et al. 2006; Mendez et al. 2011). This can occur when
sites for sequestration within the substrate are limited or the material used to
construct the substrate layer is itself acting as a source of pollutants. A
recent study found commercial soil mixes were responsible for elevated
levels of Fe, Al and Cu in newly constructed roofs (Vijayaraghavan et al.
2012).
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High total N and total P can be found in the runoff from green roofs with a
high organic content in the substrate (Moran et al. 2003) due to the high
solubility of their compounds and the dependence on the vegetation to
rapidly uptake these nutrients after application (Aitkenhead-Peterson et al.
2011). Controlled-release fertilisers are often recommended to overcome
this problem (Berndtsson et al. 2006). Dissolved Organic Carbon (DOC) can
also reach significant levels of up to 42 mg/l from leaching of solubilised
humic acids and the activity of soil bacteria (Berndtsson et al. 2009;
Aitkenhead-Peterson et al. 2011; Mendez et al. 2011).

Green roofs therefore should not necessarily be seen as a tool for improving
the water quality of runoff by retaining pollutants of wet and dry deposition.
Construction elements of green roofs and the use of fertilisers should be
considered and tested thoroughly (Berndtsson et al. 2009) to ensure
secondary treatment methods are not necessary to remediate poor runoff
water quality. However it must be noted that overall runoff quantity
reductions can serve to lower pollutant fluxes compared to a conventional

roof.
3.6  Other green roof benefits
3.6.1 Biodiversity

Most extensive green roofs are inaccessible to the public and therefore
provide an undisturbed habitat for microorganisms, insects and birds (Getter
and Rowe 2006). This has led to green roofs being considered as sites for
urban reconciliation ecology whereby the anthropogenic environment may be
modified to encourage biodiversity preservation without compromising
societal utilisation (Francis and Lorimer 2011). In a study of 17 green roofs in
Basel, Switzerland, 78 spider and 254 beetle species were identified.
Eighteen percent of the spider species were listed as endangered or rare
(Brenneisen 2003). Coffman and Davis (2005) found 29 insect and seven
spider species on a large green roof in Michigan, USA, within two years of
construction. Invertebrate populations provide food for birds and bats (Grant
et al. 2003; Baumann 2006) and in the UK there is growing interest in the
potential of green roofs to provide replacement habitat for the rare black
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redstart, Phoenicurus ochruros, which has a Species Action Plan under the
UK Biodiversity Action Plan (Frith 2000).

In a study of collembolan populations on green roofs in Hanover, a highly
dynamic diversity was observed, similar to that found in extreme soil
environments (Schrader and Boning 2006). It can certainly be a tough
environment on a roof with severe droughts, extreme temperatures, little
shade and high wind speeds, and certain plant species are better adapted to
these conditions (Oberndorfer et al. 2007). This limits the choice of plant and
animal species that can thrive on a green roof and hence limits the
ecosystems that develop. Earthworms struggle to survive, for instance,
because they cannot migrate to cooler depths in hot summer periods
(Brenneisen 2006). Green roofs can promote urban biodiversity to some
extent but are by no means a replacement for nature as a functioning habitat
(Schrader and Boning 2006).

3.6.2 Carbon sequestration

Getter et al. (2009) found extensive green roof systems in the US could
sequester 375g C/m? in above and below ground biomass and substrate
organic matter over two years. This depended on net primary production
exceeding decomposition, a process which is yet to be quantified for green
roofs, but extrapolation of the results to a scenario where all the commercial
and industrial roofs (ca. 7000 ha) in the Detroit metropolitan area are

greened showed 55,252 t of carbon could be sequestered (Getter et al. 2009).
This represents a small but significant potential for sequestering carbon in
urban environments and could potentially include green roofs under the

classification of climate change mitigation as well as adaptation.
3.6.3 Noise

It has been estimated that up to 20% of the population of the European Union
(80 million people) are subjected to noise levels which health experts
consider to be above acceptable limits (European Commision 1996). Green
roofs can play a part in mitigating high noise levels by absorbing sound

waves due to the nature of the substrate and vegetation (Getter and Rowe
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2006). Studies are scarce, however a reduction of 10 dB is theoretically
attainable for an extensive green roof relative to an acoustically rigid roof
(Van Renterghem and Botteldooren 2008) and a 10 cm deep green roof on
Frankfurt airport, Germany, reduced noise levels by 5 dB (Dunnett and
Kingsbury 2004).

3.6.4 Electromagnetic Radiation

Electromagnetic fields associated with power supplies and microwave and
radio transmissions are considered to have negative health effects
(Mateescu et al. 2008) and as vegetation can absorb radiation, green roofs
can be considered as a strategy to reduce human exposure (Grant et al.
2003).

3.6.5 Aesthetics

Where access to a green roof is possible, usually in the case of intensive
green roofs, the leisure and amenity aspect of roof greening can be
considered a major benefit. Viewing green plants and nature has the positive
health effects on humans of reduced blood pressure and muscular tension
and increased positive feelings (Getter and Rowe 2006) which has been

found to aid recovery from surgery for example (Ulrich 1984).
3.6.6 Engineering benefits

By protecting the roof membrane from large diurnal temperature fluctuations
of up to 70°C, as experienced in summer in New York City (Gaffin et al. 2009),
green roofs can prolong the lifetime of these expensive roof membranes.
Many of the materials used in green roof construction such as aggregate and
compost for the substrate layer and plastics for the drainage mats can come
from recycled materials, thus avoiding charges incurred for disposing of

these materials in landfill (Grant et al. 2003).
3.7 Conclusions

Green roofs have important benefits for urban areas with relation to lowering
the high temperatures associated with the UHI, acting as a buffer for heavy

rain events and thus lowering the frequency of pluvial flooding and
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reducing/sequestering air pollution. As a form of climate change adaptation
their benefits cannot be overlooked by city planners and this thesis aims to
guantify these impacts so that an assessment of the multi-beneficial nature of
green roofs can be made. A synopsis of the results will provide evidence of

green roof benefits for people who work in policy and practice.
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CHAPTER 4 METHODOLOGY

This chapter will provide an overview of the thesis methodology and details of
the generic experimental methodologies used in the studies. To avoid
repetition, the complete methodologies for each experiment are only included
in the relevant chapter (Chapters 5 to 8). An experiment overview is
provided at the start of each section to briefly introduce the reader to the
main purpose of each study.

4.1  Overview
An empirical approach was used for this thesis and consisted of the following:

{1 Data collection via installation of monitoring equipment on green and
conventional roofs to record a suite of information such as air
temperature, runoff volume and atmospheric PM;o concentration.

1 Data collection via spot monitoring and analysis of green roof soil
properties in-situ.

Collection of samples of green roof soil and runoff

1 Laboratory analysis of samples for a wide range of characteristics,
such as pH and heavy metal concentrations.

1 Secondary data were collated from various external sources such as
air quality from a Defra monitoring station and aerial photography from
Landmap

The data generated by these techniques were then cleaned and statistically
analysed to provide quantitative assessments of some of the environmental

impacts of green roofs.

It was deemed suitable to use an empirical approach for this subject because
green roofs represent an alteration of traditional urban surfaces, which
produce consequent alterations to the local microclimate. These alterations,
such as changing local air temperatures and reducing levels of air pollution,
are large enough, and occur on a sufficient time-scale, to be measured with
equipment available currently. The locus for this study is the urban-canopy

layer (UCL), which extends from ground level to the height of buildings, at the
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point where it blends into the roughness sub-layer of the urban atmosphere
(Erell et al. 2011). The scale of the inherent heterogeneity of the UCL,
arising from the proportions of building-density, urban vegetation etc.,
determines the micro-scale level of climate studies in this zone. This study is
operating at a scale which avoids the heterogeneity and complexity that
arises in urban climatological studies at larger or aggregate scales (Arnfield
2003).

Since Howard (1818) established himself as the pioneer of urban climate
studies with his comparisons of urban and rural temperature, leading to a
description of the magnitude of the London UHI, field measurements have
played a large part in urban climatology. The advancement of technology
over the years has allowed parameters such as wind velocity, turbulence,
evapotranspiration, albedo and air pollution levels to be quantified, thus
allowing the unique urban climate to be studied. Field measurements can be
costly, time consuming and influenced by a large number of factors (Mirzaei
and Haghighat 2010), but their importance for quantifying urban phenomena,
ground-truthing remote sensing work and validating modelling work is

unquestionable.

An empirical methodology allows for a number of research questions around
the impacts of green roofs to be addressed, thus enabling the main thrust of
this thesis to be a multi-impact investigation of green roofs. Measuring
parameters of interest, along with as many suitable explanatory parameters
as possible from the urban environment, forms the basis of this investigation.
All four of the traditional earth systems i lithosphere, atmosphere,
hydrosphere and biosphere (Montello and Sutton 2006) - are sampled within
an urban context in this thesis. A full empirical description of a system can
allow predictions to be made and potentially provide explanations for

phenomena observed.

Furthermore, by investigating green roofs in situ increases the external

validity of the thesis. Empirical measurements made under the exact natural
conditions of the green roof setting all
validi t yé6, of the study to be enhanced by a
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themselves within the totality of the context in which they exist (Montello and
Sutton 2006). This allows generalisations to green roofs in similar climates
and urban settings to be made, therefore increasing the relevance and
usefulness of the thesis.

Green roofs represent a dynamic system. In order to capture this, a
developmental design which uses repeated measures through time in a static
location is considered optimum. Additionally using a between-case research
design for some of the green roof impacts allows comparisons with the
microclimate impacts of traditional roof surfaces to be made. The
conventional roof provides an urban baseline over which green roofs can

produce their measurable impacts.

Finally, this thesis does not employ the modelling approach common to urban
climatology studies in order to avoid the abstraction and simplification of the
real world inherent in modelling (Huggett 1993). Mathematical models have
practical limitations and uncertainties resulting from the subdivision of spatial
domains and the choice of mathematical methods for solving system

eqguations for example (Huggett 1993).
4.2  Study site

The location for all the experimental investigations of this thesis is the city of
Manchester. As mentioned in Chapter 1, Manchester is representative of a
large conurbation in the UK and in Northern Europe, which has been shown
to exhibit an UHI and significant transport-related air pollution. Roofs were
chosen within the Oxford Road Corridor because it provides an inner-city
focus for the study but also because The Corridor Partnership is keen to
invest in green infrastructure improvements in the area (Chapter 1) so the

results will be of local interest.
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Fig. 4.1 The locations of the study roofs. (Author created)

The locations of the roofs, and of the Firs greenhouse which was used in one
of the studies (Chapter 5), are shown in Fig. 4.1. Roof 1 is a 3 storey office
block with a conventional, bitumen type, roof membrane. Its location next to
a busy inner-city motorway made it a suitable choice for the study in Chapter
5. Roof 2 is known as the Precinct, because it consists of an indoor
shopping precinct which spans Oxford Road within a bridge. The 2 storey
roof is ideal for comparative studies (Chapters 6 to 8) because it consists of
an intensive green roof adjacent to a large paved roof surface. Both sections
receive the same solar radiation, winds, thermal inputs from the building
below, and neither roof lies in the rain shadow of taller buildings. The SVF
for each section was found to have a value of one using a Canon 350D
digital camera equipped with a Canon wide angle fisheye lens. This confirms
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the open roof top location free from the physical influence of surrounding

buildings.

Fig. 4.2 shows a 3-dimensional impression of the Corridor with the locations
of roofs 1 and 2, produced using LIDAR data (Landmap) within the ArcScene
software (version 9). The roofs can be seen to be approximately similar in
height to surrounding buildings so no major effects from localised altered

wind characteristics are expected

4

Fig. 4.21 3-dimensional view of the Oxford Road Corridor with roof locations. Author

created)

Scale diagrams of the precinct roof layout were provided by the Estates
Department of the University of Manchester (Fig. 4.3). A larger version is
available in Appendix I, along with a roof plan for Roof 1. The diagrams were
used to calculate the area of the roof sections which are serviced by drains
investigated in Chapter 7. The simplified roof plan in Fig. 4.4 shows the
drainage catchments. Based on the dates on the roof plan in Appendix | and
personal communication from The Estates Department, the year of roof
construction is estimated at 1970, making the roof 43 years old at the time of

writing.

63



The green roof on the Precinct is classed as an intensive roof because it has
a soil layer 170 mm deep which supports a wide variety of flora and fauna. A
full botanical survey was carried out and the results can be found in Appendix
II. The vegetation is dominated by grasses (Agrostis stolonifera and Festuca
rubra) and herbaceous species (Ranunculus sp., Plantago lanceolata,
Senecio jacobaea, Anthoxantum odoratum and Rumex crispus amongst

others) with large individuals of Buddleja davidii and Rubus fruticosus.

Fig. 4.31 Scale drawing of the Precinct Building roof (UoM 2007 - larger version in
Appendix I)
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Fig. 4.4 7 Roof plan of the precinct. (Author created)
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4.3  Air pollution remediation
4.3.1 Experiment overview

To quantify the particulate pollution capture by green roof vegetation, trays of
four plant species (Fig. 4.5) were grown from seed or washed cuttings in a
magnetically clean greenhouse at Firs botanical gardens (Fig. 4.1). The
species chosen were Agrostis stolonifera, Festuca rubra, Plantago lanceolata
and Sedum album plus three in-situ species from both study roofs. The four
main species were chosen because they represent some of the vegetation
types that may be found on real green roofs. Sedum, especially, was chosen
due to it being the main plant used in the extensive green roof industry, and
therefore its ability to capture air pollution will be of great interest to green
roof professionals. Once established, the trays were placed on one of two
roofs in Manchester city centre, or left in the greenhouse as a control.
Samples were taken periodically over five weeks and analysed using
magnetic analysis techniques to quantify the particles captured on the leaf
surfaces. Scanning Electron Microscopy (SEM) of leaf surfaces enabled a
gualitative assessment of the micro-morphology to be made. Elemental
analysis of leaf material and tray soil, at the end of the study, was carried out
to provide information on the presence of heavy metals in these

compartments.
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Fig. 4.571 Trays of S. album (left), A. stolonifera (right) and F. rubra (far right, front)

ready to be transplanted on to the study roofs. (Author image)
4.3.2 Site selection

Roofs 1 and 2 were chosen for this study. The two roofs were chosen
because their locations allow the effects of proximity to vehicular sources of

pollution to be investigated.

Fig. 4.6 1 Panoramic view to the south west of Roof 1. (Author image)

Roof 1 is in close proximity, and similar height, to an inner city elevated
motorway located to the south west (Fig. 4.6). A Kestrel 4500 weather meter
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was placed on Roof 1 throughout the study to record the wind speeds and
directions. South-westerly winds dominate, as can be seen in Fig. 4.7.
These winds would be expected to carry vehicle-derived pollutants from the
motorway to Roof 1. Roof 2 is not located next to such a major source, thus

represents urban background pollution levels.

°

130 30

130

Fig. 4.7 1 Aerial photograph of Roof 1 (outlined) with directional wind rose for the
period 21/06/2011 i 04/08/2011. (Source: Googlemaps and Author created)

The location of the control greenhouse, at Firs Botanical Gardens, was
considered suitable because of its peri-urban location, 200 m from a major
road. The land-use around the greenhouse is mostly residential, sports fields

and minor access roads with low traffic levels (see Fig. 4.8).
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Fig. 4.8 1 Firs Botanical Gardens (outlined) within the local setting. (Source:

Googlemaps)
4.3.3 Magnetic techniques

To investigate the quantities of PMyo captured by the leaves of the study
plants, magnetic analytical methods were chosen because a strong
correlation has been demonstrated between leaf Saturated Isothermal
Remanent Magnetisation (SIRM) and the presence of anthropogenic
ferromagnetic particles from vehicular combustion and industry (Matzka and
Maher 1999; Maher et al. 2008; Mitchell and Maher 2009). This allows area-
normalised leaf SIRM to be used as a proxy for ambient PMy, levels. The
technique is fast, sensitive and cheap and has been used to produce
unprecedentedly high spatial density pollution level data (Matzka and Maher
1999; Muxworthy et al. 2003; Szonyi et al. 2008; Kardel et al. 2012) and can
also be used for source attribution (Hansard et al. 2011). The method
involves imparting SIRM on the samples in a high magnetic field of 1 Tesla in
a Molspin high-field pulse magnetizer (Walden 1999). The SIRM imparted on
the samples is then measured with a Molspin magnetometer. Three readings
were obtained for each sample, and an average taken. After every fifth
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sample the magnetometer was re-calibrated with a magnetic standard of 779

mA/m.

The duration of plant exposure is 5 weeks. This duration is similar to the
lengths of previous studies (Maher et al. 2008; Mitchell and Maher 2009) and
allows for sufficient time for particle deposition processes to occur, however a
longer exposure time would allow for equilibrium processes to be more fully
resolved. The exposure time was limited primarily by the amount of samples
obtainable from the trays of vegetation. A summer exposure time was
chosen because of the higher probability of warm, dry weather with
associated increases in air pollution levels. Other pollutants such as NOx
and O3 were not considered due to financial constraints on air and leaf

monitoring techniques for gaseous pollutants.
4.3.4 Leaf area estimation

In order to minimise handling of the leaf samples, a regression equation
relating dry leaf weight to leaf area for the seven plant species was obtained
from 10 samples of each species before the study began. Leaf area was
estimated by placing the leaf samples flat under glass on millimetre graph
paper. A photograph was taken from directly above with a high resolution
digital camera and the area calculated from the images via pixel counting
using Adobe Photoshop (CS version), similar to the method used by Patil and
Bodhe (2011). True leaf area is calculated by using the number of pixels in a
1 mm? area of the graph paper in each image as a calibration. The samples
were dried for two days in an oven at 40°C. S. album was dried for three
days due to it being a succulent and thus highly efficient at retaining its water
content. S. album has cylindrical shaped leaves so a correction factor was
derived to convert surface area as viewed from above to the actual surface
area of the tapered cylinder based on a simplification of the leaf structure as
a cylinder with hemispherical ends (Fig. 4.9). Length and width were
measured for 50 leaves and used to derive the correction factor (multiply by
3.16) which converts the flat surface area (as estimated with the pixel-

counting method) to a more accurate three dimensional surface area.
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Surface Area Calculations
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Fig. 4.9 1 Simplification of the sedum leaves for 3-dimensional surface area calculation
(Author created)

The R? coefficients in table 4.1 suggest the linear regression equations were
acceptable for obtaining leaf area from the samples. The lower values for F.
rubra and S. album reflect difficulties of estimating the leaf area for these
species as a consequence of leaf morphology. The area-estimation method
for S. album described above may not account for natural variability in leaf
shape. The leaves of F. rubra were very thin and difficult to efficiently flatten

under the glass.

Species Regression R?
Agrostis stolonifera 0.96
Festuca rubra 0.75
Plantago lanceolata 0.95
Sedum album 0.81
Platanus acerifola 0.89
Symphyotrichum novae-angliae 0.99
Hypericum inodorum 0.99

Table 4.1 7 Regression coefficients for the linear relationship between dry weight and

leaf area for the study species
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4.3.5 Scanning Electron Microscopy (SEM)

At the end of the study, single leaves of the four main study species were
collected from Roof 2, which represents urban background levels of PMy.
The samples were immediately taken to the laboratory for analysis to avoid
desiccation and subsequent alteration of leaf morphology (Stabentheiner et
al. 2010). The samples were mounted on carbon stubs and sprayed with a
~20 nm thickness gold layer in preparation for Environmental SEM (FEI
XL30). This method is suitable for preserving the natural morphology of cells
and tissues in fresh samples (Pathan et al. 2010). Energy Dispersive X-ray
(EDX) analysis of a cluster of particles was undertaken to provide information

on the spatial distribution of elements within the particles.

Around 25 images were created from randomly selected areas of the leaf
surface of each species (upper and lower leaf surfaces both included) at X
3000 magnification level. These images were used to count the particles per
unit area of leaf surface, which provided a different estimate of particle
capture rates to the SIRM method. The number of particles per unit leaf area
accumulated over the time period that the plants were on the roof, assuming
no particles were present before roof placement and minimal particles
washed off, gives a capture rate. The leaf area per unit roof area is
estimated from the above-ground biomass in the trays by weighing the plant
material from a given area of tray and using the weight/area relationships
already determined. The particle capture rate and leaf area per unit area of
roof can then be used to estimate total particle capture by the total green roof

area in an upscaling scenario.
4.3.6 Upscaling

An area of Manchester, which comprises the city centre and the Oxford Road
Corridor, was selected for an investigation into the potential effects of
greening all the flat roofs in this area on the local air quality. A visual
analysis was carried out using ArcMap (version 9), which consisted of
drawing polygons to correspond with flat roof area in a geo-referenced aerial
photograph (Landmap). Fig. 4.10 shows the distribution of flat roofs in the
selected area. The area of these flat roofs was used to calculate the area of
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potential roof greening which equalled approximately 50 hectares (15.3% of
the selected area). The basis for selection was simply if the roof was flat and
no consideration given to the ability of the roof to support the weight of a
green roof.

Fig. 4.10 17 A selected area of Manchester city centre and the Corridor for analysis of

flat roof area using ArcMap software. (Source: Landmap)

4.4  Urban Heat Island impacts
4.4.1 Experiment overview

Air temperature was measured every 15 minutes at 300 mm over an
intensive green roof and over an adjacent bare roof to quantify differences in
the cooling properties of the different surfaces. The temperatures were
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monitored for a total of 17 months. Spot monitoring was also undertaken

using a thermal imager to quantify differences in surface temperature.
4.4.2 Monitoring stands

Monitoring stands were constructed to house Tinytag temperature sensors
(Fig. 4.11) inside a radiation shield based on the traditional Stevenson shield
(Fig. 4.12). The Tinytag sensors (2PLUS TGP-4500) were selected because
they have an acceptable level of accuracy (+0.4°C) while being affordable
and small. The design of the shield is similar to that in the low-cost approach
employed by Cheung et al. (Cheung et al. 2010) which was found to greatly
reduce any influence of solar radiation, and performed well in comparison to
a standard Stevenson shield. The stands
wood and painted white to minimise convective heat inputs into the radiation
shield. The sensors hang from a hook inside the shield so that they are 300
mm above the roof surface. This height was chosen as it has been used in a
number of previous studies on urban air temperature (Wong et al. 2003;
Gaffin et al. 2009) and is considered suitable for measuring the near-surface
air temperature without being too close so as to be dominated by convective
near-surface heat flux or too far to be dominated by mesoscale urban air
temperatures. The stands were placed centrally within their respective roof
area to avoid edge effects and to minimise advection influences from

adjacent surfaces.
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Fig. 4.11 1 Tinytag temperature sensor shown to scale. (Source: Tinytag 2013)

At the start of the study all the Tinytag sensors were checked against each
other for measuring consistency. All the batteries were replaced and the
sensors were kept in the same outdoor location for one week. The average
standard deviation was 0.14°C which is well within the accuracy level. A
Rotronics Hygroclip, which has a higher accuracy of 0.2°C, was placed in the
same environment for a comparison. The correlation R between the data
from the Rotronics and from the Tinytags was 0.98 on average and the
values differed by just 0.01°C i 0.4°C with an average difference of 0.1°C.
This was considered an acceptable level of intra, and inter monitor, variation.
Humidity data from the Tinytags were prone to measuring error, frequently

reporting 0% and 100% humidity, so data were not used.

A recording frequency of 15 minutes is suitable because it generates
sufficient data to capture the diurnal air temperature cycles. Higher recording
frequencies can produce an excessive amount of data for analysis which can
outweigh the benefits of the higher resolution provided. The monitoring
period of 17 months allowed for some seasons to be monitored more than
once thus enabling a wider variety of weather types to be encompassed

within the study.
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Fig. 4.12 1 Radiation shield and stand. (Author image)
4.5 Runoff quantity
4.5.1 Experiment overview

Rainfall runoff was quantified over a 13 month period on the intensive green
roof and adjacent bare roof on the precinct roof. Using rainfall input data,
estimates of the retention efficiency of the green roof can be compared to
those for the bare roof. A large part of the hydrological properties of a green
roof are linked to the substrate layer, therefore physical and chemical soll

characteristics were also determined.
4.5.2 Monitoring

Due to the fixed nature of the roof, it was necessary to devise a method for
monitoring runoff by adapting to the existing roof structure. This is because it
was not possible to collect runoff from the bottom of the drain pipes or to
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divert the flow into a measuring set-up. Therefore a novel approach was
called for. Two general approaches have been previously used to monitor

green roof runoff flow (Taylor Associates 2006):

1 Calibrated primary flow devices (tipping buckets, weir boxes, flumes,
orifice restrictor devices)

T In-line flow meters

With calibrated weir boxes, the water level is monitored using a pressure
transducer. This method was used in the present study, however a
modification of the v-notch weir system was developed which allowed the
weir to sit within a roof drain in the form of a modified pot. Fig. 4.13 shows a
schematic diagram for the v-notch pot and Fig. 4.14 is a photograph of the

apparatus. Two pots were constructed i one for each of the study roofs.

Pressure transducer

Rain runoff

120 mm

(_‘_\

Overflow |
to drain |

Fig 4.13 1 Schematic diagram for the measuring of runoff. (Author created)
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Fig. 4.14 1 V-notch weir pot and pressure transducer. (Author image)

Calibration of the pots was carried out in a laboratory by recording the
transducer pressure readings for a range of known water flows. The
calibration equations are second-order due to the widening of the v-notch at
greater heights of water above the datum. The R?coefficients for the
calibration equations are good, with R? = 0.91 for the green roof pot and R? =
0.80 for the bare roof pot. See Appendix Il for the regression plots. To
obtain the flow rate for each rain event, the pressure reading at Ho, the height
of water in the pot just before flow starts, is adjusted to equal the pressure
reading at Ho for the calibration experiments, and then the calibration
equations are applied to convert the pressure reading into a flow rate.
Integration of the area under the runoff hydrograph gives the total volume of
runoff for that rain event. Discharge from the pots on the roofs was free.

Both roof drainage areas include sections of a central glass atrium on the
roof (Fig. 4.4). This means that the green roof drainage area is not entirely
green and there is a significant input (20% of the area) from a non-green
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surface. In order to estimate the amount of runoff from this sloping glass roof
that is contributing to runoff on the green roof, rainfall-runoff relationships
were determined. This was undertaken for a range of different size rain
events. The runoff was measured using a tipping rain bucket. For each rain
event in the study the atrium runoff was subtracted from the overall runoff
measured in the drain to gain the runoff attributable to the green component
of the roof. Fig. 4.15 shows the rainfall-runoff relationship for the atrium and
the high R? coefficient.
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R?=0.944
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Fig. 4.1571 Regression plot of rainfall and runoff for the glass atrium roof, with 1:1

line included
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4.5.3

Soil analysis

The following methods were used to characterise the green roof substrate

layer:

T

Solil texture T Organic material was destroyed by hydrogen peroxide
and the remaining mineral soil dispersed by shaking with sodium
hexametaphosphate. The soil was analysed by sieving in a nest of
sieves (Rowell 1994). Silt and clay fractions smaller than 63 um were
further categorised in a Malvern Instruments particle size analyser
(Hydro 2000 G).

Field capacity i Water-saturated soil samples were allowed to drain
under suction in a Buchner funnel for two hours and then the
gravimetric water content was determined by weighing pre and post
oven drying at 105 °C (Veihmeyer and Hendrickson 1949; Rowell 1994)
Dry bulk density 1 Small cores of sediment were taken with a metal
cylinder of known volume. Bulk density is the mass of oven-dry soil
divided by sample volume (Rowell 1994)

Porosity 1 Particle density was first found by measuring the volume of
a known mass of particles by heating a sample in water to remove any
air and then weighing a known volume of this suspension. Porosity is

then calculated by:

porosity = 17 (bulk density / particle density) (Rowell 1994)

Organic matter content i oven-dry soil was heated to 500°C and the
mass lost corresponds to the organic matter that has been burnt off
(plus a negligible amount of water trapped within crystalline matrices)
(Dean 1974; Rowell 1994)

Saturated hydraulic conductivity i A Guelph permeameter measures
in-situ hydraulic conductivity. The apparatus uses a constant-head
principle to measure the steady-state influx rate of water into a
saturated zone adjacent to a small borehole (Salverda and Dane

1993). Due to the spatial variation in hydraulic conductivity that can
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exist, ten boreholes were augured for measurement and an average

taken
4.6  Runoff quality
4.6.1 Experiment overview

Water samples were collected from the runoff from an aged intensive green
roof and an adjacent bare roof for a number of rain events. The quality of the
runoff was analysed in a laboratory for a number of parameters. Soll
samples were taken from the green roof substrate and samples of dust were
taken from under paving slabs on the bare roof. This was to investigate the
potential of the sediments to act as sources of contaminants in roof runoff via
element leaching. The samples were analysed in triplicate using X-Ray
Flourescence (XRF) techniques for metal concentrations.

4.6.2 Water analysis

All water samples were collected in new sample bottles. Bulk rain samples
were collected via a large funnel with a rim diameter of 30 cm, which
channelled rain into a 1 litre sample bottle that had been acid washed (25%
acetic acid) and rinsed in deionised water. Samples were filtered using 0.45
pum syringe filters (VWR cellulose acetate) to remove the fractions classed as
solid or particulate and leave the dissolved fraction (Hall et al. 1996). All
samples were stored in a refrigerator in the dark ready for water analysis
which in all cases was carried out as soon as possible and, after allowing

samples to reach room temperature, consisted of the following:

1 pHi1 A Hanna (HI 9124) pH meter was first calibrated with buffer
solutions of pH 4, pH 7 and pH 10. The electrode was cleaned with
distilled water between measurements.

1 Conductivity i A Hanna (HI 9033) conductivity meter was first
calibrated in a solution with conductivity of 84 uS/cm to prepare the
meter for samples with a relatively low expected conductivity. The

electrode was cleaned with distilled water between measurements.
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1 Anions i Anions were measured using ion chromatography in
accordance with US EPA method 300 (Metrohm 882 Compact IC plus)
and the analytes consisted of Cl, NO3, PO4 and SO,

{1 Colouri Visible light absorbance over the wavelength range 190 i
700 nm was recorded using a spectrophotometer (Hach Lange
DR5000). Absorbance at 400 nm can be used as a proxy for
Dissolved Organic Carbon (DOC) in accordance with other work
(Worrall et al. 2002; Wallage et al. 2006). The ratio of the absorbance
at 465 nm and 665 nm , also known as the E4/Eg ratio, can give an
indication of the nature of the DOC, with ratios of 8 7 17 indicating
fulvic acids and 2 7 5 characteristic of humic material (Thurman 1985;
Wallage et al. 2006).

1 Metals - Subsamples of 20ml were acidified, after filtration, with high
purity nitric acid, to stabilise the samples ready for analysis for metal
ions using Inductively Coupled Plasma Mass Spectrometry (ICP-MS)
(Agilent 7500cx). This method has suitably low detection limits for

concentrations of metals in pg/l, as are expected from the runoff.
4.6.3 Substrate analysis

Twelve soil samples, a representative number for the size of the roof, were
taken from the surface of the green roof, with the sampling locations
maximally spaced over the green roof. These samples were analysed in a
laboratory for the following:

1 pH and conductivity i Soil samples were shaken vigorously in
deionised water for 15 minutes and then pH and conductivity
measured as in 4.6.2

1 Anions 1 Soil samples are freeze dried and then shaken thoroughly in
deionised water for an hour. After filtering through 540 grade
hardened ashless filter paper and then through 0.45 pm syringe filters,
the solutions are analysed for water-soluble Cl, NO3, NO,, PO, and

SO, using the method in section 3.5.2.
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Green roof soil samples and dust samples from the bare roof were dried at
40°C and sieved to 125 pm to remove stones/twigs/leaves and homogenised
in a ball grinder (Fritsch Spartan pulverisette 0) and then analysed for metals
using XRF in accordance with US EPA method 6200. Each sample was
analysed three times with a Niton XL3t XRF analyser. Three 40 mm
diameter cores of the full substrate depth were taken from central areas of
the green roof sections (See Fig. 4.4 for locations). These were split into ten
equal fractions, prepared as described above, and analysed separately using
XRF to provide a depth profile of soil elements to see if elemental

composition changes with depth.

Energy dispersive isotope-source XRF is a rapid, non-destructive total
element analysis method which is sufficiently accurate to be used in
environmental research (Boyle 2000). The speed of the technique allows a
high number of samples to be measured repeatedly which overcomes
problems with heterogeneity, common in sediments and soils. EX situ
detection limits with field portable XRF range from 10 to 100 mg/kg (Raab et
al. 2005).

4.7  Analysis

Most monitoring equipment generated data in a .csv (comma separated
values) format which was then exported into an Excel spreadsheet. Some
equipment, such as the Molspin magnetometer, required manual entry of the
results into a spreadsheet. Data were then checked for errors and
anomalous results using graphical methods. Data cleaning was carried out,
mainly with the large temperature and runoff volume time series, to get the
data into a form more conducive for analysis. Formula calculations, such as
normalisation of the SIRM results by leaf area, were carried out in Excel.
Data preparation was also carried out in Excel. For example, runoff data
were collected every minute and needed to be averaged into 10 minute
brackets to coincide with the rainfall data which was recorded every 10

minutes by the Whitworth weather station.

Data were exported to statistical software packages for normality checking
and statistical analysis. Data were generally not normal, therefore non-
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parametric methods were called for. SPSS (version 16) was used initially,
however the bulk of the analysis was carried out using R (version 2.13.2).

Graphs were produced using Excel or R.
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5.1 Abstract

Urban particulate pollution in the UK remains at levels which have the
potential to cause negative impacts on human health. There is a need,
therefore, for mitigation strategies within cities, especially with regards to
vehicular sources. The use of vegetation as a passive filter of urban air has
been previously investigated, however green roof vegetation has not been
specifically considered. The present study aims to quantify the effectiveness
of four green roof species 1 creeping bentgrass (Agrostis stolonifera), red
fescue (Festuca rubra), ribwort plantain (Plantago lanceolata) and sedum
(Sedum album) i at capturing particulate matter smaller than 10pum (PMyp).
Plants were grown in a location away from major road sources of PMio and
transplanted onto two roofs in Manchester city centre. One roof is adjacent
to a major traffic source and one roof is characterised more by urban
background inputs. Significant differences in metal containing PM;o capture
were found between sites and between species. Site differences were
explained by proximity to major sources. Species differences arise from
differences in macro and micro morphology of the above surface biomass.
The study finds that the grasses, A. stolonifera and F. rubra, are more
effective than P. lanceolata and S. album at PM;, capture. Quantification of
the annual PM3o removal potential was calculated under a maximum sedum
green roof installation scenario for an area of the city centre, which totals 325
ha. Remediation of 2.3% (£0.1%) of 9.18 tonnes PMq inputs for this area

could be achieved under this scenario.
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5.2 Introduction

The adverse effects on health due to atmospheric particulate pollution have
been the subject of a growing number of studies in recent years (Daniels et al.
2004; Tchepel and Dias 2011). Urban residents are at particular risk from
certain anthropogenic sources such as traffic, and a rapidly increasing urban
population worldwide gives these studies additional importance because
higher numbers of people will be exposed to urban particulate pollution.
Particles smaller than 10 um in diameter (PM1o) can penetrate deep into the
pulmonary passages where any transition metals present, such as iron and
copper, can release free radicals in lung fluid and cause cellular inflammation
(Birmili 2006).

Modern anthropogenic sources in urban areas include vehicular traffic fuel
combustion, particularly diesel, and vehicular component wear (Petroff et al.
2008; AQEG 2005; Bukowiecki et al. 2010). The environmental burden from
component wear such as brakes, and resuspended road dust particles, is
high because the particles are more likely to contain metals, polyaromatic
hydrocarbons (PAHSs) and sulphides which are toxic or carcinogenic. UK
mitigation techniques have led to a decline in industrially sourced emissions
but vehicle usage is continually increasing (DfT 2009), thus offsetting the
impact of vehicular emission controls (AQEG 2005). Air Quality Management
Areas (AQMA) are implemented in areas where air quality objectives are not

likely to be met, wherein mitigation procedures are required (AQEG 2005).

Persistent pollution episodes in cities are more likely to develop in winter in
the Northern hemisphere because of a rise in space heating and the
frequency of atmospheric inversions (Birmili 2006). Climate change could
also cause an increase of episodes in summer, as one of the predicted
weather changes is an increase in the likelihood of stationary air masses
(AQEG 2007).

Cessation of vehicular sources is impractical so cities in developed countries
will have an ongoing need to mitigate PM;o. Transitional nations, with
increasing traffic amounts, will need to plan for the future health of their
citizens. Using plants as passive filters is being seen as a practical
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remediation method (Beckett et al. 2000; Freer-Smith et al. 2005; Litschke
and Kuttler 2008; Peachey et al. 2009). Trees and woodland have been
found to be significant sinks for gaseous, aerosol, particulate and rain-borne
pollutants (Fowler et al. 1989). Four processes are responsible for
deposition onto the large surface area provided by leaves i sedimentation
under gravity, diffusion and turbulent transfer giving rise to impaction and
interception (Petroff et al. 2008). The large leaf area and turbulent air
movement caused by their structure makes trees particularly effective for
particle removal (Fowler et al. 1989). However, space in cities is at a
premium and there are limited opportunities to implement urban greening
programmes with trees. Greening roofs is a viable and attractive alternative
solution as roofs can form up to 35% of the urban land area (MacMillan 2004).
While a large amount of studies have focussed on trees, this study will look
at the potential contribution of green roofs for PM;o mitigation which is a
preferable strategy to the exclusion of vehicles from cities (Litschke and
Kuttler 2008).

There is already some evidence for the potential of green roof vegetation for
air pollution removal. Yang et al. (2008) found that 1675 kg of air pollutants,
such as NO,, SO, and PM;o, were removed by 19.8 ha of green roofs in one
year, with PMyp accounting for 14% of the total. This was a modelling study
which used deposition velocities for shrubs determined in a non-green roof
environment. A study in Toronto found that 58 metric tonnes of air pollutants
could be removed if all the roofs in the city were converted to green roofs,
with intensive green roofs having a higher impact than extensive green roofs
(Currie and Bass 2008). Intensive roofs have a deeper soil substrate than
extensive roofs, which allows for a larger above-ground biomass and a wider
variety of plants to be grown. While these studies offer promising results,
they are based on modelling alone and,
empirical investigation of green roof removal of air pollution has been

published.

Mitchell and Maher (2009) recently confirmed the magnetic characteristics of
tree leaves to be a suitable proxy for ambient air pollution. This method can

be used to increase spatial and temporal pollution monitoring resolution and
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has been used a number of times in magnetic biomonitoring studies involving
trees (Matzka and Maher 1999; Maher et al. 2008; Hansard et al. 2011). To
date the technique has not been applied to quantify PM;o removal by green
roof vegetation.

The objectives of the study are twofold. Firstly to investigate spatial
differences in particulate load to two roofs that differ in their proximity to
pollution sources and secondly to elucidate any species differences in
particulate capture rates between several common types of green roof
vegetation used in the UK. With the choice of study sites, it is intended to
ascertain whether differences in particle capture exist when a significant
traffic source is located in close proximity to a roof, elevating local
concentrations, compared to a roof subject solely to urban background
concentration levels. The results will further be used to quantify the potential
removal of metal-containing PMyo by green roofs in an area of the city centre
of Manchester. Green roofs are increasingly being recognised as
investments that can help address many of the challenges facing urban
residents and, in recognition of this, Manchester City Council is developing a
green roof policy guidance document (MCC 2009). In addition, this work will
support a burgeoning literature on the numerous benefits of green roofs such
as reduction of Urban Heat Islands (Spolek 2008) and their role as
Sustainable Urban Drainage Systems (SUDS) (Scholz-Barth 2001).

5.3 Methodology
5.3.1 Site Description

Manchester is a large city situated in north-west England. The Manchester
city district, which includes the centre of the Greater Manchester conurbation,
has a population of 498 000 (MCC 2010). It has seen a gradual improvement
in its air quality since its industrial past; however PMg levels remain high
near roadsides and in urban centres (HFAS, 2011). Indeed, the whole of
Manchester city centre and the Oxford Road corridor (Fig. 5.1) are within an
AQMA (Defra 2011a). Oxford Road is a key transport route within an area of
high economic activity and has an annual average weekday traffic flow of
11,529 motor vehicles (GMTU 2010). In 2007, the Manchester district
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produced 257 tonnes of PM;g, with roads being the major source (HFAS
2011).

Two roofs situated on the Oxford Road corridor were chosen as locations for
this study. Roof 1, Manchester Technology Centre (MTC), is a 3 storey office
block with a conventional bare roof, situated adjacent north to the point
where a busy inner city motorway, the Mancunian Way, crosses Oxford Road
(Fig. 5.1). Traffic flows on the motorway reach over 60,000 vehicles a day
(GMTU 2010). Tyre and brake wear emissions account for ~23% of total
road transport emissions and, along with resuspended road dust, appear to
be more important for heavy duty vehicles than cars (AQEG 2005). Urban
canyon effects can strongly influence urban wind patterns and the Oxford
Road corridor might channel these winds northwards. The location of Roof 1,
combined with prevailing south-westerley winds, means this site is expected
to receive a high load of road derived pollution and thus represents a roof

with a strong local source.
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Fig. 5.1 7 Map showing locations of the study sites with Firs control site to the south
of the city centre and the locations of Roofs 1 and 2 next to Oxford Road. The
shaded overlay, highlighting the city centre and major roads, indicates the current
extent of the Manchester AQMA (Defra, 2011)
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Roof 2, the precinct bridge, crosses Oxford Road and consists of an
extensive paved area over the road. This 2 storey roof was chosen for its
proximity to the busy Oxford Road and represents a roof with an urban
background pollution source. A control site at the Firs Botanical Gardens is
situated 3.5 km south of the roof monitoring sites (see Fig. 5.1). This peri-
urban site is in a location 200 metres away from major road-sourced PMyg in
an area of high tree-planting. This control site is used to make comparisons

between the other sites by utilising enrichment ratios.
5.3.2 Species Selection and Sampling

Four perennial species were chosen for this study i S. album, F. rubra, A.
stolonifera and P. lanceolata. The Sedum species is a common choice of
plant for commercial extensive green roofs. F. rubra and A. stolonifera are
both common British grasses, which can grow on turf roofs, and P. lanceolata
IS @ common invasive species on green roofs (Dunnett et al. 2008a). Trays
of the four species were grown from seed, or washed cuttings (S. album), in
a Omagnetically cleand greenhouse at the
compost was used. Trays of mature plants were then placed on the two
study roofs on 03/07/2011. Additional trays were left in the greenhouse at the
control site. Trays containing just compost were also placed on Roof 2 and

in the control greenhouse to investigate soil metal concentration changes
when plants are absent. In dry periods, plant trays were watered with pre-
collected rainwater direct to the soil layer to avoid artificial rain effects of

washing particles from the leaf surfaces.

Leaf samples were collected from mature plants. The sampling frequency
was three times a week and all samples were collected in the mornings.
Sampling began on 5/07/11 and the final samples were collected on 03/08/11.
Enough leaves were collected to provide material for two samples per
species, with each sample sufficient to fill a 10 ml sample pot. Very young
leaves were not collected to ensure exposure times covered the entire study
period. The samples were transported to the laboratory in plastic bags where
they were dried in ovens for two days at 40 C (three days for S album),

weighed, and stored in plastic film for subsequent magnetic measurement.
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Samples were also taken from vegetation growing on or near the roofs, to
investigate particulate capture by plants with prolonged exposure at the site
locations. In the case of Roof 1, this was from the roof-height tree canopy of
Platanus acerifolia and, for Roof 2, samples were taken from established
plants of Symphyotrichum novae-angliae and the evergreen Hypericum

inodorum, growing in an adjacent green roof.

Surface areas of leaves, for area-normalising of results, were obtained by
pixel counting images of scanned leaves and calculating regression
equations from the relationship between area and dry weight. Subsequent
surface areas could be calculated from sample weight. Estimates of above
surface biomass in the trays, useful for up-scaling pollutant removal

efficiencies, were made by visual calculation of number of samples per tray.

Ambient PMo concentrations were recorded for half an hour at most
sampling events at all three locations using a TSI Sidepak AM510 personal
aerosol monitor. To determine the relative magnetic PMo levels of the three
locations, pumped air samples of 100 | were collected from all three locations
at a rate of 1.4 I/min using the monitor in conjunction with an IOM sampler
head fitted with glass filters (1um pore size Whatmann). The filters were
folded and placed in plastic pots ready for magnetic measurements (see
section 5.3.3). Ambient PM;o concentration data were also acquired from
Defra6 s oatit Urban and Rural Network (AURN) located in Piccadilly
Gardens in Manchester City Centre (Fig. 5.1). These data can be compared
with ambient PMyq levels recorded by the personal monitor to investigate any
temporal trends in PMyo occurring throughout the study and to assess site
differences. Rolling averages were calculated from the inter-sampling
periods prior to each sampling event to see if the atmospheric PMyg levels
preceding sample collection influence leaf levels.

A Kestrel device was situated on Roof 1. This records wind speed and
direction, useful for determining prevailing wind patterns and hence
identifying upwind sources. Meteorological data were also available from the

Whitworth Observatory (UoM 2012), located adjacent to Roof 2. Rainfall was
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recorded because rainfall can influence trends in leaf pollutant load as

particulate matter can be partially washed off.
5.3.3 Magnetic Measurements

Dried leaf samples were placed in 10 ml cylindrical styrene sample holders
and immobilized with packing film. Saturated Isothermal Remanent
Magnetisation (SIRM) was imparted on each sample in an applied field of 1

Tesla, using a Mol d$pieh dl Pful s(alddiwag d eh i g le

1999). SI RMs were then measur eMd nwistph na
fluxgate magnetometer. SIRM provides a measurement of the total

concentration of magnetic particles within a sample (Muxworthy et al. 2003),

once remanence values are normalised for leaf surface area (Matzka and

Maher 1999). Recent works have shown that leaf SIRM can be used as a

proxy for ambient PMyg levels (Mitchell and Maher 2009; Kardel et al. 2011).

5.3.4 Elemental Analysis

Following the magnetic measurements, subsets of the leaf samples from the
start and end of the study were prepared for elemental analysis via ICP-MS
(Agilent 7500cx). Leaves were digested in high purity nitric acid (15.6M) in
closed vessels using a microwave apparatus (MARS Xpress, CEM)
according to US EPA method 3051A. Increases in metal concentrations over
the study period may signify capture of metal-containing particles on the leaf
surfaces, with Fe being of particular interest due to the ferrimagnetic
properties of Fe containing minerals and hence influence on leaf SIRM.
Vehicle derived PMjq contains high levels of Fe due to conversion of Fe

impurities in fossil fuels on combustion (Muxworthy et al. 2003).

Soil samples were also prepared for elemental analysis by ICP-OES to
investigate potential metal concentration changes as particulates are washed
into the substrate by rains. Samples were taken at the end of the study from
one tray of each species at all three locations, and from trays of bare soil,

with samples taken from the surface soil layer and deeper in the trays. Soil
samples were also taken at the start of the study before the seeds were sown.

The soil was dried at 40°C and sieved to 63 pm to remove
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stones/twigs/leaves and homogenised in a ball grinder (Fritsch Spartan

pulverisette 0) prior to acid digestion (as described above).

5.3.5 Scanning Electron Microscopy (SEM)

Single leaves of the four main species in the study were collected at the end
of the study from Roof 2. These were transferred in plastic sampling bags to
prevent contamination, and subsequently mounted on carbon stubs for
analysis via SEM (FEI XL30 Environmental Scanning Electron Microscope).
This was carried out on the same day to prevent desiccation and subsequent
alteration of leaf surface micro morphology (Stabentheiner et al. 2010).
Element mapping was undertaken via energy dispersive X-ray analysis (EDX)
on clusters of particle grains to investigate any significant elemental

distributions.
5.3.6 Statistical analyses

Correlations were carried out between average ambient PM;o concentrations
at the sites and with average PMj recorded at the same times from the
AURN station in Piccadilly gardens. Rolling averages of ambient PMy over
the pre-sampling periods at the AURN station were calculated and correlated
against leaf SIRM values. Data were grouped by species or site, which
allows for inter-site and inter-species comparisons to be made respectively.
Repeated Measures ANOVA (RMANOVA), with the Greenhouse-Geisser
correction, was used to test significance with site or species as a between-
subject factor. Linear Mixed Models (LMM), with site and species as random
effects, were fitted to any trends seen from the start of the study to the end.

Statistical analysis was carried out using SPSS software (SPSS 16).
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5.3.7 PMy removal quantification

Particle numbers were counted in SEM images of the same leaf samples
described in section 2.5, sampled at random, and averaged per unit leaf area.

The counts (N) were used to calculate particle volume by:
w —="0
¢

where D is average particle diameter and particles are assumed to be

spherical
Particle mass isthen givenby: 0 "7 @
wher e | ickdenditye assumed toibe 1.3 g/cm® (Held et al. 2006).

The mass per unit leaf area can then be used to quantify PMy, removal by
estimating average leaf area per unit area of roof based on measurements of
above surface biomass of the experimental trays. To gain an annual removal
figure, it was assumed that while the study species are evergreen, growth is
compromised in the winter months, so a rate of 50% of the summer rate was
chosen. Sensitivity to this rate was assessed by calculating removal at £5%.
Roof 2 was considered suitable for the quantification work as it represents an

6averaged roof, s oundPMgtevelssco ur ban backgr
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5.4 Results
5.4.1 Site comparisons

Average ambient PM;, concentration at different days of sampling were
significantly correlated between the sites (control with Roof 1, r = 0.87;
control with Roof 2, r = 0.59; Roof 1 with Roof 2, r = 0.85) indicating that
while the magnitude of PMy, differs between the sites, the overall trends are
broadly similar (Fig. 5.2). Fig. 5.1 shows their locations, with the maximum

distance being between the control site and Roof 1 (3.5 km).
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Fig. 5.2 7 Average ambient PM;, levels between 11am and 1pm at each of the three
sites on selected days throughout the study and daily average at the Piccadilly
monitoring station
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Correlations between average ambient PMio with average PMyo from the
AURN station (control, r=0.59; Roof 1, r = 0.71; Roof 2, r = 0.64) showed
good agreement, with the lower value for the control site due to the increased
distance from the city centre. The filter SIRM values (Fig. 5.3) were lower

for air sampled at the control site than on the study roofs.
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Fig. 5.3 71 Filter SIRM from 1 hour pumped air samples taken on 27 July 2011,
showing the lower levels of magnetisable particulate matter at the Firs control site.
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Grouping the data by species (Fig. 5.4) shows SIRM was influenced by time,

with an increase seen from start of study to end. This effect of time was
significant. (RMANOVA, F=12.914, p = 0.01). There was a general trend
noticeable whereby the highest SIRM values are recorded on Roof 1,

followed by Roof 2. The lowest SIRM values were seen at the relatively

unpolluted control site. This influence of site location on SIRM was also

significant as evidenced by between-subjects effects of site (F=103.27,
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Fig. 5.4 1 Leaf area-normalised SIRM values of the study green roof species; (a) A.
stolonifera, (b) F. rubra, (c) P. lanceolata, and (d) S. album at the three study sites
(note the differing y-axis scales). Upward trends over the study period are
noticeable, with Roof 1 capturing more PMy, than Roof 2
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The increases in SIRM over the study period were found to be significantly
different between sites (LMM, F=55.76, p=0.01), with Roof 1 producing the
strongest effect on the SIRM increase. Fig. 5.5 shows the SIRM enrichment
ratios, the ratio of each roof over the control site, at each sampling event.
The plants on Roof 1 were clearly capturing more PMyo than those on Roof 2.

The two roofs displayed a similar trend for the latter half of the study.
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Fig. 5.517 SIRM enrichment ratio of the two roadside sites to the less polluted control
site showing the higher enrichment on Roof 1 than Roof 2

Wind rose analysis of data from Roof 1 showed that the prevailing wind
direction throughout the study was predominantly from the south west,
especially in the drier final two weeks. These winds would potentially be
carrying large amounts of road derived pollution from the proximal, southerly
located Mancunian Way, which would explain the higher SIRM values at this

site.
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5.4.2 Species comparisons

Grouping the data by site (Fig. 5.6) shows a trend in the ability of the different
species to capture magnetic PM;o could be seen to follow the order A.
stolonifera > F. rubra > P. lanceolata > S. album. Between-subjects effects
showed significant effects of species on the leaf SIRM levels (RMANOVA,
F=65.93, p=0.01), so some species were clearly collecting particles faster
than others. Significant effects of species (LMM, F=34.99, p=0.01) were
noted, with A stolonifera producing the best estimates, as well as higher
SIRM values.

35
=4 stolonifera (2]
30 F. rubro
=P lgnceolata
25 i 5 album
3
2
g 20
-3
H]
=
» 13
e
=
-t
10
5
a T T T T T T T T T T T T T
x
S S B B ot o @i’& &
BTLOT T T BT 0T T T T f,p»vo’bv\\
Date
80 35 )
—4—A_stolonifero —4—A_stolonifero @
(b)
70 F. rubro 2 F. rubro
= F_lonceoloto =de=P_|onceoloto
S.olbum
60 i 5 glbum 3.0l
25 A
Ts0 =
: 2
i g 20
= 40 -3
£ g
£ w15 -
g 2
2
20 A 10
10 5 |
a T T T T T T T T
0 T T T T T T T
R R I e T B B B B PR - -
L S S L P S L~
LA AR S P A s Kt %\\@Q e\q%\\@p&@&q%@q Sg\%\\)\q
Date N R AR e 7 v
Date R

Fig. 5.6 1 Leaf area-normalised SIRM values of the study species at each of the
three sites; (a) Control, (b) Roof 1, and (c) Roof 2 (note the differing y-axis scales).
Upward trends over the study period are noticeable with A. stolonifera displaying the
highest particle capture
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The SEM images in Fig. 5.7 show the different leaf surface
micromorphologies of the four green roof species and the predisposition of
the particles to accumulate within parallel grooves, especially for the grasses,
A stolonifera and F. rubra. P. lanceolata and S. album also have grooved
surfaces but the grooves are randomly distributed at the boundaries of
tessellating plate-like structures. The grooves are more pronounced with P.
lanceolata than S. album, and the latter also has a waxy surface, which may
explain the higher particle capture efficiency of P. lanceolata. Small barbs on

the surface of A. stolonifera leaves could also enhance particle capture.
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Fig. 5.7 7 SEM images of leaf surfaces of the four study species (X800 7 1600 mag.)
with higher magnification images of selected spherules (X128001 25600 mag.)
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The grains present on the leaves were of varying shapes and sizes.
However, a number of grains were found to be the spherule shape
characteristic of vehicle exhaust produced PM;, formed from cooled droplets
(Maher et al. 2008). Spot EDX analysis of these spheroidal particles yielded
high Fe concentrations. Elemental mapping of a cluster of particles also
showed a high occurrence of Fe i rich particles in the 217 5 um range with
larger particles being rich in silica (Fig. 5.8), indicating a geogenic source for
these larger particles (De Berardis et al. 2007).

g ap 20.0kV x6400 2um ——

FeK SiK

Fig. 5.8 1 EDX for P. lanceolata abaxial leaf surface indicating distribution of iron
and silica within a particle cluster

The results of the ICP-OES analysis of the upper and lower soil horizons
from the plant trays showed no significant spatial or temporal differences in
levels of Fe, Al, Ni, Pb or Zn.

Leaf Fe concentrations did not increase over the duration of the study despite
a fairly high correlation between leaf SIRM values and Fe concentrations (r =
0.67, p=0.01). Table 5.1 shows this relationship, with clear SIRM increases
for all species and sites, but a rather erratic pattern for leaf Fe concentrations.
The extent of these increases from start of study to finish manifests with the
grasses showing higher average SIRM increases than P. lanceolata and S.
album. Fe concentration increases were mostly apparent on the roofs, with
the control site showing decreases or a minimal increase in the case of F.

rubra.
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% increase SIRM % increase iron concentration

Control | Roof 1 | Roof 2 | Average | Control | Roof 1 | Roof 2 | Average

A. 278.76 | 114.36 | 133.90 | 175.67 | -24.79 | 35.04 | -11.81 -0.52
stolonifera

F. rubra 28.02 | 295.69 | 243.27 | 188.99 0.76 | 139.66 | 90.93 77.12

P. 93.84 | 74.78 | 180.65 | 116.42 | -60.88 | 86.28 | 124.36 | 49.92
lanceolata

S.album | 70.62 | 14.79 | 4.82 30.08 | -41.20 | -32.80 | 7.41 -22.2

Table 5.1 7 Percentage increase in SIRM values and iron concentration over the
duration of the study, showing clear increases in SIRM but variable patterns for iron
concentration

CA|1A|2A| CF |1F |2F | CP | 1P | 2P |CS| 1S | 2S | 1Pl |2Sy
1A |.833
2A |.462| .166
CF ].478| .253(.200
1F |.468| .426|.569|-.092
2F |.774| .701].740( .398|.579
CP ].622| .594(.539| .200(.682(.823
1P |.307| .401|.378|-.081|.747|.611| .804
2P |.462( .400|.713( .414|.478|.825| .815|.627
CS |.388| .192(.637| .384|.569(.521| .626|.404|.719
1S |.749| .741|.156| .193|.484|.576| .538|.440(.185|.114
2S |.085(-.204|.571(-.116|.341(.143| -.067(.185|.126( .099| -.077
1PI |.303( .471|.045|-.194|.554|.382| .801|.741|.441|.327| .462|-.310
2Sy|.680( .653|.614| .284|.799(.874| .918(.815|.794(.606| .546( .101|.648
2H |.609| .711).490| .222|.712(.808| .816(.787|.773|.448| .458( .110|.623(.935

Table 5.2 7 Correlation matrix for the SIRM values of the study species
(A = A. stolonifera, F = F. rubra, P = P. lanceolata, S = S. album, Pl = P. acerifolia,
Sy = S. novae-angliae, H = H. inodorum) at each site (C = Control, 1 = Roof 1, 2 =

Roof 2) showing wide variability. Bold values indicate significance at the 0.05 level.

105




The correlations in Table 5.2 show varying inter-species relationships, with S.
album generally having the lowest correlation with other species (average r =
0.31), and the two permanently located species on Roof 2, S. novae-angliae

and H. inodorum, having the highest correlations. Their correlation with each
other was very high (r = 0.94). Their permanence at the site could mean that

they are well-equilibrated with atmospheric PM.

The best correlations between rolling averages of ambient PMi against leaf
SIRM values (Table 5.3) were seen with the Roof 1 samples. This is possibly
due to their location closer to Piccadilly gardens. Good correlations were
also seen with the permanent shrubs, S. novae-angliae and H. inodorum, on

Roof 2, again indicating a potential equilibration with atmospheric PM.
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Site

Control Roof 1 Roof 2
A F P S A F P S Pl A F P S Sy H
r 0.39 -0.16 0.55 0.07 0.65 0.69 0.62 0.45 0.65 0.02 0.42 0.24 -0.14 0.64 0.70

Table 5.3 7 Correlations of area-normalised leaf SIRM values with rolling average ambient PM,o concentration (A=A. stolonifera, F=F. rubra, P=
P. lanceolata, S=S. album, PI=P. acerifolia, Sy=S. novae-angliae, H=H. inodorum)
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Fig. 5.9 1 Daily rainfall totals and leaf area-normalised SIRM values of the
O6permanent 6 gr een r cheightteeammopysvisich showla cledr e
increase in the drier second half of the study period

The increase of the SIRM values of the permanently located green roof
species and roof height tree canopy in the drier second half of the study
period (Fig. 5.9) suggested increasing PMjg levels in dry conditions, as would
be expected. However, the SIRM decrease after rainfall events exceeding
2mm, noted in Mitchell et al. (2010), did not exhibit a particular pattern.
Although the results suggest a non uniform response to rainfall events by
species type, it can be seen that the larger rainfall events within the period 16
i 22/07/2011 produce a decrease in the SIRM values for most species at
most locations (Fig. 5.4). The reverse was also apparent, i.e. a lack of

rainfall allowed the SIRM values to increase, as seen in the drier period
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towards the end of the study. This dry period also produced a rise in ambient

PMyo as seen in Fig. 5.2.
5.5 Discussion
5.5.1 Spatial differences in PMy, capture

The site specific trends were found to be significant with Roof 1 being the site
with the highest particle capture rates, due to its location downwind of a
major source. Roof 1 is slightly different from Roof 2 in that it is adjacent to a
raised busy inner city motorway which is only a few metres lower, and
prevailing winds cross this motorway before reaching the roof. This could
imply that Roof 1 represents a receiving environment for a local source of
PM3io whereas Roof 2 is more dominated by urban background PMiq
deposition. The high Fe contents of the particles found by EDX on samples
from Roof 2 might indicate the vehicular source of the matter in this location,
which confirms the suggestion for a considerable input from transport related
PMyo at the sites. The agglomerated clumps of particles found were quite
common and are potentially due to magnetic interactions between particles
(Mitchell and Maher 2009).

Spatial patterns of PMjg exist in the data with the three urban centre
locations, Roof 1, Roof 2 and Piccadilly, displaying similar trends in ambient
PM3 and Roof 1 plants having the highest correlation with the rolling
average Piccadilly ambient PM;o data. These spatial patterns support
previous work that suggest the utility of biomagnetic monitoring for capturing
fine-scale spatial variations in PM;o concentrations (Mitchell and Maher 2009;
Hansard et al. 2011). However the green roof species in this study, while
useful due to their evergreen nature, would need further study into the time

taken to equilibrate, as the results suggest equilibrium is yet to be reached.

This delay to equilibration is evidenced by the moderate leaf SIRM
correlations between the species, and the fact that the highest correlation of r
=0.95 was seen between the two permanent species on Roof 2, indicating
that they have had enough time to equilibrate. Underlying species differences

in the time taken to equilibrate could also be influencing the correlations.
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Kardel et al. (2011) also found a progressive increase in leaf SIRM of
deciduous trees over a whole growing season, even when relative change in
ambient PM;owas negative. Equilibration times as short as 6 days have
been found for roadside trees (Mitchell et al. 2010), however Lehndorff et al.
(2006), investigating needle SIRM for the evergreen Pinus nigra, observed
26 months taken for equilibrium to be reached, with an increase in SIRM for
the first 20 months. This has implications for any conclusions made on PMo
removal quantities based on the results of this study. Net particle to leaf
deposition will be expected to remain positive after the end of the study so
calculations of PMyo removal might be underestimates of the true capture

efficiency.

The lack of equilibration means the increase in SIRM values over the limited
study time period can be viewed, for Roofs 1 and 2, as species and site
specific temporal trends triggered by moving from a low pollution
environment to a high one. For the control site, incremental SIRM values are
due to the fact that while the site is relatively unpolluted and remote from
major road sources, there is still a peri-urban background PMs, signal.
Ambient PMyg levels inside the greenhouse at the control were very similar to
those at the study roofs (Fig. 5.2), however, a larger fraction of this will be
non-magnetic, biogenic PM;o such as pollen and condensed Biogenic
Volatile Organic Compounds (BVOCS) (Litschke and Kuttler 2008). The filter
SIRM values in Fig. 5.3 confirm this, with a lower magnetic signal identified

from air sampled at the control site.

Rooftops, both by their distance from, and obliqueness to, urban streets,
represent an environment slightly removed from the vehicular source of
urban PMjo. Roadside PM;, concentrations have been found to be 100%
higher at 0.3 m than at 1.5 m height (Mitchell and Maher 2009) indicating a
decrease with height. This means that PMo deposition to rooftop surfaces is
dependent on aerial transport mechanisms via winds within the Urban
Canopy Layer (UCL) and gravitational deposition of particles from within this
mixed layer. Litschke and Kuttler (2008) stated that to be an effective filter of
urban air masses vegetation must be located as near as possible to the

emission source.
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5.5.2 Species differences in PMyo capture

The SEM images (Fig. 5.7) show differences in the micromorphology of the
leaf surfaces which may go some way in explaining the species differences in
PMso capture. The parallel grooves on the leaves of the grasses can trap
particles and prevent their resuspension. Hairy Tilia leaves have been found
to be more efficient at particle capture than smooth leaved Tilia species
(Kardel et al. 2011). Mitchell et al. (2010) observed plant species with hairy
or ridged surfaces have a significantly higher leaf SIRM than those with a

waxy or smooth surface, such as P. lanceolata and S. album.

The macro morphological influences on particle capture must also be
considered, with the grasses having dense arrangements of long thin blade-
like leaves which may affect the near-surface air flow and enhance
deposition (Litschke and Kuttler 2008). P. lanceolata, with its radial
arrangements of lanceolate leaves, and S. album with its tendency to form
low-lying mats and cylindrical leaves, may increase the near-surface

roughness length to a lesser degree than the grasses.

The weak correlation between SIRM and Fe concentrations is potentially due
to the nature of the SIRM measurement technique which is an indication of
total concentration of magnetic particles (Muxworthy et al. 2003). Different
Fe-containing minerals such as haematite and magnetite, have differences of
mass specific SIRM at least an order of magnitude apart atthe 1 7 10 um
size range (Walden 1999). This unaccounted for variation has the potential
to weaken the relationship between SIRM and presence of Fe minerals. A
possible solution to this would be to use incremental ARM acquisitions to
characterise the proportions of Fe containing minerals present (Walden
1999). The decoupling between SIRM and Fe may be due to species
dependant effects from cycling of plant intracellular Fe, via soil uptake
(Marschner et al. 1986) or surface absorption through the cuticle (Peachey et
al. 2009). Further work could explore whether stronger correlations with
SIRM may be achieved with Fe concentrations in leaf surface deposits,

obtained through leaf-washing (Freer-Smith et al. 2005).
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The soil metal concentrations did not change during the course of the study.
This is potentially due to the brevity of the study being unable to capture the
long-term nature of what is presumed to be a small flux of metal-containing

particulates to soil.
5.5.3 Implications of wider green roof implementation

The species differences in particulate capture have implications for any roof-
greening projects that have the specific aim of pollution remediation, with a
necessity for increasing the near-surface roughness apparent. Intensive
green roofs, which have a deeper substrate able to support the larger above-
surface biomass, would be preferable, however higher installation and
maintenance costs are associated with these (Clark et al. 2008). Green roof
impacts may be mostly operating via reduction of urban background levels
within the UCL, but certain locations adjacent to strong sources, as with Roof
1, indicate that strategic planting informed by location may be a key

consideration.

Quantifying particulate removal by green roof vegetation at the city scale can
give an indication of the potential benefits of green roof installation. The
removal rates achieved by grasses in Table 5.4 are higher than the 1.12
g/m?lyear for short grass and 1.52 g/m?/year for tall herbaceous plants
reported by Yang et al. (2008). Figures for trees in US cities are in the range
0.471 11.2 g/m?/year with an average of 3.8 g/m?/year (Nowak et al. 2006). In
comparison to trees, green roof species do not perform as well, however the

grasses, especially F. rubra, come close.
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Species g/m?lyear Tlyear under max green
roof scenario

A. stolonifera 1.81 +0.06 0.9+0.03

F. rubra 3.21+0.1 1.61+0.05
P. lanceolata 0.49 £ 0.02 0.25+0.01
S. album 0.42 £ 0.01 0.21+0.01

Table 5.4. Estimates of quantities of PMy, captured by the study species with = 5%
sensitivity to winter reduced rate. Higher removal rates were achieved by the
grasses A. Stolonifera and F. rubra

The green roofing potential of Manchester city centre and the Oxford Road
corridor, 326 ha in area, was quantified using aerial photography in ArcGIS
software. Polygons were constructed for all potential green roofs, based
wholly on whether the roof was flat, and no consideration given to structural
considerations. The total area of potential green roof coverage was found to

be approximately 50 ha (15.3% of the

green roof scenariob6 was postul ated,

selected area of city centre Manchester has an extensive sedum roof.
Emissions of PMy for this area are estimated to be 9.18 tonnes per year,
based on an emissions inventory (HFAS 2011), and the area is mostly
classed as an AQMA (Defra 2011a).

The potential removal of particulate matter under this scenario is 0.21 metric
tonnes a year (Table 5.4). This equates as 2.3% (+£0.1%) of the PMyg
emitted by the scenario area, which is a considerable removal amount.
Larger quantities could be removed with grass roofs evidenced by the 9.8 1
17.5% in the scenario, for A. stolonifera and F. rubra respectively.
Consequently, intensive greening can be beneficially employed in critical
locations adjacent to PM;o sources, and extensive green roofs installed in

background locations. Sequestration of the metal-containing particles within
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the substrate layer of the green roof is expected (Berndtsson et al. 2009).
Further research is needed, however, into the long term fate of these

particles and whether green roof substrates would reach pollutant saturation.

Despite the distance from sources, the results presented here suggest that
green roof vegetation has a sizeable impact on particulate matter levels in
the mixed layer. The benefit of reduced particulate air pollution in cities is

further evidence for the multi-beneficial nature of green roofs.
5.6 Conclusion

1 The grasses A. stolonifera and F. rubra were found to have higher
particle capture efficiency than the invasive weed P. lanceolata and
the commercial extensive green roof species S. album. This should
be considered if green roofs are being constructed with the aim of air

pollution reduction.

1 Both macro and micro morphological reasons for differences in

capture efficiency were posited.

1 Spatial differences in leaf magnetic SIRM of the green roof species

were observed with proximity to PM;o sources being a main factor.

1 Green roofs act as passive filters of airbourne particulate matter.
While not as effective as street trees, due to lower surface roughness
lengths and increased distance from sources, they can be considered
for remediation of urban air pollution because their construction does
not require major upheaval of the urban built environment, as tree-

planting schemes often do.

1 0.21 tonnes of PMyo a year were removed from Manchester city centre
in a scenario involving all flat roofs within a chosen area being
installed with an extensive green roof. This is the equivalent of 2.3%
of the PMyo inputs of this area. Larger quantities can be removed with

grass roofs.
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6.1 Abstract

Green roofs are increasingly being utilised as urban climate adaptation
measures given good evidence of their passive cooling effects. Shading of
conventional building surfaces, higher albedo and latent cooling from
evapotranspiration mean that vegetated surfaces can be used to significantly
lower surface and air temperatures in cities. The extent to which cooling
properties may be affected by poor maintenance, green roof damage and the
general health of the vegetation is not as well known. This study
investigates the ability of an intensive green roof in Manchester, UK, to cool
the air above it relative to an adjacent conventional, concrete roof. The
monthly median air temperature was found to be 1.06°C lower at 300 mm
over the green roof. Diurnal trends were apparent, with strongest cooling of
1.58°C, occurring at night when Urban Heat Islands are most common. A
section of green roof was damaged by mismanagement in a drought period,
which allowed an investigation into the impairment to the cooling effect when
large areas of bare substrate are present. Daytime temperatures were
higher over this section of the roof than over an adjacent healthy green roof,
being a maximum 0.63°C warmer than the bare roof on average, in the late
morning. Cooling still occurred at night, albeit with a lower maximum
average relative cooling of 0.78°C. Implications of the spatial influence of
green roof cooling are discussed along with the need to undertake careful

maintenance and irrigation of the roofs for the benefits to be maintained.
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6.2 Introduction

Green roofs have been widely researched to assess their role as adaptation
strategies for high urban temperatures using both empirical (Kéhler et al.
2003a; Spolek 2008; Teemusk and Mander 2009), and modelling studies
(Barrio 1998; Niachou et al. 2001; Alexandri and Jones 2007). The need to
ameliorate the Urban Heat Island (UHI) effect is given added importance
when the effects of climate change are factored into high urban temperatures.
An increase in the frequency of summer heat wave events (Murphy et al.
2009) implies that UK urban areas could become thermally uncomfortable
places to live in the future. The European heat wave of 2003 claimed an
estimated 70 000 lives (Robine et al. 2008), of which over 2000 were in
England and Wales (Larsen 2006). A large number of the fatalities were
located in urban areas due to the high population densities there, with half
the worl dés popullUNRI09,andlalsoduertoghe natureofi t i e s

the built environment.

Urban areas are abundant in materials with a high thermal capacity such as
concrete and asphalt (Taha 2004). This, along with anthropogenic thermal
inputs (Smith et al. 2009) and urban canyon effects (Landsberg 1981), is one
of the contributors towards the UHI phenomenon, whereby cites in the UK
can be up to 7°C warmer than adjacent rural areas (Wilby 2008).
Conventional urban surfaces are also distinctly lacking in evapotranspiring
surfaces leading to differences in the partitioning of short-wave radiation in
an energy budget (Oke 1982). A lack of vegetated surfaces means less
incoming solar energy is used for latent cooling. It can be argued that UHIs
are currently not as big a problem for UK cites as for other international cities
because they reduce winter heating costs (Landsberg 1981), but predicted
higher temperatures in a future climate may exacerbate summer warm
conditions. Additionally, regions presently with cooler average temperatures,
such as North West UK, have lower adaptation thresholds, in terms of high

temperature-mortality relationships (Armstrong et al. 2011).

High temperatures can occur in areas home to vulnerable populations

causing an increase in the risk of human health impacts in cities (Donaldson
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et al. 2001, Lindley et al. 2004). When the temperature is close to human
body temperature of 37°C, physiological stress can occur (Larsen 2003). At
the extreme end of the UKCPOQ9 probabilistic predictions there is a 10%
likelihood that the Manchester conurbation will experience temperatures of
20-22°C during warm summer nights (Cavan 2010). It is at night that the
effects will be most felt because city residents will be indoors with an
associated reduced ability to seek refuge from overheating. Quantifiable
climate risk indices were investigated for Manchester (Smith and Lawson
2012) with threshold exceedance of meteorological variables, such as days
with maximum daily temperature greater than or equal to 29.2°C, found to be
indicative of weather-related impacts. In a future UK climate, four more heat
wave events per year are predicted, along with a summer rainfall decrease of
17% (Murphy et al. 2009).

Adaptation to rising temperatures is becoming as important as mitigation of
greenhouse gas emissions, and includes techniques such as designing
buildings to minimise incident solar gain or increase ventilation (Gupta and
Gregg 2012). Passive cooling from increasing the amount of greenspace in
the built environment is increasingly being seen as a beneficial adaptation
technique, preferable to increasing reliance on mechanical air conditioning.
The latter increases urban electric demand in summer (Akbari et al. 2009)
and also contributes to increased greenhouse gas and air pollutant levels
from the burning of fossil fuels by electricity-producing facilities to meet this
demand (Solecki et al. 2005). Microclimate modification by vegetation is
achieved in three ways. Plants shade buildings, and there is a localised
increase of latent cooling via evapotranspiration (Solecki et al. 2005) and
additionally there may be an increase in solar reflectance due to the higher
albedo of leaf surfaces compared to building materials (especially in

temperate and cold climates) (Grant et al. 2003).

Green roofs are being utilised increasingly in climate change adaptation
strategies and as a means to reduce the costs associated with mechanical
air conditioning (Castleton et al. 2010). Large scale roof greening was
suggested to have the indirect benefit of a 25% reduction in urban electricity
use by reducing UHIs (Akbari and Konopacki 2005), on top of direct energy
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savings for individual buildings (Sailor 2008). Green roofs have an additional
benefit of needing no major upheaval of the existing urban infrastructure in
order to accommodate the vegetation. A hindrance to extensive greening of
urban centres is the competition for expensive building space and the fact
that the fundamental layout of cities is unlikely to change for some years
(Wong et al. 2003). A study into the potential of trees to climate-proof
Manchester found that the limited space available for tree planting meant that
tree cover could only be increased by up to 5.3%, which was not sufficient to
keep surface temperatures at current levels even up the 2020s (Hall et al.
2012). A solution is to utilise the available space afforded by rooftops.
Estimates of urban rooftop coverage vary greatly but can be as high as 35%
of the land cover (MacMillan 2004), and 15% of the city centre area of
Manchester is composed of flat roofs that could potentially support a green
roof (Speak et al. 2012).

Urban greening schemes often require careful planning and installation,
incorporating design techniques to maximise irrigation for instance, and the
resulting green space can need certain maintenance procedures. In the case
of green roofs this entails regular weeding and irrigation in dry periods. The
cooling properties are dependent on the lush vegetation and any impairment
to this cover can reveal large areas of soil substrate which can alter the
thermal properties of the roof. Data from Wong et al. (2007) indicate surface
temperature increases of up to 10°C and overlying air temperature increases
of around 2°C after a new extensive green roof was constructed in Singapore,
and incomplete foliage cover was a major reason for this. Bare substrate
was also responsible for surface warming on a green roof during warmer
months at higher latitudes (Teemusk and Mander 2010). These studies have
brought to light this deleterious effect of the bare substrate and a need for
further research into this area is apparent. The shallow substrates of green
roofs mean they are prone to drying out, and climate projections for less
summer rainfall indicate that drought may become a threat to plant survival if
artificial irrigation is not in place. Modelling studies often assume no drought

stress on the green roof vegetation component (Gill 2007), so correct
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parameterisation of the reduced cooling during drought periods will improve

green roof modelling capabilities.

The aim of this study is to investigate how the cooling effects of an intensive
green roof are affected by adverse conditions. The objectives are thus
twofold. Firstly, to quantify the cooling effects of the green roof when
compared to an adjacent bare roof. Secondly, to look at how this cooling
effect is affected when a combination of mismanagement and drought
severely damages the green roof vegetation. In situ monitoring of air
temperatures above an aged green roof, can reveal thermal characteristics
that will be useful when considering the impact of green infrastructure on
UHIs both now, and in the future when climate change projections manifest.
A recent meta-analysis by Bowler et al. (2010) revealed that the majority of
studies comparing air temperature measurements of green and non-green
urban areas were focussed on parks and trees, with green roofs being less
studied. Most green roof studies concentrate on surface temperature
reductions and subsequent lowered heat transfer into buildings and reduction
in cooling loads (Niachou et al. 2001; Sfakianaki et al. 2009). By
investigating the effect green roofs have on the local microclimate, this study
will provide novel data on how they can aid UHI reduction and improve
thermal comfort in cities. Additionally, investigating their performance when
damaged can help provide valuable information on how their usefulness
within urban greening schemes can be compromised, which is important

information for greenspace managers.
6.3 Methodology
6.3.1 Site Description

Manchester is a large city in north-west England with a population of 498 000

(MCC 2010). As one of the worldés first indu
long history of the climatic effects of urbanism such as smog, and today aims

to be a 60greend &MacKilap2013).tSaiiiaptihbterbanc i t y
climate research is ongoing in the city.
ground and air transects in summer and found to be ~3°C during the day and

up to 5°C at night (Knight et al. 2010; Smith et al. 2011). Analysis using
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stationary monitors, found the UHI of Manchester to be as high as 8°C in
summer and 10°C in winter, with a higher probability of UHI occurrence in

summer (Cheung 2011).

A green roof within the University of Manchester campus, on the Precinct
building, was chosen for the study. The roof was chosen because it has a
conventional roof area (900 m?), consisting of concrete paving slabs,
adjacent to a large (408 m?) intensive green roof, which is 43 years old. The
area is classified as open midrise, characterised by a fairly open
arrangement of buildings of 37 9 storeys with some trees, typical of an inner
city university campus area (Stewart and Oke 2012). All areas of the roof
receive approximately the same amount of direct sunlight throughout the day
until late evening when the paved area becomes shaded by adjacent
buildings. The concrete paving slabs are not common components of
Manchesterdéds roof surfaces, which tend t
tiles on older Victorian buildings, or lightweight bituminous layers on modern
flat-roofed building stock. Therefore, the temperature data gained from this
roof are to be used in a comparative study against the adjacent green roof,

and not to be used in generalisations about other low-albedo roofs.

The green roof has a soil layer 170 mm deep, which supports a wide variety
of flora, including grasses, shrubs, rushes and small trees. The roof has,
however, suffered from poor maintenance and some parts of the roof are
dominated by invasive species such as Rubus fruticosa, Buddleja davidii and
Plantago lanceolata. The green roof is L-shaped with two distinct sections as
can be seenin Fig. 6.1. One area, G1, is dominated by patches of Juncus
species and Aster novi-belgii. G2 is dominated by Plantago lanceolata,
Senecio jacobaea, and the grasses, Agrostis stolonifera and Festuca rubra,
and has a narrow path running through the middle made of the same paving

slabs as the bare roof.

121



\ 4 .
MANCHESTER

‘Whitworth
observatory

Fig. 6.1 17 Map to show the location of Precinct study site and the monitor locations
on the roof

The green roof is of particular interest due to its age and the fact that the roof
was not constructed specifically for the study. Green roof studies with an
experimental component are often carried out on specially constructed roofs

or prefabricated green roof panels, i.e. the green element was under the
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control of the investigator (Harazono et al. 1990; Takebayashi and Moriyama
2007). It can be argued that studies of this type can over or underestimate
the benefits of actual green roofs. Investigating a well established, real roof
garden which is subject to local weather patterns, will reveal green roof
characteristics that can be sensibly applied to the real world. It must be
noted, however, that the study focuses on an intensive green roof, which
cannot be supported by a lot of existing buildings without a structural refit at
some cost to the building owner.

6.3.2 Monitoring

Temperature sensors (Tinytag 2PLUS TGP-4500) with an accuracy of £0.4°C
were housed 300 mm above the roof surface in Stephenson shields. Stands
were painted white to reduce convective heat inputs into the shields above.
Dry bulb temperature was recorded every 15 minutes synchronously
between all sensors. All the sensors were initially checked for accuracy
against each other by keeping in the same outdoor environment for a week
and comparing with a Rotronics Hygroclip hand held monitor, which has an
accuracy of £0.2°C and resolution of 0.004°C. Monitoring commenced with
one stand on the bare roof and one on the green roof area G1 (Fig. 6.1) on
05/06/2010. Two additional stands were added on 28/03/2011, with one
placed on green roof area G2 and one placed as an additional monitor on the
bare roof. Bare roof air temperatures were subsequently calculated as an
average of the two monitors. The stands were placed centrally within the
roof areas to avoid edge effects and minimise advection influences from
adjacent surfaces. Advection effects are further minimised by the long-term
monitoring approach and the open nature of the site. Sky View Factor is 1

for each stand, reflecting the open rooftop location.

Conclusions about the relationship between the air temperature above the
roof and the sensible heat flux must be made carefully, due to the potential
differences between the roof types. These arise from differences in flow over
the roof surfaces and eddy interference within the green roof vegetation
canopy. For the purpose of this comparative study, differences between the

roofs are indicative of differences in the thermal impact of the roof surfaces
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on the overlying air mass. Flux differences, measurable by eddy covariance
techniques, are assumed to be minimal, and air temperature is thus a
suitable descriptor of thermal differences between roofs as found in other
studies (Wong et al. 2003; Getter et al. 2011).

Spot monitoring of surface temperatures was undertaken in the second and
third summers of the study with a thermal imager (Fluke Ti25) on 27/07/2011
and 14/08/2012. Image analysis was carried out with Smartview software
(Version 3.2). Similar weather conditions were sought as much as possible
for these two comparison days, however, summer 2012 in the UK was
characterised by a lot of rain and below average solar radiation due to
persistent cloud, making the choice of day for spot monitoring difficult.
Nonetheless, the two days were very similar in amount of solar radiation
received and humidity. Soil moisture conditions were fairly similar, with the
2011 monitoring occurring 5 days after rainfall (3 mm) and the 2012 occurring
7 days after significant rainfall (4.3 mm) but with a small shower (1.2 mm) two
days previous. Peak daytime wind speeds in 2011 were 3.5 m/s compared
with 5 m/s in 2012 which contributed to maximum temperatures of 25°C in
2011 compared with 23°C in 2012.

A septum tensiometer (Skye Instruments) situated between G1 and G2
logged data from November 2010. This was converted to soil moisture
content using data from extensive soil characterisation experiments (carried
out and personally communicated by C. Agnew, 15/08/2012). Meteorological
data were available from the Whitworth Observatory (UoM 2012), situated

close to the Precinct roof (Fig. 6.1).
6.3.3 Data analysis

Data were found to be not normal using the Anderson-Darling test, thus non-
parametric data analysis was implemented. Monthly median temperatures
were compared between the three roof areas, as were daily temperature
cycles for the whole study period. Diurnal trends in the temperature
differences between the two green roofs and the bare roof were also
investigated. Data were organised by season for the latter analysis, defined
as winter (Dec, Jan, Feb), spring (Mar, Apr, May), summer (Jun, Jul, Aug)
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and autumn (Sep, Oct, Nov). Spring 2011 consisted of fewer readings due to
the new monitors only being placed on G2 and the bare roof in late March.
Statistical analyses were carried out using R (version 2.13.2) and SPSS
(version 16 for Windows).

6.4 Results
6.4.1 Vegetation dynamics

A major characteristic of this study is that it was carried out on an existing,
and aged, green roof compared experimentally to a bare roof. As a result, a
number of elements related to the structure of the green roof were out of
experimental control. Those of relevance to the study are the vegetation
types and their dynamics. Near the start of the study, there was a prolonged
dry period, during which G2 was intensively mowed, without irrigation, by the
building owners. This severely damaged the green roof vegetation, which
was predominantly grass, and resulted in large areas of substrate becoming
uncovered. Over the next two growing seasons, this was gradually colonised
by numerous wind-blown plant species and mosses. By summer 2012 G2
resembled a meadow, with some small bare patches remaining. G1 was not
mowed because grass was not dominant here, however, over the three
growing seasons of the study, G1 experienced a gradual spread of A. novi-
belgii. This herbaceous perennial forms dense thickets of growth up to 120

cm tall. By summer 2012 the monitor on G1 was surrounded by this growth.
6.4.2 Healthy green roof

The Spearman Rank Order Correlation between recorded temperature
values from each season was calculated. The temperatures are highly
significantly correlated (p<0.01) with R? values between 0.980 and 0.997.
The air temperature distributions by month are shown in Fig. 6.2. The
outliers represent the natural skewness of the monthly-averaged temperature
data, which tends to be positive in warmer months. The median temperature
is consistently lowest on G1, while the bare roof is most frequently the
highest. The difference between the two is 0.43°C on average (data range of

differences of 4.2°C cooler to 3.1°C warmer, S.D. 0.7°C), with a minimum
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average monthly difference of 0.1 °C in January 2012 and a maximum

average monthly difference of 1.06 °C in August 2012. Differences are

statistically significant for 9 of the 17 months, using the Kruskal-Wallis test

(Table 6.1). Post-hoc tests using Mann-Whitney test with Bonferroni

correction showed significant differences exist primarily between G1 and

Bare and secondly between G1 and G2. The magnitude of this cooling effect

in comparison to the bare roof can be seen in Fig. 6.3. G1 is consistently

cooler than the bare roof in every month. G2 displays similar trends, with a

lessened cooling effect in winter months, and in April 2012 which was

unseasonably cold. The cooling effect on G1 increases to a maximum at the

end of the study.

2011 Apr | May Jun Jul Aug Sep Oct Nov Dec
256 | 2.03 2.52 6.95* | 9.1** | 9.15* 6.4* 11.7% 7.68*
2012 Jan | Feb Mar Apr May Jun Jul Aug
5.69 | 2.33 4.87 1.82 1.38 15.08* | 19.71** | 30.01**

Table 6.1 Kruskal-Wa | |2 vauesd* = significant at p<0.05, ** = significant at

p<0.01)
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Fig. 6.2 7 Boxplots of the monthly air temperatures at 300 mm above the surface recorded on the three study roofs. G1 is the undamaged green

roof, G2 the damaged green roof and BARE is the adjacent conventional roof surface.
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Fig. 6.4 shows the daily cycle of the above-roof air temperatures averaged
hourly for the whole period that all four monitoring stands were in place. G1
displays the lowest temperatures throughout the 24 hour cycle, with a
maximum difference from the Bare roof between 21:00 and 22:00 of 1.18 °C.
However, the Bare roof has slightly lower temperatures, differing only by
0.1°C, from 11:00 to 12:00. G2 displays the highest temperatures during the
day, becoming cooler than the Bare roof in the late evening.
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Fig. 6.4 1 Average hourly temperatures for the period 28/03/2011 to 31/08/2012

The diurnal patterns of the temperature
roof temperature minus bare roof temperature, can be seen in Fig. 6.5,

organised by season. A broadly similar trend in all seasons can be seen

throughout the study whereby the air above the green roofs is much cooler

than over the bare roof at night, and either less cool, or warmer, during the

day.
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This cycle has a larger amplitude in warmer seasons with a maximum cooling

effect of -1.58 °C seen on G1 at the 21:00 time period of summer 2012. The

timing of this maximum cooling effect in the late evening is also seen on G2

i n the summers of 2011 and 2012 and spri
more likely to become positive in warmer seasons, however the timings of

the switch to positive values and when the peak positive value occurs vary.

The larger amplitudesinsummer st art with | arge daytim
in Summer 2010 but this becomes dampened in subsequent years, with G1

being cooler than the Bare roof for a larger proportion of the time in summer

2012. The peak cooling effect of the green roofs tends to occur in the late
evening at around 22: 00 hours, foll owed
zero until the rising sun starts the diurnal thermal budget cycle again.
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Fig.6.51 Di ur nal trends of t he Heteeepthergee¢nuoofareas anid thecorevantioeal r¢ofiafeq for each season
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