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With the recent conclusion of an eight-
year campaign to plant one million trees, New 
York is arguably the first large US city to fund 
green infrastructure at a level comparable to 
traditional grey infrastructure. At a cost of 
more than $600 million, New York’s expanded 
tree canopy is expected to offer much more to 
residents than leafy urban streets: the urban 
forest is viewed as a first line of defense against 
rising temperatures, intensifying storm events, 
and exacerbated air pollution with climate 
change. The first to attain the one million new 
trees mark, New York is unlikely to be the 
last. For, as the environmental and economic 
values of green infrastructure as a complement 
to engineered storm sewer systems are well 
demonstrated, green infrastructure offers a 
strategy for combating a growing public health 
risk in cities for which no grey infrastructure 
exists: the risk posed by a rising frequency of 
extreme heat.

To date, the principal adaptive measure 
for reducing heat exposures in US cities is 
mechanical air conditioning (Anderson & Bell, 
2009; Braga et al., 2002; Chestnut et al., 1998). 
While expanded access to air conditioning 
among urban residents has been found to lower 
the risk of heat-related illness and mortality, 
this adaptation fails to address outdoor 
exposures to heat for urban populations, or 
indoor exposures for those lacking continuous 
access to mechanical cooling. Perhaps most 
problematic is the potential heat exposure 
during electrical grid failure events, which are 
occurring in US cities with a greater frequency. 
Confronted with the need to manage a growing 

risk of extreme temperatures in cities, a 
threat compounded by the very design of 
the city itself, a large number of municipal 
governments are undertaking or exploring 
significant investments in green infrastructure 
to lessen climate-related risks to urban 
populations.

In this paper, we survey the most recent peer-
reviewed literature on green infrastructure 
to assess its demonstrated effectiveness 
in moderating urban temperatures and, 
as a result, lessening energy consumption 
and associated greenhouse gas emissions. 
The paper addresses several key questions. 
First, what physical changes are driving the 
rise of temperatures in cities and to what 
extent can municipal governments manage 
changing urban climates? Second, what is 
known about the effectiveness of tree canopy, 
open greenspace, and building-integrated 
vegetation, such as green roofs and walls, 
in moderating temperatures and reducing 
energy consumption by buildings? Third, 
what non-heat-related benefits are associated 
with green infrastructure in cities, as well as 
limitations and costs associated with this class 
of adaptation strategies? Last, what specific 
recommendations can be incorporated into the 
work of the Trust for Public Land in developing 
green infrastructure projects for cities?

1  Introduction
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2.1  Drivers of climate change in 
cities
Climate change in cities is driven by both 
global and regional warming phenomena. 
At the global level, rising greenhouse gas 
concentrations are enhancing the natural 
greenhouse effect that serves to trap outgoing 
longwave radiation from the Earth’s surface 
and warm the atmosphere. At the regional 
scale of cities, four specific changes in urban 
environments give rise to a separate warming 
mechanism, the urban heat island (UHI) effect, 
which has been found in recent decades to 
be the principal driver of rising temperatures 
in cities (Stone et al. 2014). These physical 
changes in cities include: 1) the loss of 
natural vegetation to urban construction; 2) 
the introduction of non-vegetative surface 
materials that are more efficient at absorbing 
and storing thermal energy than natural land 
covers; 3) high density urban morphology that 
traps solar radiation; and 4) the emission of 
waste heat from buildings and vehicles.

These four warming mechanisms in cities 
elevate the quantity of thermal energy 
retained and emitted into the urban 
environment through distinct pathways. The 
loss of trees and other natural land covers 
contributesto a warmer environment through
a reduction in shading and, most importantly, 
a reduction in evaporative cooling – the 
process through which plants use solar 
energy to convert water to water vapor (EPA, 
2008; EPA, 2013; Bowler et al., 2012). Shading 
reduces solar heat gain on windows, walls, 

and roofs, which has a direct effect on energy 
consumption for cooling and is directly 
associated with greenhouse gas emissions such 
as carbon dioxide (Dimoudi & Nikolopoulou, 
2003). As water is transmitted through plant 
cells and released to the atmosphere as water 
vapor, heat energy is also transported away 
from the land surface in a latent form that 
does not contribute to rising temperatures 
at the surface. The displacement of trees and 
other vegetation by urban development results 
in less evaporative cooling, as less moisture is 
retained by impervious land covers.

Compounding the loss of surface moisture is 
the resurfacing of the urban environment with 
the bituminous and mineral-based materials of 
asphalt, concrete, brick, and stone – materials 
that contribute to higher temperatures 
through three mechanisms. First, urban 
construction materials such as asphalt are 
less effective in reflecting away incoming 
solar radiation, a physical property known as 
“albedo.” As the albedo or reflectivity of cities 
is lowered through urban development, the 
quantity of incoming solar radiation absorbed 
and retained is greater. Second, mineral-based 
materials tend to be more effective in storing 
solar energy than the natural landscape – a 
property that results in the retention and 
release of heat energy in the late evening 
and into the night, keeping urbanized areas 
warmer than nearby rural areas. Lastly, urban 
construction materials such as street paving 
and roofing shingle are generally impervious 
to water, and thus further reduce the amount 

2  Urban scale climate change
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of moisture that is absorbed and retained in 
cities for evaporative cooling.

A third physical driver of the UHI effect is the 
morphology or three-dimensional character 
of the urban landscape. In densely developed 
downtown districts, tall buildings and street 
canyons limit the extent to which reflected 
solar energy from the surface can pass 
unimpeded back to the atmosphere. As this 
reflected energy is absorbed by the vertical 
surfaces of the city, more heat is retained in 
the urban environment.

Lastly, cities are zones of intense energy 
consumption in the form of vehicle usage, 
the cooling and heating of buildings,and
industrial activities. As immense quantities of 
energy are consumed in urban environments, 
waste heat is produced that is ultimately 
vented to the atmosphere, contributing to 
rising temperatures. In some US cities, waste 
heat from energy consumption has been 
estimated to account for about one-third of 
the UHI effect (Hart & Sailor, 2009).

2.2  Public health
Heat is the primary weather-related cause 
of death in the United States, and heat-
related morbidity and mortality is expected 
to increase in cities as a result of warming 
global temperatures and intensification of the 
urban heat island (Davis et al., 2003; Harlan 
et al, 2011; Knowlton et al., 2007). One study 
predicts an annual increase of 28,000-34,000 
heat-related deaths in the United States by 

mid-century (Voorhees et al., 2011). 

One of the most significant impacts of the 
urban heat island is elevated nighttime 
temperatures. During a heat event, 
people need the relief of lower nighttime 
temperatures in order to recover from 
compounding heat stress that builds 
throughout the day (Moriyama, 1988). As the 
urban heat island retains heat and re-emits it 
through the night, this relief does not always 
occur. Sustained elevated temperatures pose 
a variety of risks to human health, including 
cardiovascular stress; thermal exhaustion and 
heat stroke; respiratory distress; kidney or 
liver failure; and blood clots (Kleerekoper et al, 
2012).

Due to these risks, it is important that those 
exposed to high temperatures gain access 
to methods of cooling, usually by means of 
air conditioning. However, extended periods 
of extreme heat can also result in power 
outages from excessive electricity demand 
for air conditioning (Miller et al., 2008). If this 
occurs, even those who can afford to own and 
use air conditioning become as vulnerable 
as those without. Certain social groups are 
particularly vulnerable to high heat, including 
those who are living below the poverty line, 
are elderly, or are socially isolated (Reid et al., 
2009). Implementing passive cooling strategies 
like vegetation in areas with vulnerable 
populations can substantially reduce heat-
related morbidity and mortality without 
reliance on electricity.
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2.3  Green infrastructure
Green infrastructure was originally identified 
with floodways, wetlands, or parks that 
would provide stormwater services like 
water filtration and flood control. More 
recently the definition has been expanded 
to include a variety of environmental or 
sustainability goals in cities through a mix 
of natural approaches (EPA, 2014; Foster et 
al., 2011). In this paper we limit our primary 
focus to vegetative green infrastructure 
and the associated cooling benefits gained 
from shading and evapotranspiration. The 
three major vegetative green infrastructure 
categories analyzed in this paper are urban 
trees and forests, parks and open greenspace, 
and building-integrated vegetation.

Urban trees and forests range from individual 
trees found in proximity to buildings to stands 
of trees on public or private land to larger 
scale urban forests. Parks and open greenspace 
include vegetated areas that consist of a 
combination of turf, shrubs, and trees, and 
that are not exclusively dedicated to forested 
land. Building-integrated vegetation includes 
green roofs and green walls Green roofs come 
in two varieties: extensive and intensive. 
Extensive green roofs use low-lying plants, 
like succulents, mosses, or herbaceous plants 
and grasses, while intensive green roofs utilize 
shrubs and trees, as well as shorted stemmed 
plants, and tend to mirror street level parks as 
areas of recreation and relaxation (FLL, 2002; 
Foster et al., 2011).

In addition to air temperature reductions, 

green infrastructure provides several direct 
and indirect benefits. Reducing surface and air 
temperatures around buildings leads directly 
to a reduction in energy use associated with 
cooling, thereby lowering carbon emissions. 
Vegetation also has a positive effect on human 
health through reductions in smog and other 
air pollution, reduced recovery times from 
mental / physical stress and fatigue, and can 
improve the overall health and well-being 
of urban residents (Akbari, 2002; Qin et al., 
2013; Velarde et al., 2007). We discuss these 
cobenefits in greater detail in the following 
sections.
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In this section, we review the literature on 
green infrastructure to document consensus 
evidence on the extent to which urban trees, 
open space, and building-integrated vegetation 
influence microclimates and lessens building 
energy consumption and carbon emissions, 
as well as any evidence on the optimal design 
of vegetative strategies for climate-related 
benefits.

3.1  Urban trees and forest
As described above, the urban forest of a 
city is composed of street trees, individual 
trees on private lots, and forest fragments 
in parks, along riparian corridors, and 
otherwise protected from development. Both 
observational and modeling studies have 
sought to document the benefits of trees for 
moderating ambient temperatures in cities.

3.1.1  temperature impacts

The significance of tree loss for a warming 
regional climate was first documented in 
rural zones subject to extensive deforestation. 
The widespread loss of rainforest canopy in 
the Amazonian basin of Brazil, for example, 
has been associated with a rise in regional 
temperatures of between 2 and 7°F (Pielke 
et al., 2007; Snyder et al., 2004; Costa and 
Foley, 2000). This warming effect through a 
reduction in evapotranspiration from trees is 
further compounded in urban environments, 
where tree canopy is often displaced by the 
impervious surfaces of roads, parking lots, and 
buildings.

In urban settings, tree canopy reduces local 
temperatures through both shading and 
evapotranspiration. While shading results 
in a direct cooling of surface temperatures, 
evapotranspiration can reduce local ambient 
temperatures not in the direct shade of 
the tree. Because this cooling effect is 
highly localized and context-dependent, 
the literature does not currently quantify a 
cooling potential per tree or per unit green 
area. However, several studies do explore 
average cooling potential in proximity to 
urban trees. Figure 1 documents a clear 
negative association between tree cover and 
land surface temperature.

Tree shading produces substantial benefits 
in the form of reduced surface temperatures, 
which are a major driver of the urban 
heat island. Shading can reduce surface 
temperatures on building walls and rooftops 
by as much as 45°F, and can further reduce 
solar gain through windows to reduce interior 
temperatures (EPA, 2008).

Evapotranspiration moderates air 
temperatures across a larger spatial extent 
than does shading. Placing trees in downtown 
urban canyons can reduce air temperatures 
by as much as 7°F (Loughner et al., 2012). 
Trees in residential neighborhoods have 
been observed to decrease local ambient 
temperatures by roughly 1-5°F (Ellis et al., 
2015; EPA, 2008; Shasua-Bar et al., 2009; Sung, 
2013). Climate modeling studies find the 
extensive planting of trees throughout cities 
to produce significant cooling benefits. A study 

3  Green infrastructure strategies



THE BENEFITS OF GREEN INFRASTRUCTURE FOR HEAT MITIGATION AND EMISSIONS REDUCTIONS IN CITIES 13

focused on tree planting throughout the Los 
Angeles, California, basin, for example, finds 
reductions in late afternoon temperatures of 
up to 3°F for the metropolitan area as a whole, 
offsetting much of the city’s average summer 
heat island (Rosenfeld et al., 1998).

Figure 1. Tree cover and land surface temperature in 

seven study neighborhoods (Sung, 2013).

In addition to the direct cooling of urban air 
through shading and evapotranspiration, tree 
planting throughout a metropolitan region 
can lessen temperatures in downtown districts 
by cooling air currents flowing toward city 
centers. A product of extensive impervious 
cover found in downtown districts, heated 
and rising summer air tends to create low 
pressure zones in these districts, serving to 
draw in air from surrounding suburbs. A study 
focused on Atlanta, Georgia, for example, 
finds the addition of tree canopy throughout 
a metropolitan region but outside of the 
urban core to reduce temperatures in the city 
center (Stone et al., 2013). Other work focused 

on Atlanta, finds a doubling of the region’s 
tree canopy – both inside and around the 
urban center – to reduce summer afternoon 
temperatures by as much as 12°F (Zhou & 
Shepherd, 2010).

Work by the Urban Climate Lab at Georgia 
Tech finds the cooling effects of new 
tree canopy and other vegetation to be 
greatly enhanced when combined with the 
installation of cool materials, such as highly 
reflective roofing and paving (Stone et al., 
2014). In this sense, the combination of new 
vegetation and cool materials at the project to 
neighborhood level yields significantly greater 
cooling benefits that the expansion of green 
infrastructure alone. This outcome is, in part, 
attributable to the spatial complementarity of 
these two heat management strategies, with 
cool material installations ideally targeted to 
areas less suitable for tree planting, such as 
expansive parking lots or rooftops.

3.1.2  carbon impacts

Trees can significantly reduce carbon 
emissions by reducing electricity consumption 
associated with air conditioning, but with 
various magnitudes of benefits, depending on 
context and scale. One study found that a 10% 
increase in shade coverage reduces electricity 
consumption by 1.29 kWh per day on average 
for residences in a suburban environment, 
equivalent to 2% of daily energy use (Pandit & 
Laband, 2010). Other studies find that shading 
can save up to 4.8 kWh per day for residential 
housing with associated annual carbon 
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emissions reductions of 10-11 kg carbon 
per tree (Akbari et al., 1997; Akbari, 2002). 
While the evidence is highly case-dependent, 
the literature suggests that shading can 
measurably reduce cooling-associated energy 
use.

At a larger scale, urban forests also contribute 
to regional cooling and can therefore reduce 
carbon emissions. One study estimates 
average annual savings of 36 kWh per tree, 
with savings in warmer urban areas up 
to 96 kWh per tree, or about 7% of total 
annual residential energy use (McPherson & 
Simpson, 2001). This evidence suggests that 
tree planting at any scale can have significant 
benefits on both the local and regional scale.

There is some evidence to suggest that urban 
trees sited in proximity to buildings are more 
effective at mitigating climate change than 
those in a forest far from development. One 
study finds that a tree planted in Los Angeles 
avoids the combustion of 18 kg of carbon 
annually, while at the same time sequestering 
4.5 - 11 kg of carbon (Akbari, 2002). That tree, 
due to the added shading benefits, is 3 - 5 
times more effective at reducing atmospheric 
carbon as a city tree than as a rural tree. 
Because of this added benefit associated with 
the shading of buildings, yard trees are found 
to reduce electricity consumption by over 11 
kWh per tree per year, compared to a 1.4 kWh 
reduction for non-yard trees (City of Portland 
Bureau of Environmental Services, 2010). This 
evidence suggests that tree planting initiatives 
should attempt to gain these additional 

cooling benefits, wherever possible, to 
maximize carbon reductions over the lifetime 
of the tree. Importantly, however, these 
findings may suggest the need to balance tree 
plantings designed principally to lessen energy 
consumption with those designed principally 
to moderate ambient temperatures, which 
may benefit most from planting sites away 
from buildings and adjacent to surface paving.

3.1.2 design strategies

 There is clear evidence that tree placement 
has a strong influence on cooling potential 
and carbon savings. Both models and direct 
observations suggest that trees configured 
in an east-west orientation have the greatest 
potential for cooling. Planting trees on the 
west side of buildings produces the greatest 
energy savings, but studies recommend 
placing three trees per building (one to the 
east, two to the west) for the greatest effect 
(Donovan & Butry, 2009; Rosenfeld & Romm, 
1996; Simpson & McPherson, 1996). Similarly, 
placing trees along east-west oriented streets 
cools ambient air temperatures more than 
along north-south oriented streets, up to 2.1°C 
for E-W, and only 0.9°C for N-S (Oliviera et al., 
2011; Sanusi et al., 2015).

It should be noted that some studies have 
found planting trees on the north side of 
buildings to increase summertime electricity 
usage by a small amount. This is believed to 
be due to the fact that a tree to the north of 
a building provides little to no shading and 
may reduce cooling from wind  currents. 
Overall, this potential cost is found to be 
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outweighed by the cooling benefits of shading 
and evapotranspiration associated with trees 
distributed around a building (Donovan & 
Butry, 2009).

Trees planted for shade should be relatively 
inexpensive to obtain and have a dense but 
moderate-sized crown to provide significant 
cooling benefits while at the same time 
reducing excessive pruning, watering, and 
removal expenses (Akamphon & Akamphon, 
2014). Urban tree selection should also be 
prioritized by species placement within 
regional hardiness zones (zonal temperature 
ranges to which trees are most well adapted). 
Recent work finds climate change to be 
shifting hardiness zones northward, rendering 
some species no longer suitable for planting 
in a particular city. One study finds more 
than one-third of trees historically adapted to 
Atlanta, Georgia, to be unsuitable for planting 
due to shifting hardiness zones over the next 
few decades (Lanza & Stone, in press).

A common finding in the literature is that 
mature trees yield greater cooling benefits 
than immature trees, so any tree planting 
initiative should prioritize the potential for 
tree longevity in site selection (Donovan & 
Butry, 2009; Sawka et al., 2013; Skelhorn 
et al., 2014). Selecting deciduous trees over 
coniferous will provide shading in the summer 
when it is needed, but restore sunlight to 
buildings in the winter when the leaves fall, 
thereby reducing heating costs (Pandit & 
Laband, 2010). While design aspects such as 
orientation may improve the efficiency of 

cooling, taking a long-term perspective on 
the savings over the lifetime of the tree may 
ultimately produce greater benefits.

3.2  Parks and open greenspace
The vegetative open space of parks, most 
typically characterized by a mix of turf, 
shrubs, and trees, can yield important cooling 
benefits to urban environments, and a range 
of benefits that can differ temporally or 
spatially from the urban forest.

3.2.1  temperature impacts

Parks and open greenspace cool primarily 
through evapotranspiration rather than 
shading. Due to their extensive area, the open 
greenspace of urban parks can produce an 
“oasis effect” with much cooler temperatures 
within them compared to the surrounding 
city. The magnitude of this effect ranges from 
roughly 2.7 to 7.2°F (Bowler et al., 2010; Doick 
et al., 2014; Shasua-Bar et al., 2009; Sugawara 
et al., 2015) and can extend beyond the park’s 
boundary. Even small urban greenspaces 
have been observed to make a big difference 
in local temperature, up to 12°F in one study 
(Oliveira et al., 2015).

In contrast to tree canopy, parks often provide 
greater cooling benefits during the night 
than during the day, with faster cooling rates 
if irrigated (Bowler et al., 2010; Gober et al., 
2010; Taha et al., 1991). As noted above, this 
cooling effect – at both day and night – has 
been found to exceed the area of the park 
itself. Though the cooling effects of parks are 
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found to drop off exponentially with increased 
distance, cooling has been observed to extend 
as far as 840 meters (0.52 miles) from the park 
boundary (Doick et al., 2014; Lin et al., 2015). 
The cooling extent is heavily dependent on 
wind patterns of the city. One study finds a 
cooling extent of 65 meters on the upwind 
side of a large park, but 450 meters on the 
downwind side (Sugawara et al., 2015). Cooling 
reach also depends on topography, as cooler 
air from the park will flow to lower elevation 
areas. Even on calm nights, the temperature 
differential can create a cool breeze from the 
parks extending as far as 200 meters. The 
cooling extent of parks can be improved by 
ensuring good air flow around the greenspace, 
with dense urban development tending to 
limit the flow of cooler air (Hamada et al., 
2010).

3.2.2  carbon impacts

While many studies investigate the cooling 
potential of parks and greenspace, it is not 
yet well established in the literature how this 
translates to carbon reduction potential. One 
of the few studies focused on this issue finds 
a park in Tokyo to provide a cooling potential 
of 7.8 MW of electricity, or the equivalent of 
2,600 room air conditioning units (Sugawara 
et al., 2015). More studies on this topic will be 
needed, however, prior to drawing informed 
conclusions on the emissions mitigation 
potential of parks and open space.

3.2.2  design strategies

There is strong evidence that the cooling 

potential of parks is directly proportional to 
park size, with larger parks producing greater 
cooling benefits (Bowler et al., 2010). Size 
has also been shown to be more important 
than shape, suggesting that bigger is better 
regardless of location (Jaganmohan et al., 
2016; Lin et al., 2015). As described above, 
locating a park at a high elevation may 
enhance its cooling extent as the cool air sinks 
into lower elevation areas. 

Park composition also has a strong impact on 
cooling potential. Several studies show that 
the inclusion of trees can enhance cooling 
over parks or greenspaces that have grass only. 
Even very small parks that are heavily forested 
can produce greater cooling effects than parks 
or lawns with only grass (Jaganmohan et al., 
2016; Wang et al., 2016). In fact, grass alone 
has a relatively small effect on temperature, 
while increasing water demand if irrigated. 
Parks that incorporate both grass and trees 
have been associated with a larger cooling 
effect and can reduce water demand by over 
50% (Shasua-Bar et al., 2009).

3.3  Building-integrated vegetation
Building-integrated vegetation assumes the 
form of green roofs or green walls. Due to 
the need for an engineered roof membrane 
or scaffolding system for green walls, these 
approaches tend to be more costly per 
unit of area than tree planting or open 
space strategies, but can nevertheless yield 
significant reductions in building surface 
temperatures (Figure 2).
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Image 1. Green wall in Paris (Huhmagazine.co.uk).

3.3.1 temperature impacts

Through direct shading and increased albedo, 
green roofs can significantly lower rooftop 
surface temperatures. The albedo of green 
roofs ranges from 0.7 to 0.85, which is much 
more reflective than conventional bitumen, 
tar, and gravel roofs, with albedos ranging 
from 0.1 to 0.2 (Berardi et al., 2014). This 
higher albedo results in substantially lower 
surface temperatures, as less solar radiation 
is absorbed by the roof. With added cooling 
from shading, green roofs can lower rooftop 
surface temperatures in excess of 100°F (Foster 
et al., 2011). Figure 3 illustrates the differential 
performance of conventional and green roof 
treatments.

The increased evapotranspiration of building-
integrated vegetation also has the potential 
to reduce local air temperatures. One study 

observed a reduction in local ambient 
temperatures up to 9°F in proximity to green 
roof or wall installations (Foster et al., 2011). A 
study in Toronto found that greening just 5% 
of the city’s area via rooftop gardens reduced 
city-wide temperatures 1°F (Yu & Hein, 2006). 
Scaling this up, studies have found that 
converting 50% of available roofing area to 
green roofs is associated with a reduction in 
air temperatures of 1.4 to 3.5°F, depending 
on the extent of irrigation (Liu & Bass, 2005). 
With rooftops accounting for 40% of the 
total land area in the Manhattan borough 
of New York, for example, green roofs offer 
an essential green infrastructure strategy in 
dense urban environments (Stone, 2012). 

Figure 2. Roof thermal performance by type (Wong et al., 2002)

3.3.2 carbon impacts

Green roofs reduce energy use for cooling 
by directly lowering rooftop surface 
temperatures, thereby reducing the solar heat 
gain on the building and its interior. Studies 
find that green roofs can reduce annual 
building energy consumption for cooling by 
60%, depending on building insulation (Berardi 
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et al., 2014). The savings drop off quickly if the 
building is well insulated, as a well-insulated 
roof is already largely protected from solar 
heat gain. Energy savings are greatest on 
sunny days in the summer, and the benefits 
are greatest for the top floor of multistory 
buildings (Jim, 2014).

Green roofs also aid in carbon sequestration 
through their growth, consuming an 
estimated 375 grams of carbon/ft2 (Foster et 
al., 2011), suggesting that about every 12 - 
30 square feet of green roof area sequesters 
roughly the same amount of carbon as the 
average shade tree. A large scale study of 
green roofs in Portland estimates that their 
roofs collectively reduce carbon emissions by 
up to 7.1 metric tons per acre per year (City of 
Portland Bureau of Environmental Services, 
2010).

3.3.3 design strategies

Green roofs are ideal for dense urban areas 
that do not otherwise have space for trees 
or parks (EPA, 2014). Green roofs are thus 
an important component of larger city-wide 
initiatives siting trees and parks where there 
is land available, and green roofs where it is 
limited. Where building design will support 
deeper planting mediums, the addition of 
shrubs and trees to intensive green roofs 
can greatly enhance the cooling benefits of 
such roofs, as well as energy savings relative 
to low-stemmed plants alone (Wong et al. 
2002). While such roofs remain rare in the 
US, over 12% of all flat roofs in Germany are 
green roofs, yielding significant cooling and 

stormwater management benefits (Stone, 
2012).

For multistory buildings, the construction 
of green walls may produce greater cooling 
benefits than green roofs, which tend to most 
directly lower cooling loads for the top floors. 
One study finds that vegetated walls used 
in conjunction with green roofs can reduce 
energy consumption for cooling buildings 
between 32 and 100%, depending on the scale 
of implementation (Alexandri & Jones, 2008). 
Another study finds green walls to lower 
outside wall temperatures by 30°F (USEPA, 
2008). Given the small number of green walls 
constructed in the United States, and the 
limited availability of commercial support 
systems for such walls, this approach may be 
the least cost effective of the surveyed options.
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Beyond its well established benefits 
for moderating urban temperatures, green 
infrastructure has been demonstrated 
to yield a range of additional ecological 
and human health-related benefits. Most 
extensively documented are the benefits of 
urban vegetation for lessening the volume of 
stormwater runoff and enhancing urban water 
quality. Urban canopy and other vegetation in 
cities slows the rate at which rainfall reaches 
storm sewers through two mechanisms. First, 
the interception of precipitation by the dense 
canopy of trees reduces the volume and slows 
the rate at which rainfall reaches ground 
surfaces. Second, vegetation increases the 
land area available for rainwater infiltration, 
as well as the rate of infiltration, due to soil 
aeration resulting from plant respiration 
occurring in subsurface root systems 
(Voskamp & Van de Ven, 2015). Studies have 
found that trees can reduce runoff by 3.2 
- 11.3 kL per tree per year, with associated 
savings of between almost $3 and $48 per tree, 
depending on the size of the tree and the local 
cost of stormwater management (Mullaney 
et al., 2015). This amounts to 20 - 75% of total 
surface runoff depending on the design and 
amount of vegetation implemented (Armson 
et al., 2013). Green roofs have been found to 
reduce building runoff by up to 60% (Foster et 
al., 2011).

Urban vegetation can also have significant 
benefits for human health and well-being 
(Qin et al., 2013). Trees have been found to 
encourage physical activity, reduce physical 
and mental stress and fatigue, and even 

improve physical recovery from illness 
(Mullaney et al., 2015; Velarde et al., 2007). 
Vegetation can also reduce smog and other 
air pollutants directly linked to respiratory 
illnesses like asthma (Abhijith et al., 2015; 
Akbari, 2002; Nowak et al., 2006; Nowak et al., 
2014; Scott et al., 1998; Tallis et al., 2011).

Other benefits of green infrastructure in 
cities include increased property values and 
business income (Burden, 2006; Donovan & 
Butry, 2010; McPherson et al., 2005; Pandit 
et al., 2010; Sander et al., 2010; Wolf, 2005), 
as well as social benefits ranging from 
crime reduction to enhanced community 
engagement by residents (EPA, 2014; Mullaney 
et al., 2015). Given this wide variety of 
co-benefits, increasing green infrastructure in 
urban areas is beneficial independent of heat 
and carbon-related risks.

4.1  Green infrastructure costs/
limitations
While green infrastructure in cities has 
been found to measurably enhance climate 
resilience and human health and well-being, 
its installation and maintenance carries 
greater costs than vegetative systems in 
natural settings. One major consideration in 
the maintenance of green infrastructure is 
the frequent need for irrigation, particularly 
when establishing new plantings. Parks 
characterized by extensive areas of turf 
grass and few trees may require high levels 
of irrigation for maintenance. Research, 
however, finds the addition of trees to open 
parkland to reduce water consumption by as 

4  Co-benefits and costs of 
green infrastructure
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much as 50% (Shasua-Bar et al., 2009).

Trees can also produce street litter from 
leaves, cause damage to buildings, clog storm 
sewers, and even increase some forms of 
air pollution, such as pollen and biogenic 
volatile organic compounds that accelerate 
ozone formation (Mullaney et al., 2015). Tree 
maintenance is especially difficult in urban 
areas, as there is limited fertile soil, low access 
to water due to impervious surface cover, and 
many impediments to root growth. Because 
of these challenges, urban trees have a lower 
life expectancy than their rural counterparts 
(Mullaney et al., 2015), further increasing the 
cost of maintenance and replacement over 
time.

Other potentially negative effects of urban 

vegetation include a reduced effectiveness 
of cooling via breezes that are impeded 
by tree canopy (Sanusi et al., 2015), 
increased humidity due to greater rates 
of evapotranspiration, and lower rates of 
cooling at night in locations where dense 
tree canopy traps outgoing thermal radiation 
(Ellis et al., 2015; Hass et al., 2015). Yet, these 
costs notwithstanding, studies accounting 
for both the positive and negative effects of 
urban vegetation find the net effects of green 
infrastructure to be highly positive for urban 
environments (Cardelino & Chameides, 1990; 
Nowak et al., 2014).

Finally, the cost of installation and 
maintenance can be a significant barrier to 
green infrastructure strategies. New York 
City, for example, estimates average annual 

Figure 3. Benefits and costs of trees in five US cities (McPherson et al., 2005). 
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expenditures of $37 per urban tree planted, 
including all purchasing, planting, and 
maintenance costs. This results in total annual 
expenditures of almost $22 million for the 
urban forest (Peper et al., 2007). These costs, 
however, when annualized over the life of the 
tree, are found to be less than the economic 
benefits provided by trees in the form of 
enhanced property values and environmental 
services. In a comprehensive study of assessed 
economic costs and benefits of tree planting 
in five medium-sized US cities, McPherson 
et al. (2005) find the annual benefits of 
trees to exceed the annual costs by a factor 
of 1.4 to 3.1 (Figure 4). Importantly, while 
this study accounts for energy savings from 
reduced temperatures, it does not assess the 
benefits associated with reduced heat illness 
and mortality, found in other work to be 
significant (Stone et al., 2014).

In terms of building-integrated vegetation, 
green roofs can cost $10 - 20/ft2 more than 
conventional roofs, with intensive green roofs 
costing as much as $85/ft2 (Foster et al., 2011; 
ASLA, 2011). This initial investment often 
makes them a cost-prohibitive strategy for 
building owners. Like urban trees, however, 
once installed, the energy and stormwater 
runoff savings can more than cover the 
additional cost of the green roof, making it an 
economically viable strategy in the long run 
(ASLA, 2011).
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The literature demonstrates clearly that, 
in regions with sufficient annual rainfall to 
support green infrastructure, urban vegetation 
is the most effective strategy to reduce the 
urban heat island, especially when trees 
are involved (O’Malley et al., 2015; Stone 
et al., 2014). While cooling potential and 
carbon reductions are generally found to 
be greater for urban trees and forests than 
for open greenspace or building-integrated 
vegetation, the varying benefits of different 
approaches by time of day and season militate 
for a combination of greening strategies 
across cities. Research shows that the extent 
and types of green infrastructure are more 
important than the typology of urban 
development in which these strategies are 
located (Jaganmohan, 2016).

Because older, larger trees are found to have 
greater benefits for cooling, air pollution 
reduction, and stormwater management, we 
recommend prioritizing tree preservation 
over tree planting, if possible, and that 
larger diameter trees be prioritized over 
smaller diameter trees (Donovan & Butry, 
2009; Mullaney et al., 2015; Sawka et al., 
2013; Skelhorn et al., 2014). When planting 
new trees, site selection and preparation 
should be based on the potential to support 
the longevity of plantings, as opposed to 
short-term cooling benefits. From a policy 
standpoint, tree protection stardards requiring 
tree removal permits and minimum tree 
sizes for replanting can greatly reduce the 
urban heat island. One study finds that 
neighborhoods with such policies have on 

average 2.7 - 7°F lower surface temperatures 
than comparable neighborhoods without such 
policies (Sung, 2013).

The following table highlights a set of 
specific, design-related recommendations 
drawn from our review of the literature on 
green infrastructure benefits for temperature 
moderation and carbon reductions in urban 
environments. Recommendations are 
categorized by green infrastructure type 
and are informed by best practices for both 
ambient cooling and reduced building energy 
consumption.

5  Recommendations
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Urban trees & forests Prioritize tree preservation over new plantings.

Plant trees appropriate to local hardiness zone(s), but prioritize 
species also found one hardiness zone to the south.

Integrate tree planting with high albedo materials for maximum 
cooling benefits.

Plant trees in an east-west orientation, where possible.

Parks & open greenspaces Include a mix of grass and trees for greatest cooling benefits.

Create large, continuous greenspaces wherever possible for 
greater cooling magnitude and extent.

Site open greenspaces where there is good air flow and at a 
locally high elevation to maximize offsite cooling benefits.

Building-integrated 
vegetation

Utilize green roofing or walls wherever high density 
development prevents tree planting.

Prioritize green walls over roofs for multistory buildings.

Use green roofs and green walls in conjunction for greatest 
cooling benefit.

RecommendationsStrategy

TA B L E  1 :  G R E E N  I N F R A S T R U C T U R E  S T R AT E G I E S 
A N D  R E C O M M E N D AT I O N S
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The intent of this literature review has been 
to document broadly supported best prac-
tices for the use of green infrastructure for 
climate change adaptation and mitigation 
in cities. While important data and gaps in 
our understanding of the potential for urban 
vegetation to advance climate management 
objectives remain, such as an absence of 
monitoring data from long-term and spatially 
comprehensive green infrastructure programs, 
sufficient evidence from theoretical and 
modeling studies, combined with small scale 
observational studies, provide a strong basis 
to support presentday investments in urban 
vegetation for these purposes. In particular, 
when assessed over the productive lifetime of 
green infrastructure investments, and with 
respect to a full array of potential co-benefits, 
green infrastructure strategies in cities can be 
recognized as a very low risk policy response 
to climate-related challenges. This work has 
sought to summarize and better characterize 
the benefits and costs that may be associ-
ated with TPL Climate Smart Cities programs 
emphasizing green infrastructure investments 
in partner cities.

5  Conclusion
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