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A B S T R A C T

In the coming decades, millions of urban residents will be exposed to increasingly deadly heat extremes.
As an adaptive response to rising temperatures, many cities have begun to install vegetated "green" roofs,
which now vary widely in structure and size, and have generally been shown to have cooling capacity. Yet,
little research has been done to differentiate which types of green roofs are most effective at reducing urban
heat. We present a method to evaluate the cooling effects associated with green infrastructure that draws
on publicly available satellite imagery and open-source software for analysis. Based on a quasi-experimental
research design that integrates social and physical science approaches, this technique is able to identify the
cooling effects of green infrastructure against background warming trends associated with urbanization and
climate change. We demonstrate this method at three green roof sites across the City of Chicago, finding that
the study sites with larger, intensive green roofs accompanied by diverse plant species have greater cooling
benefits than the extensive, monoculture green roof. Our low-cost method can aid policymakers and planners
in empirically evaluating the cooling capacity of green roofs in their own communities.
1. Introduction

The growth of urban populations and expansion of urban land
cover alongside rising global temperatures mean that millions of peo-
ple will be exposed to potentially deadly urban heat in the coming
century (Hoegh-Guldberg et al., 2018). Green infrastructure projects –
such as vegetated roofs, greenspaces, street trees, and vertical greenery
– are a critical means of adapting to these rising temperatures (Bowler,
Buyung-Ali, Knight, & Pullin, 2010; Gill, Handley, Ennos, & Pauleit,
2007), and are now widely advanced as a heat mitigation strategy by
researchers, urban planners, and policymakers (Norton et al., 2015;
Zhang, He, & Dewancker, 2020). Yet, there is still a limited scholarly
understanding of which types of green infrastructure are most effective
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at reducing urban heat (Bartesaghi Koc, Osmond, & Peters, 2018),
and whether their heat mitigation performance varies across climatic
regions. Given that local governments often have limited city budgets
for climate planning (Aylett, 2015), comparative research that evalu-
ates the relative effectiveness of different types of green infrastructure
projects can provide pragmatic guidance for planners working on the
ground.

Since at least the 1960s, vegetated or ‘‘green’’ roofs have been
advanced as a key form of green infrastructure that can reduce building
energy use and urban heat (Oberndorfer et al., 2007; Shafique, Kim, &
Rafiq, 2018). As green roofs have spread, the term itself has come to
encompass a diverse assortment of vegetated roof types that vary in
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plant and substrate type, species diversity, size, and upkeep. Broadly,
green roofs can be categorized as either ‘‘intensive’’ or ‘‘extensive’’, with
intensive roofs being characterized by a variety of shrubs, trees, and
other herbaceous plants requiring deeper soil and irrigation. Extensive
roofs tend to have shallower soil and host low-lying plants such as
Sedum species, which require little to no irrigation (Heusinger & Weber,
2017; Zheng et al., 2021). Limited experimental research suggests that
these characteristics can all affect the cooling capacity of a given green
roof (Blanusa et al., 2013; MacIvor & Lundholm, 2011). Given the wide
range of green roofs available, more detailed, comparative evaluations
of green roof impacts are needed to aid decision-makers in selecting
the optimal roof type for their site (Mahdiyar, Tabatabaee, Abdullah,
& Marto, 2018).

Utilizing publicly accessible Landsat 5 satellite imagery and open-
source software, we demonstrate a low-cost technique for evaluating
the heat mitigation performance of vegetated rooftops. We apply this
analysis technique to three distinct vegetated roofs within the City of
Chicago, intentionally selecting both intensive and extensive study sites
that differed in their plant types, size, and location. This case compari-
son demonstrates the heterogeneity in green roof cooling performance –
even among a sample of only three rooftops – emphasizing the need for
more focused efforts to determine which types of green roofs offer the
greatest cooling benefits and which can fully offset broader warming
trends associated with climate change and urban densification.

1.1. Urban heat

In the coming century, heat waves are projected to grow in inten-
sity, frequency, and duration, and to have the most pronounced impacts
in urban areas (Habeeb, Vargo, & Stone, 2015; Meehl & Tebaldi, 2004).
Known as the Urban Heat Island (UHI), urbanization’s simultaneous
expansion of impermeable surfaces and anthropogenic heat emissions
often results in higher temperatures within cities compared to outly-
ing rural or suburban regions (Mohajerani, Bakaric, & Jeffrey-Bailey,
2017). The UHI is driven by urbanization’s reduction in vegetation
levels and changes to surface geometries, which in turn reduce evapo-
transpiration (Chapman, Watson, Salazar, Thatcher, & McAlpine, 2017;
Oke, 1982). Further, as urban areas grow denser, buildings, vehicles,
and humans all emit their own sources of heat (Allen, Lindberg, &
Grimmond, 2011). Thus, the intensity of UHI is closely linked to land
use characteristics, in which denser development tends to correspond
with higher intensity UHI (Chapman et al., 2017; Erdem Okumus &
Terzi, 2021; Guo et al., 2020; Halder, Bandyopadhyay, & Banik, 2021).
While the presence of vegetated green spaces within urban areas tends
to mitigate the UHI (Liu, Zhang, Zhang, Zhang, & Teng, 2021), projec-
tions suggest that they cannot always outweigh the heating effects of
building densification (Tian et al., 2021).

Climate change impacts dynamically interact with the UHI, in
some future projections actually reducing future nighttime tempera-
tures (Krayenhoff, Moustaoui, Broadbent, Gupta, & Georgescu, 2018;
Oleson, 2012), but in many cases exacerbating heat stress. An emerg-
ing line of research suggests that heat waves can interact with and
amplify existing UHI conditions, resulting in higher impacts in urban
areas (Rizvi, Alam, & Iqbal, 2019; Tewari et al., 2019). For example,
during heat waves in Shanghai, resulting changes in wind direction
blew in warmer air from neighboring cities instead of the usual cooling
sea breeze (Jiang, Lee, Wang, & Wang, 2019). Scholars anticipate a
700% increase in the number of urban dwellers regularly exposed to ex-
treme heat by 2050 (Urban Climate Change Research Network, 2018),
projecting that more than 35% of the world’s population would be
exposed to regular heat waves under a 2 ◦C warming scenario (Dosio,
Mentaschi, Fischer, & Wyser, 2018).

As one of the largest drivers of weather-related mortality (Oleson
et al., 2015), heat stress is already a major health concern around the
world. Beyond deaths, extreme heat has also been linked to adverse
2

respiratory and cardiovascular outcomes, as well as increased pollutant
concentrations and their attendant health effects (Santamouris, 2015).
Such impacts in turn tend to disproportionately impact socially vulner-
able groups, such as the elderly and people living in poverty (Basu,
2009). In addition to health effects, temperature spikes have also been
associated with reduced economic growth, as well as lower agricultural
and industrial production (Dell, Jones, & Olken, 2012). Given these
known impacts of extreme heat, projected increases in heat waves pose
major threats to the health and wellbeing of millions of people around
the world.

1.2. Green infrastructure for heat mitigation in Chicago

In 1995, Chicago experienced one of the deadliest and most widely-
publicized heat waves in recent history, resulting in more than 700
deaths (Klinenberg, 2015). While this particular heat wave stands out
as especially lethal, climate change projections suggest that it may not
be an anomalous event; in fact, both average and extreme temperatures
are predicted to increase in Chicago, as are the frequency and intensity
of heat waves (Hayhoe, Sheridan, Kalkstein, & Greene, 2010).

In response to the 1995 heat wave and the prospect of intensifying
urban heat, the City of Chicago adopted a range of green infrastructure
interventions that aim to cool the city. These efforts have included
development incentives for vegetated roofs (Chicago Zoning Ordinance,
2015; Kazmierczak & Carter, 2010) and zoning requirements for reflec-
tive roof implementation on new buildings (Chin et al., 2008). Thanks
to these policies, Chicago has become a leading city in green and
reflective roof implementation and is a valuable laboratory for better
understanding the long-term effects of green infrastructure on urban
heat (Smith & Roebber, 2011).

As a leader in incentivizing green roof development, Chicago has
been the focus of a number of green roof case studies. Sharma et al.
(2016), Smith and Roebber (2011) utilize the Weather Research and
Forecasting models to simulate rooftop temperatures for various cool
roof scenarios while Coseo and Larsen (2014) draw on air tempera-
ture measurements to investigate the urban heat across eight different
neighborhoods (Coseo & Larsen, 2014; Sharma et al., 2016; Smith
& Roebber, 2011). Such ground-based measurements and predictive
modeling approaches are complemented by the use of satellite im-
agery (Hurwitz, Braneon, Kirschbaum, Mandarino, & Mansour, 2020),
which provides extensive spatial coverage coupled with the ability to
analyze changes over many years (Li et al., 2013; Yuan & Bauer, 2007).
We build on these efforts, such as Mackey, Lee, and Smith’s (2012)
analysis of green and white roofs and Wilson and Chakraborty’s (2018)
vulnerability mapping across Chicago (Mackey et al., 2012; Wilson &
Chakraborty, 2018).

1.3. Methods for evaluating Green roof heat mitigation effectiveness

Researchers have concluded that green roofs generally reduce urban
heat (Berardi, 2016). Yet tradeoffs between accessible data and the ro-
bustness of various analytical methods have meant that there is limited
research further qualifying this finding, which is critical for guid-
ing practitioners in selecting the green roof types that offer maximal
cooling benefits. For example, nearly 70% of research on green infras-
tructure utilizes observational methods (Bartesaghi Koc et al., 2018),
often drawing on measurements from monitoring units (Zheng et al.,
2021) or remote sensing time series data (Dong et al., 2020). While
the use of longitudinal remote sensing imagery allows researchers
to exploit publicly available data with global geographic and multi-
decadal temporal coverage, Bartesaghi Koc et al. (2018) note that such
observational research is often analytically limited to analyzing simple
linear correlations (Bartesaghi Koc et al., 2018). This type of method-
ological approach makes it difficult to rigorously attribute changes in
temperature to a vegetated roof from other concurrent changes to the
local environment, and has recently been called into question as an
effective technique (Parison, Hendel, & Royon, 2020).
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In contrast, experimental studies allow the researcher to carefully
control for external influences, isolating the causal effects of the green
infrastructure project in question. While analytically more robust, such
studies tend to rely on measurements collected via ground monitoring
networks, which can be cost-intensive, limited in their geographic and
temporal coverage, and difficult to replicate (Bartesaghi Koc et al.,
2018). As a result, such studies are still relatively limited (Mallen,
Bakin, Stone, Sivakumar, & Lanza, 2020).

While literature on green infrastructure tends to describe observa-
tional and experimental research designs as mutually exclusive, the
two approaches can be blended. We utilize such a method through
a quasi-experimental research design, which applies an experimental
framework to observational data, effectively gaining the data avail-
ability and analytical benefits of both approaches. We argue that this
approach offers a methodological improvement over much existing
literature on green infrastructure’s heat mitigation capacity for several
reasons.

First, studies that analyze changes in land cover and urban heat with
remote sensing data often rely on a small number of paired scenes,
calculating the change over time between a single image (or just a
few images) taken from an initial time frame and a second image
(or just a few images) taken from a more recent time frame (Chen,
Zhao, Li, & Yin, 2006; Dong et al., 2020; Gohain, Mohammad, &
Goswami, 2021). For example, Mackey et al. (2012) analyze the effects
of green infrastructure by calculating the change in surface temperature
between five image pairs (constructed from eight total images) (Mackey
et al., 2012). This approach results in a relatively small number of
sample points for subsequent statistical analysis, limiting the robustness
of results. In an attempt to increase the number of sample points
available for analysis, the following study draws on a longer timescale
of data and a larger number of satellite scenes – between 32 and 55 for
each site, taken from between 1989 and 2011. This time frame allows
for analyses with at least 15 scenes before and 17 scenes after the date
of vegetated roof installation (see Table 1). Additionally, we only utilize
data from Landsat 5 TM, avoiding any potential introduction of bias
associated with differences between Landsat instruments.

Second, longitudinal analyses that only calculate change over time
at the intervention site are limited in their ability to make robust causal
inferences. This approach assumes that the intervention itself – in our
case, the installation of a green roof – is the only change taking place
that could cause subsequent changes in outcome variables, which in
our case are land surface temperature (LST) and normalized difference
vegetation index (NDVI), a measure of vegetation health (Smith, 2002).
However it is almost never the case that extraneous variables remain
unchanged in a multi-year observational setting, so the ability to isolate
the effect of the green roof alone becomes critical. We calculate the
causal effect of green roofs on urban heat and vegetation by evaluating
LST and NDVI before and after green roof installation, at both the green
roof site itself (referred to as the ‘‘treatment’’ site) and at a nearby
rooftop without any green infrastructure (referred to as the ‘‘control’’
site). The causal effect of the green roof is ultimately evaluated by
analyzing the change over time in LST at the treatment site relative
to the control site. This difference-in-differences analysis allows us to
identify the effects of the green roof from among other environmental
changes which may influence both the treatment and control site. Used
widely in fully experimental settings and for program evaluation, this
research design was also proposed recently as an improved method for
quantifying the impacts of green infrastructure on urban heat (Parison
et al., 2020).

2. Materials and methods

2.1. Study sites

This study draws on Landsat 5 TM imagery to evaluate the effects
of three vegetated rooftops in the City of Chicago on vegetation levels
3

and land surface temperature over time. The three selected sites are a
Walmart Supercenter rooftop, Millennium Park, and City Hall’s rooftop,
all of which are distinct in their form and human use. By modeling
NDVI and LST on each rooftop over the course of 12 to 23 summers,
we are able to evaluate whether the installation of vegetation resulted
in significant changes in urban heat.

2.1.1. Millennium Park
Completed in 2004 after six years of construction, Millennium Park

covers 99,000 m2, making it one of the largest green roofs in the world.
It was financed by the City of Chicago and private donors to cover
parking garages and the Illinois Central Railroad rail yard, creating
a large public greenspace. The park houses a wide variety of over
300 plant species, including perennials, bulbs, grasses, shrubs, and
trees (a full list of species is available at the park’s website, Plants of
Lurie Garden, 2019). It is intensively maintained, with an approximate
annual operating cost of $6 million (Farbstein, Axelrod, Shibley, &
Wener, 2009). Millennium Park is a part of the larger Grant Park, a
1.29 km2 park along the coast of Lake Michigan.

2.1.2. City Hall
The green roof installation on City Hall was completed in 2002 as

a part of Chicago’s Urban Heat Island (UHI) Initiative, which expressly
aims to reduce the impacts of extreme heat in the city. The rooftop
is 3600 m2 with the garden covering about 1900 m2 (Chicago City
Hall, 2021). While the City Hall rooftop is the smallest of all sites
examined, this intensive rooftop has a diverse ecosystem with over
150 plant species, including grasses, woody shrubs, and several trees
- a cockspur hawthorne (Crataegus crus-gally) and a prairie crabapple
(Malus ioensis) (City Hall’s Rooftop Garden, 2021).

2.1.3. Walmart Supercenter
The Walmart Supercenter on 4650 W North Avenue was built in

2006, and the vegetation on its roof was installed at the time of building
construction. The rooftop has an area of about 12,000 m2, with the
xtensive green roof covering 7,000 m2 and the rest being a high-
lbedo white surface. Only the green roof portion of the rooftop was
nalyzed in our study. The green roof is composed primarily of low-
ying varieties of Sedum, Dianthus, and Petrorhagia, which are known

for their drought tolerance and are commonly used on extensive green
roofs. Irrigation was only used during the first growing season, and the
plants did not grow in fully until 2009 (Green Roof Performance, 2013).

2.2. Data sources

To identify the rooftops with large surface areas and determine
their boundaries for analysis, we draw on the City of Chicago’s Green
Roof Geodatabase, which was compiled in 2014. Constructed with
high-resolution satellite imagery, the data include vector outlines of
vegetated rooftops as well as the boundaries of vegetation within them.
In some cases, such as Millennium Park, the vegetation boundaries
outlined by the Green Roof Geodatabase include small, freestanding
vegetated regions which we chose to exclude from our analysis. A
schematic showing vegetated rooftop locations and their control sites
is shown in Fig. 1.

We utilize the extensive longitudinal catalogue of Landsat 5 data to
model LST and NDVI at each of our three green roof sites, plus a neigh-
boring control site (unvegetated roof) matched to each treatment site.
The modeling procedure used to estimate LST and NDVI is documented
step-by-step in Appendix.

Landsat 5 is the best suited satellite mission for our purposes, as its
temporal coverage allows us to evaluate years before and after green
roof installation at each site. We draw on 60 Landsat 5 TM scenes,
which we obtained from the U.S. Geological Survey’s EarthExplorer
website. We collected scenes that contain the City of Chicago, which
are taken from paths 23 and 22, and row 31, and which are consistently
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Fig. 1. The three vegetated rooftop sites studied in Chicago (shown in blue) and their neighboring control sites (shown in red). Boundaries shown are not exact. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)
Table 1
Green roof analysis and Landsat 5 scene selection details.

Green roof site Years of analysis Installation years Pre-Installation scenes Post-Installation scenes

Millennium Park 1990–2011 1998–2004 15 23
Walmart 2000–2011 2005–2006 15 17
City Hall 1989–2011 2000–2002 22 33
collected between 11:16 and 11:22 AM Central Standard Time (GMT-
6). Only scenes from the daytime during summer months (June, July,
and August) that have less than 10% cloud cover were used. For each
scene, we draw on band 6 (thermal infrared, 10.40-12.50 μ m), band
4 (near-infrared, 0.76-0.90 μ m), band 3 (red, 0.63-0.69 μ m), and the
BQA (quality assurance) band, all of which are available at 30-meter
resolution (U.S. Geological Survey, 2021).

Although LST differs from air temperature – which more directly
affects humans’ thermal comfort – it can be a valuable proxy for
evaluating changes over time and identifying relative heat exposure risk
between sites. In contrast to ground-based temperature measurements,
satellite-based heat models can cover large spatial and temporal scopes
at relatively low cost for the researcher. As a result, this approach
is especially useful for capturing intra-urban temperature variation,
longitudinal assessments, and analyses in resource-limited settings (Hu
& Brunsell, 2015; Son, Chen, Chen, Thanh, & Vuong, 2017).

2.3. Identifying the causal effects of Green roof installation on LST and
NDVI

After modeling LST and NDVI for each available Landsat 5 scene,
the mean LST and NDVI values are extracted for each of the three
rooftops. Each rooftop-wide mean extracted for a given date is then
considered as a sample observation point. We next adopt a quasi-
experimental framework to identify the causal effects of roof installa-
tion on LST and NDVI. Referred to as difference-in-differences analysis
by social scientists (Angrist & Pischke, 2008; Imbens & Wooldridge,
2009) and before–after control-impact (BACI) design by physical sci-
entists (Parison et al., 2020; Smith, 2002), this approach utilizes longi-
tudinal data and linear mixed models to compare changes over time
between treatment and control groups. We estimate the following
model:

𝑌𝑡 = 𝛽0 + 𝛽1𝑃𝑡 + 𝛽2𝐺𝑡 + 𝛽3(𝑃𝑡 ⋅ 𝐺𝑡) + 𝜀𝑡 (1)

Where 𝑌𝑡 is the LST or NDVI outcome; 𝑃𝑡 is a temporal indicator
where 0 is pre-treatment and 1 is post-treatment; 𝐺𝑡 indicates the
treatment status of the site, 1 for green roof location and 0 for a
neighboring control location; the 𝛽3 coefficient on the interaction term
𝑃𝑡 ⋅𝐺𝑡 is the difference-in-differences estimator of interest, which mea-
4

sures the average treatment effect of green roof installation on LST
and NDVI. For example, a negative 𝛽3 value would indicate that the
green roof had lower LST or NDVI values relative to its control site.
𝜀𝑡 represents residual errors. We include year fixed effects to control
for any background temporal trends which may influence outcome
variables across all sites, and estimate clustered standard errors.

In addition to the difference-in-differences analysis, which identifies
relative changes in LST and NDVI between treatment and control sites,
we use a nonparametric bootstrap to estimate pre- and post-installation
LST values for each treatment and control site (Hall & Hart, 1990). This
allows us to evaluate the absolute changes in LST over time across all
sites.

2.4. Control site selection

We identified a control site for each of our three green roofs, se-
lecting similarly sized rooftops with comparable elevations and within
a 90–270 meter buffer of the matched green roof. The buffer was
created to identify control sites that were near enough to experi-
ence comparable environmental conditions as the treatment site, but
far enough so as not to experience spatial spillover effects from the
green roof’s vegetation (Parison et al., 2020). Such ‘‘oasis effects’’ are
well-documented in the literature (Doick, Peace, & Hutchings, 2014;
Shashua-Bar, Pearlmutter, & Erell, 2009; Sugawara et al., 2016), and
care needs to be taken to select paired controls that are in this buffer.
This step is critical for ensuring that the noninterference assumption
in our statistical models – which asserts that the green roof treatment
does not affect the control site – is upheld.

Since Millennium Park was constructed atop a railyard, the nearby
exposed rail lines were used as the control area. Roughly 49,000 square
meters of railroad were selected to serve as the control. Importantly,
these sections of railroad are a similar distance from Lake Michigan
as Millennium Park and are within the same local context, with dense
urban development to their west and open green space to their east. For
City Hall, the nearby 200 North LaSalle building was chosen to serve
as the control site. This 30 floor building is about 200 meters from
City Hall and was constructed in 1984 without incorporating green
infrastructure on its rooftop. The control site selected for the Walmart
site was an auto body shop about 175 meters away. This building was
constructed in 1930 and has no observable green infrastructure.

Google Earth Pro was used to view historical aerial imagery for each

of these control sites, ensuring there was no major construction at the
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sites during our study period. We present parallel trends plots for each
of the three matched sites to ensure that the selected control was ap-
propriate for each treatment site. The presence of parallel curves prior
to green roof installation (shown in Fig. 2) indicates that treatment and
control sites respond similarly to broader environmental conditions and
are an appropriate match.

3. Results

3.1. Descriptive results

We first present descriptive density plots illustrating the distribution
of pre- and post-installation mean LST values for each green roof site
and its control roof (shown in Fig. 3). These results show the largest
change in distributions at Millennium Park. While this green roof had
a higher mean LST as well as higher extreme values relative to its
neighboring roof in the period prior to green roof installation, the trend
switched after the green roof was established. In the post-installation
period, Millennium Park had both a lower mean LST as well as fewer
extreme values than its control roof.

The City Hall and Walmart rooftops show less dramatic changes.
While the City Hall rooftop distribution shows more density at higher
temperature values compared to its control site in the pre-installation
period, this trend likewise changes in the post-installation period, al-
though to a lesser degree than Millenium Park. However, the mean LST
in the post-installation period for the green roof alone is still slightly
higher when compared only to itself. The Walmart rooftop shows no
change in the relationship between the green roof and its control site
mean; in both periods the distribution center for the green roof is very
slightly less than the center at the control site.

3.2. Regression results

We next test changes in LST and NDVI in a difference-in-differences
regression framework (reported in Table 2). Compared to the descrip-
tive results reported above, this approach allows us to account for
annual variability through the use of yearly fixed effects. Additionally,
bootstrapped estimates allow us to evaluate absolute change in mean
LST (shown in Fig. 4).

3.2.1. Millennium Park
Millennium Park experienced significantly lower LST (−2.55 K)

long with a larger magnitude of NDVI (+0.16) in the post-installation
period relative to its control site. Out of all three sites, Millennium
Park was the only site at which absolute mean LST was lower in the
post-installation period, indicating that the installation was able to fully
mitigate larger warming trends.

3.3. City Hall

Like Millennium Park, the City Hall site also experienced sig-
nificantly greater NDVI (+.15) and lower LST (-.98 K) in the post-
installation period compared to its control site. However unlike Millen-
nium Park, both the City Hall green roof and its control site experienced
overall increases in mean LST in the post-installation period. In this
case, while the green roof did have a significant heat reduction effect,
5

it was not enough to lower LST in absolute terms.
3.4. Walmart Supercenter

Unlike Millennium Park and City Hall, the Walmart green roof was
not constructed on an existing building, but rather was installed as
a part of new building construction. For this site, the pre-installation
treatment site was an empty, somewhat vegetated field, which was
converted to a green roof on a new building in the post-installation
period. This scenario allows us to test whether the green roof is able
to mitigate the known warming effects of building densification (Guo
et al., 2015).

The Walmart green roof experienced significantly lower NDVI (-.07)
in the post-installation period relative to its control site. Examining the
distribution of NDVI values, it is clear that the site’s absolute NDVI level
also declined in the post-installation period (see Appendix Fig. 1 for
parallel trends plot of NDVI values), rebounding slightly in the years
following construction. The treatment site also experienced a larger
post-installation increase in LST (+0.12 K) relative to its neighboring
control site, and both treated and control rooftops experienced absolute
increases in LST in the post-construction period. In short, the green
roof alone was not sufficient to mitigate the combined background
warming trend and increased temperatures associated with building
construction. In fact, the green roof performs largely the same as its
unvegetated control site.

4. Discussion

Our findings suggest that there is significant variation in cooling
performance across different green roof types and further suggests
that not all green roofs can fully mitigate warming trends associated
with climate change and urban densification. While Millennium Park
showed the strongest heat mitigation performance with both absolute
reductions in LST and relative reductions to its control site, the vege-
tated rooftop at City Hall showed only reductions in LST relative to its
control site, but not in absolute terms. In short, Millennium Park was
able to actively reduce urban heat, while City Hall was only able to
partially mitigate larger warming trends. At the Walmart Supercenter
green roof, NDVI levels after construction remained lower than the
field which the building was constructed on, and the green roof and its
control site experienced very similar LST levels in the post-installation
period. This finding suggests that this particular type of extensive
green roof may not be able to replace open greenspace in terms of its
heat mitigation capacity. Further research focused on extensive rooftop
performance is needed to thoroughly evaluate whether this green roof
type is broadly limited in its cooling capacity and, if so, whether this
is the case across differing climatic regions.

What might account for this variation in outcomes across different
sites? We discuss several factors that may play a role in observed
differences: plant type, rooftop location, rooftop structure, and indoor
energy consumption.

Though often collapsed into the single catch-all term ‘‘green roof’’,
existing literature suggests that there are important differences in veg-
etated rooftop types (Eksi, Rowe, Wichman, & Andresen, 2017). For
example, of only a small number of studies that specifically compares
green roof plant types, Lee, Ryu, and Jiang (2015) found that grass
and Sedum rooftops had different effects on temperature (Lee et al.,
2015). Such differences may be in part due to variation in plants’ Leaf
Area Index, which has been demonstrated to influence vegetation’s
cooling capacity (Hodo-Abalo, Banna, & Zeghmati, 2012). Millennium
Park and City Hall can be considered ‘‘intensive’’ green roofs; they
include vegetation of various size and genus, as well as shrubs and
trees. In contrast, the Walmart green roof is considered an ‘‘extensive’’
green roof; it is composed of single-genus Sedum plants that are both
lightweight and lower in height. Our findings suggest that, in temperate
regions such as Chicago, intensive green roofs may have stronger
heat mitigation capacity than extensive green roofs. This conclusion
concurs with findings from one of the few other studies to directly
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Fig. 2. Parallel trends plots for land surface temperature estimates. Vertical lines indicate green roof construction period. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
compare the two green roof types, which found that intensive roofs
in Adelaide, Australia were cooler during the daytime than extensive
roofs (Razzaghmanesh, Beecham, & Salemi, 2016).

In addition to the biophysical composition of a vegetated rooftop,
the location of the roof itself may play a role in whether or not
introduced vegetation can mitigate land surface temperature. Coseo
and Larsen (2014) report a number of site-specific factors that can
affect heat at a particular location, including proximity to car traffic,
intensely developed areas, and water bodies, as well as surrounding
building height, street width, and street direction (Coseo & Larsen,
2014). In Chicago, the eastern edge of the city directly abuts Lake
Michigan, which has been found to have a cooling effect on adjacent
neighborhoods (Ackerman, 1985). This finding is especially relevant to
the Millennium Park site, which is located only a block away from Lake
Michigan’s edge.

Further, the structure of the rooftop itself may also play a role
in determining whether or not a given green roof has the capacity
6

to mitigate urban heat. While the Walmart Supercenter rooftop and
Millennium Park are some of the largest green roofs in all of Chicago,
the City Hall site is much smaller. This difference may explain why the
City Hall green roof did not experience an absolute reduction in land
surface temperature, despite having similar vegetation composition as
Millennium Park, for which absolute reductions in land surface tem-
perature were observed. Further, heat mitigation performance may be
influenced by each rooftop’s structure and thickness, including factors
such as growing layer material composition, growing layer height, and
presence of a drainage layer (Scharf & Zluwa, 2017).

Finally, energy consumption levels within each building may further
influence each green roof’s cooling capacity. For example, the amount
of waste heat produced from air conditioning units operated within
each building would likely influence localized heat conditions (Coseo
& Larsen, 2014). Given the high cooling requirements for buildings
that store perishable foods, we would expect waste heat levels to be
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Fig. 3. Density plots of mean land surface temperature at each green roof and paired control site. Vertical lines indicate mean values.
Table 2
Difference-in-differences regression results show the causal effects of green roof installation on land surface
temperature (LST) and normalized difference vegetation index (NDVI) at each of the three study sites. The
interaction term is the primary coefficient of interest, showing the change in LST or NDVI at the green roof
site, relative to a neighboring control roof.

Millennium Park City Hall Walmart

LST NDVI LST NDVI LST NDVI

Constant 299.52*** 0.13 299.55*** −0.07 305.06*** 0.01
(0.12) (0.02) (0.18) (0.01) (0.09) (0.01)

Green Roof Site 1.63*** 0.06*** 0.72* −0.01** −0.22*** 0.12***
(0.00) (0.00) (0.03) (0.00) (0.00) (0.00)

Post-Installation Period 0.26 −0.06 1.11 0.03 0.51* 0.02
(0.10) (0.03) (0.60) (0.01) (0.03) (0.02)

Green Roof * Post-Installation −2.55*** 0.16** −0.98** 0.15** 0.12*** −0.07***
(0.00) (0.00) (0.01) (0.00) (0.00) (0.00)

*𝑝 < 0.05.
**𝑝 < 0.01.
***𝑝 < 0.001.
Fig. 4. Bootstrapped estimates for absolute change in LST between pre- and post-installation periods. Error bars indicate the 95% CI.
higher at the Walmart site than at other sites examined. This may
in part explain why no cooling effect was observed at the Walmart
rooftop, although we note with caution that the results presented
here cannot definitely explain the causal mechanisms operating behind
the observed differences in rooftop cooling effects. Nevertheless, the
study design presented offers a clear technique for future research
7

to systematically evaluate the relative influence of the many factors
listed above – vegetation type, rooftop location, waste heat production,
rooftop structure, etc. – on green roof heat mitigation performance.

While our quasi-experimental research design is a more robust
approach than the single image comparisons commonly used in remote
sensing-based UHI research, our study nevertheless has limitations. By
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Fig. A.1. Parallel trends plots for Normalized Difference Vegetation Index (NDVI) estimates. Vertical lines indicate green roof construction period. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
using satellite imagery, we are able to analyze a long temporal period
and spatial scope, yet Landsat’s 16-day temporal resolution and the
occasional cloud cover means that we have smaller sample sizes than
what would be ideal for statistical analysis.

A further limitation to our approach is the relatively coarse spatial
resolution of the Landsat imagery we utilized (30 m x 30 m). While we
prioritized using publicly available data to demonstrate the low-cost
applicability of remote sensing analyses for green infrastructure policy
evaluation, we acknowledge that this spatial scale is not perfectly able
to capture fine spatial details. As a result, the data we utilized includes a
small number of ‘‘mixed pixels’’, which collapse multiple land use types
into a single pixel value, and which may include surfaces other than the
green roof or control surface utilized in this study. This is especially
likely at the City Hall site, where the tall height of the building means
that imagery taken at an oblique angle may not exactly line up with the
ground-level building footprint. Resulting mixed pixels may introduce a
8

level of bias into our estimates, leading to an underestimation of a roof’s
cooling effect. However, because we observe post-installation changes
in NDVI that would be expected from green roof installation (see
Appendix Fig. A.1), we believe that the analysis procedure performs
well enough to make causal inferences. Private satellite companies are
increasingly making high-resolution imagery available – at a cost – for
analysis. Future research should draw on these data to conduct more
precise evaluations of green infrastructure, which may better avoid
concerns over mixed pixels.

5. Conclusions

Our research moves beyond the general policy directive that green
roofs are an effective urban heat mitigation strategy by demonstrating
a methodology that can assess which types of green roofs cool most
effectively and whether various green roof types can fully counteract
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background warming trends. Results from the three sites studied sug-
gest that, in temperate regions such as the City of Chicago, intensive
green roofs with heterogeneous plant types may have a superior capac-
ity to mitigate urban heat than extensive, mono-species green roofs. In
fact, the extensive green roof examined here does not show any cooling
benefits compared to a nearby, non-vegetated rooftop, calling into ques-
tion whether this particular type of green roof should be promoted as a
means of heat reduction. This finding is in line with a small but growing
number of studies that conclude that extensive or Sedum-based green
roofs either have no effect on temperature (Yin, Kong, Dronova, Middel,
& James, 2019) or, worse, actively increase temperature under some
conditions (Solcerova, van de Ven, Wang, Rijsdijk, & van de Giesen,
2017; Zhang et al., 2020). As others have noted (Zheng et al., 2021),
further research is needed to more thoroughly evaluate this possibility.
The approach outlined in this study offers a means of doing so at low-
cost, without the resource-intensive ground-based measurements that
past work has relied upon.

Results from across the three sites also suggest that not all green
roofs can fully counteract the larger warming trends associated with
climate change and urbanization. Only the largest of the green roofs
investigated for this study was able to reduce land surface temperature
in absolute terms, with another only tempering the rate of temperature
increase and a third resulting in no heat mitigation at all. These findings
suggest that green roofs may not be the panacea for urban heat that
some might hope, and that, as scholars have already pointed out, there
are limits to current adaptation strategies (Dow et al., 2013).

This ability to distinguish between absolute temperature reduction
from relative temperature mitigation is an important benefit to our
study design. When evaluating green roof cooling performance over a
multi-year temporal period, it is critical to be able to identify green
roof-driven cooling trends amidst larger warming trends as well as
from expected sampling variability embedded in the collected data.
Integrating a comparative control site for each experimental green roof
allows us to do so.

By drawing on robust, quasi-experimental analysis, publicly avail-
able satellite imagery, and open-source software, we demonstrate a
low-cost evaluation method that can be adopted by planners and policy-
makers to assess the heat mitigation performance of green roofs in their
own cities and towns. Developing such techniques that can quantify
the cooling effects of green roofs is critical for practitioners who must
balance the relative costs and benefits of green roof installation when
making planning decisions (Teotónio, Silva, & Cruz, 2021). Further
scholarly research on green roofs should aim to disentangle the relative
influence of extensive versus intensive rooftop structure, rooftop size,
and site location on the effectiveness of a roof’s heat mitigation perfor-
mance. Additionally, more evaluations of green roofs across different
climatic zones are needed. It is well established that green infrastruc-
ture performs differently across geographic regions (Krayenhoff et al.,
2018), and that climate adaptation projects in the Global South – in
particular small- and mid-sized cities in Africa and Asia – are under
researched (Lamb, Creutzig, Callaghan, & Minx, 2019). Further work
is needed not only to more firmly describe which types of green roofs
most effectively reduce heat, but whether various green roof types may
perform differently across climatic regions (temperate, arid, tropical,
etc.). The global coverage of public satellite imagery combined with
the analytical methods proposed in this study make performing such
evaluations at sites around the world feasible with far fewer resources
than historically required for such research.
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Appendix

Land surface temperature modeling procedure
For each Landsat scene, we apply the following procedures (outlined

in Appendix Fig. A.2) using R statistical software. First, we crop each
Landsat raster such that it only includes cells within the City of Chicago.
Next, we use the BQA band to mask out cells that do not include cloud
cover (specifically, for cell values equal to 672).

Fig. A.2. Landsat 5 Land Surface Temperature modeling procedure.
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Fig. A.3. Landsat 5 (a) Normalized Difference Vegetation Index (NDVI) and (b) Land Surface Temperature (LST) models for the City of Chicago. Source: Landsat 5 TM, 8/24/2003,
11:12 AM CST.
After these pre-processing steps, we convert the cells in band 6 from
digital numbers to radiance using the following equation:

𝐿𝜆 = 𝑀𝐿𝑄𝐶 + 𝐴𝐿 (2)

Where 𝐿𝜆 is Top of Atmosphere (TOA) spectral radiance, 𝑀𝐿 is the
band-specific multiplicative rescaling factor from the metadata, 𝑄𝐶 is
the Band 6 image (raster), and 𝐴𝐿 is the band-specific additive rescaling
factor from the metadata.

The radiance of band 6 is then converted to brightness temperature
from the following equation:

𝐵𝑇 =
𝐾2

𝑙𝑛(𝐾1
𝐿𝜆

+ 1)
(3)

Where 𝐵𝑇 is the brightness temperature, 𝐾1 is the band-specific
thermal conversion constant taken from metadata and 𝐾2 is the band-
specific thermal conversion constant taken from metadata.

After calculating the brightness temperature from band 6, we use
bands 3 and 4 to model emissivity, which measures the extent to
which a given material emits thermal radiation. Different land cover
types have different emissivity, which in turn affect how temperature
is modeled. While it is recognized that emissivity is an important
component of land surface temperature modeling, many models often
assume constant emissivity across a landscape (Al-Hamdan, Quattrochi,
Bounoua, Lachir, & Zhang, 2016). We can improve our estimates of
land surface temperature by incorporating location (point) specific
emissivity. One approach for estimating emissivity is by calculating the
‘‘vegetation fraction’’. To calculate emissivity in this way, we use the
methodology detailed below (Son et al., 2017).

First, the normalized difference vegetation index (NDVI) is calcu-
lated. NDVI is a vegetation index that estimates how much biomass
exists within a given pixel, and is scaled from −1 (water) to +1 (dense
vegetation). NDVI values approaching zero correspond to barren areas
of sand or rock. NDVI is calculated as follows:

𝑁𝐷𝑉 𝐼 = 𝑁𝐼𝑅 − 𝑅
𝑁𝐼𝑅 + 𝑅

(4)

Where 𝑁𝐼𝑅 is the near-infrared energy associated with band 4 of
Landsat 5, and R corresponds to ‘‘red’’ energy measurements associated
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with band 3 of Landsat 5. 𝑁𝐷𝑉 𝐼 is then converted to vegetation
fraction using the following equation:

𝑃𝑣 = (
𝑁𝐷𝑉 𝐼 −𝑁𝐷𝑉 𝐼𝑚𝑖𝑛

𝑁𝐷𝑉 𝐼𝑚𝑎𝑥 −𝑁𝐷𝑉 𝐼𝑚𝑖𝑛
)2 (5)

Where 𝑃𝑣 refers to the vegetation fraction, and 𝑁𝐷𝑉 𝐼 minimum
(𝑁𝐷𝑉 𝐼𝑚𝑖𝑛) and maximum (𝑁𝐷𝑉 𝐼𝑚𝑎𝑥) values are taken from the indi-
vidual Landsat scene within the Chicago boundary. Vegetation fraction
is then converted to emissivity as follows:

𝜀𝑇𝑀 = 0.004𝑃𝑣 + 0.986481 (6)

Finally, LST is calculated with the following equation:

𝐿𝑆𝑇 = 𝐵𝑇
1 +𝑤𝐵𝑇

𝑄 𝑙𝑛(𝜀)
(7)

In the equation above, 𝐵𝑇 refers to brightness temperature, 𝑤
refers to the wavelength for the thermal band in use, and 𝜀 refers to
emissivity. Additionally, 𝑄, the second radiation constant, is calculated
through the following equation: 𝑄 = ℎ𝑐

𝑠 = 1.438 ⋅ 10−2 m K, where
ℎ is Planck’s constant, 𝑐 is the speed of light, and 𝑠 is Boltzmann’s
constant. Final LST and NDVI models for the City of Chicago are shown
in Fig. A.3.
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