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The process of urbanization can alter the local climate to the point that it threatens citizens’ well-being by
creating heat-related hazards. The construction of Blue-Green Infrastructure (BGI) can improve the regulation of
surface energy exchange processes and address this problem. However, the time needed for a BGI to deliver a
stable cooling performance, referred to here as the Cooling Establishment Time (CET), is poorly understood and
quantified in the literature and dependent on environmental, design and maintenance factors. Here, we analyze
the feasibility of using satellite data to derive the CET for different BGIs across the city of Zurich, Switzerland.
Results showed that remote sensing can quantify the land surface temperature impact of BGIs and assist in
estimating their CET. BGI with trees or climbing plants required a longer CET (seven to ten years) before any
notable shift in surface temperatures were visible, while grasses or artificial irrigated systems led to shorter CETs
(one to three years). These results allow us to better account for BGI cooling establishment when planning for
areas that need urgent action under warming climates. This work supports evidence-based urban greenery

planning and design towards cooling our increasingly warming cities in a timely manner.

1. Introduction

The process of urbanization increases heat absorption and storage by
means of converting natural surfaces into human-built materials with
higher solar energy absorption, lower albedo and greater thermal ca-
pacity and mass (Kaloustian & Diab, 2015; Bartasaghi Koc et al., 2018).
As a consequence of the land-use change caused by urbanization, the
overall vegetation amount and thus the cooling provided by them de-
creases (Jamei et al., 2019; Santamouris, 2013, 2016). This results in a
phenomenon widely referred to as the Urban Heat Island (UHI) first
reported by Howard (1818), which occurs when urban areas have a
higher temperature than their surrounding rural areas (Rizwan et al.,
2008; Oke et al., 2017; Aflaki et al., 2017; Deilami et al., 2018). A similar
effect, but which takes into account the land surface temperature (LST)
is the SUHI, or Surface Urban Heat Island, which is when urban areas
have higher surface temperatures than their surrounding rural areas
(Oke et al., 2017). The UHI and SUHI become more frequent as of global
warming, and the number of extreme heat events have also been
increasing (US EPA, 2016; IPCC, 2022). This combination of the urban
heat islands with extreme climatic events can create scenarios where
human well-being across city districts can be negatively affected (Back

et al., 2021; Deilami et al., 2018).

To improve pedestrian-level thermal comfort and decrease heat
exposure, there are two main approaches that can offer timely and cost-
effective solutions: (i) increasing solar reflectance (Akbari & Kolokotsa,
2016; Santamouris et al., 2011; Santamouris, 2013); and (ii) increasing
the amount of urban greenery through the implementation of
Blue-Green Infrastructure (BGI), also known as Blue-Green Systems or
Nature-based Solutions (Antoszewski et al., 2020; Probst et al., 2022;
Zhou et al., 2017; Grilo et al., 2020).

BGIs are multi-functional networks of vegetation that can also
comprise water bodies, including not only engineered systems but also
natural landscape features (Probst et al., 2022; Sorensen et al. 2016;
Ghofrani et al. 2017; Oral et al. 2020). As summarized by Probst et al.
(2022), BGIs can reduce the UHI intensity by means of regulating the
surface energy exchange process via evapotranspiration, reduction of
short-wave radiation (Kim & Guldmann, 2014), emissivity regulation,
heat dispersixffon and influencing air movement and heat exchange
(Antoszewski et al., 2020), reducing convective and radiative heat fluxes
(Jamei et al., 2020). However, it is not the goal of a BGI to influence the
climate of the city as a whole, but rather contribute to small changes in
the local microclimate.
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A number of previous studies (e.g., Antoszewski et al., 2020; Deilami
et al., 2018) have investigated the factors influencing the local LST or
local air temperature reduction performance of BGIs, associating it to
geometrical, surrounding built environment, morphological and vege-
tation parameters. Another group of studies focused in evaluating the
establishment of vegetation: Monberg et al. (2019) measured species
richness and composition before and after the implementation of a BGI;
Fehmi and Kong (2012) investigated plant establishment and growth
during revegetation processes, showing that site-specific conditions
have large influence on plant establishment; Leinster (2006) and Mazer
etal. (2011) indicated in very practical terms the establishment of a BGI
vegetation, suggesting different construction and operation processes to
guarantee that the system greenery will consolidate. Other group of
studies mainly focused on monitoring the cooling performance of BGIs,
such as Yang et al. (2022) who created a generic vegetation cooling
efficiency index to evaluate urban vegetation cooling efficiency under
different forcing conditions.

However, the cooling capacity is also time dependent as the con-
struction of a BGI is often proceeded by a period of establishment (e.g.,
vegetation growth, root system establishment) such that it can deliver its
expected benefits (Leinster, 2006). From the lens of thermal perfor-
mance, we define here the term Cooling Establishment Time (CET) as the
necessary time to reach a steady LST reduction performance starting
from just after the end of the BGI construction.

To monitor cooling through time, satellite imagery was used by
various studies, such as Maimaitiyiming et al. (2014), who investigated
the relationship between LST and the configuration of green spaces, and
Bartasaghi-Koc et al. (2019) who proposed a green infrastructure ty-
pology classification based on vegetation morphology and land-surface
use within the BGIs. Satellite imagery offers the potential to evaluate
large areas of space along a large time span, with enough time and space
resolution for monitoring cooling performance changes within BGI with
large areas (Hami et al., 2019). Although the spatial constrains are well
defined, little has been done to explore the dynamics of these BGIs
through time. Within this scope, there is a lack of understanding espe-
cially about the establishment time required for BGIs to achieve a stable
cooling potential. Addressing this gap is necessary in order to not only
improve our understanding of the cooling performance and the estab-
lishment of BGIs through time, but also to understand how this perfor-
mance is associated with environmental and design aspects.
Establishment time is taken into account in fields of Urban Stormwater
Management on public BGI civil construction (Leinster, 2006) and
Landscape Design (Nagase & Dunnett, 2013) with a view to create
enough protection time to the system so it does not get destroyed by
users or smothered by pollutants. This concept should also apply to
cooling, given that there must be enough time taken into account so that
the root system establishes for better substrate moisture uptake as well
as for vegetation aerial parts to consolidate for more active evaporative
cooling.

The objective of this study is to assess the feasibility of using open-
source remote sensing data to identify the surface temperature
changes associated with the implementation of BGI in urban areas and
quantify their CET. To achieve these objectives, we monitored how LST
at the BGI construction site changed over time relative to its surround-
ings and relative to its vegetation development. This is relevant when
planning BGIs to tackle heat-related hazards, given that decision-makers
and urban planners need more practical guidance on heat mitigation
strategies (Bartesaghi Koc et al., 2018; Bartesaghi-Koc et al., 2020;
Bowler et al., 2010) and need to be able to estimate the time required for
BGISs to reach its expected cooling mitigation performance.

2. Materials and methods
To derive the necessary data from the BGI case studies, two different

satellite pixels were observed: (i) the focal pixel that corresponds to the
satellite image pixel that represents the land-use change from a gray
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area to a BGI; and (ii) the reference pixel that corresponds to a satellite
imagery pixel that has not undergone land-use changes within the
observation period. The proposed methodology is presented in Fig. 1.
The different steps of the methodology, will be presented in detail in the
next sections, describing the choice of case studies, the sources for sat-
ellite data as well as the steps to retrieve the net relative LST time series
and estimate the CET for each BGI site.

2.1. Study area and selection of case study sites

We retrieved the LST time series within the footprints of six case
studies located in the city of Zurich in Switzerland. The city of Zurich,
according to the Koppen-Geiger climate classification is located within
the Cfa boundaries (Beck et al., 2018): a temperate climate without dry
season and with a hot summer. The different characteristics of each one
of the case studies are presented in Table 1, including land use before
and after BGI construction, construction period and approximate BGI
area. Fig. 2 illustrates these land use changes and spatially references for
each case study. The six case studies were selected based on their foot-
print area, given the spatial resolution limitations of satellite imagery
(Bartasaghi-Koc et al., 2020), and also based on the construction year
due to the limited time availability of the satellite imagery.

2.2. Data sources and computational resources

Each newly built BGI involves the addition of vegetation, and the
more developed and established this vegetation is, the better should the
BGI performance towards cooling be. The Normalized Difference
Vegetation Index (NDVI) characterizes vegetation health and is also a
proxy to the overall greenery development. It is a dynamic index which
changes through time and will be derived for each case study. NDVI
values range between —1 and +1, the smaller the value indicating
unhealthier or sparse vegetation and the larger the value healthier or
denser vegetation (Vina et al., 2011; Nouri et al., 2017; Dutta et al.,
2015). Common values for extremely arid regions are NDVI < +0.15
(Eastman et al., 2013); for urban non-vegetated areas values are nor-
mally found at NDVI < +0.20; common thresholds for low urban
vegetation are +0.20 < NDVI < +0.50 and for high urban vegetation are
+0.50 < NDVI < +1 (Hashim et al., 2019). These values are considered
for complete green coverage, not for scattered vegetation. It is relevant
to highlight, however, that monitoring temperature using satellite im-
agery in this case only yields LST changes, and more specifically surface
temperature changes happening in the top of the urban canopy layer as
seen by the satellite’s point of view. On top of that, LST reductions
resulting from NDVI increases might not be fully accurate, given that the
satellite will mostly capture the temperatures from the top of the
vegetation instead from the shadowed areas that may have been created
by this vegetation.

The National Aeronautics and Space Administration (NASA) Landsat
5 and 8 missions offer products for LST and NDVI, which attributes are
presented in Table 2. These two satellite imagery products were chosen
as the databases of this study, given the large temporal coverage that the
combination of these datasets can provide, ranging from 1984 to the
present date. A subset of these data was used in this research, ranging
from 1985 (the first year when data are available all year round) to
2021. This allowed us to collect data from a large period before and after
the construction of the BGIs. The year of 2012 was a gap due to the lack
of reliable Landsat data.

Within satellite imagery products their spatial and time resolution
are normally a trade-off: if it produces a finer spatial resolution the time
resolution is coarser and vice-versa. The decision for using Landsat
products also relates with their imagery having a pixel size of 30 m.
Among the freely available satellite sources, this is a moderate spatial
resolution, however it stills maintains a temporal resolution good
enough for our goals.

To retrieve these data, which is within large datasets demanding
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Fig. 1. Flowchart of methods involved in this research from data acquisition to establishment time results.

Table 1

Case studies used in this research. The icons illustrate pre-construction and post-construction situations and each case study is described by their construction date and

approximate area (Stadt Ziirich, 2023a).

Site, Zurich district Built in Before After Aprox. Area [m?]
. _’- 0] MFO-Park, Oerlikon 2001-2002 Industrial site Metal structure vertical park 3300
-_‘ . ® Hardaupark, Aussersihl 2011-2012 Parking lot Park with scattered trees 7700
. s . ® Heinrichstrasse, Industriequartier 2005-2006 Industrial site Building with an atrium 1800
. 5 . @ Wahlenpark, Seebach 2004-2005 Building Grassland and trees 11,470
._.. ® Turbinenplatz, Escher Wyss 2003-2003 Industrial site Paved square and vegetation 8500
. .‘. ® Tessinerplatz, Enge 2005-2006 Paved square Square with trees 2030

high computational processing (Gorelick et al., 2017; Cossu et al., 2010;
Nemani et al., 2011) we used the Google Earth Engine platform (Google
Earth Engine, 2010). GEE is a cloud-based platform available via an
application programming interface (API) that makes accessible the
high-performance computing resources of Google’s infrastructure (Fan
et al., 2019). Satellite data catalogs are available within GEE with
different levels of processing (Gorelick et al., 2017), including products
from Landsat 5 and 8 satellite missions.

2.3. Spatio-temporal analysis of land surface temperature at each case
study site

For each case study site an area of interest was defined to retrieve
LST and NDVI time series from the satellite images. The area of interest
corresponds to the shape of each BGI case study. This area can involve
pixels that are fully within the BGI area, or involve pixels that are mixed

between BGI and non-vegetated areas. If the area of interest involves
more than one pixel, each of its resulting LST through time will be a
weighted average between the sub-areas of the area of interest within
each pixel. To decrease the influence of clouds, we discarded the pixels
with more than 20% cloud cover over the whole image area.

However, as many other cities, Zurich presents a SUHI effect, as
indicated in its recent Heat Mitigation Plan (Stadt Ziirich, 2020) and
which can be seen in detail in our supplementary materials. The con-
struction site of each BGI is, hence, affected by this SUHI. This means
that the LST time series of any satellite pixel within the urban areas of
Zurich will tend to show a steady increase. Thus, in order to rule out
influences of this overall urban temperature increase over time, we
should not retrieve only the LST time series of the focal BGI pixel but we
should retrieve also the LST time series of a reference pixel where land
use has not changed during the course of the observation period. Within
this surrounding pixel, any temperature increase should roughly
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Fig. 2. Case study sites in the city of Zurich in Switzerland. Aerial imagery sourced from Google Earth Pro-and Geographical Information System data available at

Stadt Ziirich (2023b).

Table 2

Relevant parameters of each satellite product used in this research (ARSET, 2022; NASA, 2023; USGS, 202.3).

Satellite Sensors Temporal coverage Products Passing time (local time) Spatial resolution Pixel size Temporal resolution
Landsat 5 MSS and TM 03/1984 - 01/2013 LST and NDVI 10:00 am + 15 min 120 m 30m 16 days
Landsat 8 TIRS and OLI 02/2013 — Present LST and NDVI 10:00 am + 15 min 100 m 30 m 16 days

approximate the SUHI urban warming effect, given that no land use
change has happened there. To this end, we produced not only a BGI
focal pixel LST time series (LST, focat), but also an LST time series of a
surrounding pixel (LST,,ys), with t being the timestep related to the
passing time of the Landsat missions where data were available and free
of cloud influence.

This neighboring pixel was found using historical imagery from
Google Earth Pro-and its LST time series derived using the same steps as

for the focal BGI pixel (see description above). However, to generate a
reference LST time series free from mean differences between the focal
and reference pixels, we subtract the average temperature difference
observed before the construction, where t* represents the moment when
construction starts and t is a generic timestep:

1 & 1 &
LST, s, yorm = LST, ey — (; D LSTy—— > LST, fm,> m
=0 (=0
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This ensures that the ALST (defined below) is centered around zero
before the construction. Finally, a mean temperature difference of these
two pixels is then calculated, making the BGI LST time-series now free
from the SUHI effects, as seen in Eq. (2). This will produce finally a net
relative mean LST time series of the focal BGI pixel relative to its sur-
roundings, the ALST.

ALST: = LST,_ focal — LSTt.ref, norm (2)

The final time-series produced is aggregated annually, for each of the
N years, with each ALST point at N being the result of the average of all
readings within that N-th year (Eq. (3)). The ny is the number of ALST,
measured within that N-th year.
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1
ALSTy =—> ALST,, N¢€ Z, Nc[1985, 2021] 3)

T
The process to retrieve the NDVI is slightly simpler, as it does not
need to be compared to a surrounding pixel, it is retrieved from the focal
pixel directly. The NDVI data is aggregated annually as the result of all
readings in that N-th year (Eq. (4)).
1
NDVIy = —>"NDVI, e » N € Z, NC[1985, 2021] 4
NN

n

In some cases, the data is presented as a 2-year moving average to
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Fig. 3. Comparison between ALST and NDVI through time for each case study. Error bars represent the standard deviation from the mean.
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make the visualization easier. During the construction period there will
be vegetation added and after the BGI construction this vegetation will
develop, increasing the BGI cooling effect. Over time, it is expected that
a noticeable cooling effect will become visible and stabilize after some
time, hence reaching the CET. The CET can be pinpointed graphically as
the moment when a steadier LST state is achieved.

3. Results
3.1. Pre and post BGI construction differences

To investigate if satellite imagery can show a signal in LST and
vegetation health comparing the pre-construction phase (gray period),
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construction phase and post-construction phase (green period), the
annual scatter of NDVI vs. net relative mean temperature (ALST) is
represented in Fig. 3. The objective of this figure is to demonstrate the
relationship between ALST and NDVI. And as can be seen, as time
progresses, NDVI increases tended to somewhat correlate with ALST
decreases. We observed clustering when comparing the mean results
from the gray to the scatter in the green period, showing a transition
period that corresponds to the construction of the BGI.

The BGI in Heinrichstrasse (®), for example, showed the best out-
comes in terms of LST reduction performance, reaching a maximum of
3.5 °C reduction when compared to its surrounding pixel. The worse
maximum LST reduction was around 0.5 °C at Tessinerplatz (®). The
case study with higher NDVI was Wahlenpark (®), reaching around
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Fig. 4. Time series of ALST 2-year moving average (all year, only summer and only winter) and mean NDVI for each case study, using Landsat 5 and 8 data from

1985 to 2021.
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+0.45. The worse NDVI performance was found in Tessinerplatz (®),
where although LST cooling seems to have stagnated, the vegetation
health explained by the NDVI has been increasing. Overall, Fig. 3 shows
a negative correlation between the NDVI and the ALST. Despite this
being an intuitive outcome in qualitative terms, quantifying this relation
is a necessary intermediate step to show that there was a signal in LST
difference when comparing the scenarios before and after the BGI
implementation, that will support the later quantification of the time
needed to reach this difference, or here the CET.

On top of that, the relationship between NDVI and ALST is different
for each of these case studies. This can be explained by the fact that each
case study represents a different BGI type. The vegetation health is not
the sole factor explaining the cooling capacity of a BGI, but design fac-
tors and surrounding conditions are also relevant. Comparing the NDVI
results to the common thresholds for vegetation health, it is possible to
notice that all case studies surpassed the NDVI = +0.15 mark (Eastman
et al., 2013) representing a natural arid environment, but not all of them
reached the +0.50 < NDVI < +1 interval (Hashim et al., 2019) repre-
senting low urban vegetation. This indicates that the NDVI can under-
estimate the overall vegetation health and development of a BGI, given
that in some case studies the green coverage is scattered (such as in
MFO-Park (@) and Tessinerplatz ®) in comparison to a fully plant
covered parks (such as Hardaupark @ and Wahlenpark ®). Thus, ab-
solute values of NDVI should be interpreted with care. None of the BGIs
reached the +0.50 < NDVI < +1 interval (Hashim et al., 2019) repre-
senting high urban vegetation, however the parks (Hardaupark @ and
Wahlenpark @) were close to reaching these NDVI values.

Another factor that can contribute to the different relationships be-
tween NDVI and ALST across different case studies is the view factor of
the satellite, as mentioned before. The LST reductions provided by trees
are happening mostly under the canopy and the satellite is capturing LST
from the top of the canopy, which can create underestimations.

3.2. Cooling establishment time (CET)

The CET can be derived from the time series of ALST and NDVI. Thus,
Fig. 4 shows temporal trends prior to, during and after BGI establish-
ment for the six case studies. In every case, an inflection point is visible
in the NDVI curve during the construction phase, most probably asso-
ciated with the moment when built land cover is removed and vegeta-
tion is added. It is also clear that the NDVI increased during the post-
construction period for all case studies. This increase in NDVI is
explained by the growth and consolidation of plants (Nouri et al., 2017).
As expected, as vegetation grows and establishes, the LST within the BGI
(BGI focal pixel) goes down in relation to its surroundings.

Specific behaviors of ALST during the solstice seasons of the year are
also noticeable in Fig. 4. During summer, when days are longer and
temperatures higher, the temperature in the BGI areas before con-
struction are similar than their surroundings. After the construction of
the BGISs this pattern inverts. Summer temperatures in the BGI areas tend
to be cooler than its surroundings; whereas in winter the net relative
temperature in the BGI areas prior to and after its construction do not
change significantly. A good example of this phenomena is Heinrich-
strasse (®), where after the BGI construction the ALST during summer
dropped substantially and winter ALST dropped less, inverting their
positions. This can be explained by the high potential of vegetation to
regulate energy exchange processes, meaning that the focal BGI pixel
not necessarily got cooler in Summer, but did not heat up as much as
their reference pixel. The case study with higher NDVI (Wahlenpark @)
had the shortest establishment time, mostly because the vegetation
quickly developed to a higher maturity and, thus, it reached the
maximum cooling performance faster.

The CETs observed in Fig. 4 for each of the case studies are hetero-
geneous. Some BGIs required around one to three years to reach the
establishment level, whereas others seven or more years. This difference
in CET is attributable to differences in vegetation development, which
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are a consequence of differences in maintenance, differences in envi-
ronmental aspects or design aspects of the BGI.

4. Discussion

As demonstrated in previous studies, the use of satellite imagery is a
powerful tool to assess the cooling capacities of urban greenery (Mai-
maitiyiming et al., 2014; Bartasaghi-Koc et al., 2019; Hami et al., 2019).
Our study resonates with the results of these previous studies, as seen in
the clear LST differences of the pre- and post-BGI construction.
Furthermore, our investigation also confirmed the feasibility of using
satellite imagery to derive BGI CETs. In the following sections, the as-
sociation between the results found and design, environmental factors,
vegetation and soil and water management are discussed. These are
presented along with considerations about scaling this method for a
larger quantitative analysis and the use of machine learning to support
this process as well as the applicability of this research on a
multi-criteria analysis and economic evaluation of BGIs. Specific limi-
tations and further research are stressed in each section and general
limitations are presented as a separate section.

4.1. Design and environmental factors

The different CETs as well as the different ALSTs found were a
product of BGI designs, surrounding built environments, morphological
and vegetation properties, which varied among the case studies. In terms
of design properties, different areas, shapes and degrees of fragmenta-
tion were observed in the case studies. The low performance in terms of
NDVI for Turbinenplatz (®) and Tessinerplatz (®) can, for example, be
due to their multi-functional design intention: both are city squares with
paved surfaces for pedestrian traffic and cultural events. This generated
fragmentation (Cao et al., 2010), despite both having large areas and
shapes that resemble squares and circular areas. As indicated by Wong
et al. (2021) and Yu et al. (2017), regularly shaped green areas have
been found to exhibit higher cooling performance, and this performance
drops the more complex the shape is. All case studies considered in this
study have regular shapes, however some, as indicated, have a more
fragmented use of greenery over their areas.

Regarding surrounding built environment parameters, the CET and
resulting ALSTs can also vary depending on the climate and microcli-
mate where the case studies are located. In terms of climate, the Koppen-
Geiger climate zone where the BGIs of our study are located (Cfa) is the
second most studied in the world within the field of vegetation cooling
research (Bartesaghi Koc et al., 2018). This points to the need to broaden
the application of this method to other climate zones. In terms of
microclimate, other authors have explored the influence of factors such
as sky view factor, neighbouring buildings geometry, building shading,
location relative to street orientation, distance to city center and relative
wind speed and direction (Antoszewski et al., 2020). However, as the
presented study analyses the temperature relative to surroundings, these
effects should be mostly canceled out, and were not analysed. In any
case, the City of Zurich has a very standardized maximum height
allowance for buildings as well as similar street canyon aspect ratios. As
such, the relative influence of these parameters among the BGIs
considered in this study is likely to be low.

4.2. Vegetation

Conversely, vegetation properties may have played a greater role in
the results observed. Longer CETs were found especially where the
dominant vegetation, such as trees, takes longer to reach its maturity
(Jaganmohan et al., 2016). Longer CETs, however, have not always
resulted in a higher cooling performance, or higher ALST. As pointed out
by Kong et al. (2014) and Feyisa, Dons & Meilby (2014), the type and
species of dominant vegetation plays a role in the cooling capacity of a
BGI. In terms of dominant vegetation as well as vegetation coverage
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percentage, both Wahlenpark (®) and Hardaupark (®) used mostly
grass. This created a high relative NDVI in comparison to the other case
studies, but low ALST. Nevertheless, this also implies a lower CET as
these plants take less time to establish, as could be seen in Fig. 4. Tur-
binenplatz (®) and Tessinerplatz (®) both took longer to reach their
CET, given that there is a large use of trees instead of only grass and
shrubs. MFO-Park (®) serves multiple functions, being a public site that
provide space for congregation and shaded refuge from summer heat.
The park is made of a steel structure with climbing plants, naturally
taking time to slowly build up towards fully covered vertical greenery,
thereby requiring a longer CET.

The use of native species and a high biodiversity tends to decrease
the time needed for vegetation consolidation (Nagase & Dunnett, 2013),
which has been the choice for most of the BGI analysed in our study. As
pointed out by Leinster (2006), maintenance has great importance as
well as the moment the vegetation is planted within the construction
time period: depending on the need to finish other building phases in the
construction site, vegetation can suffer damages, particularly in street-
scape applications, delaying its establishment.

4.3. Soil and water management

Another important aspect is the occurrence of irrigation systems
(Potchter et al., 2006). An artificial irrigation is found in Heinrichstrasse
(®), a BGI within the courtyards of a building using mostly homoge-
neous grass and a few trees. The presence of irrigation facilitates the
initial plant development and plant upkeep throughout drier seasons,
which possibly influenced the CET, making it the shortest from the six
BGI sites considered in this study. It was also observed that this irrigated
BGI showed the best LST cooling performance, as seen by its ALST
(Fig. 3).

The studies of Cao et al. (2010), Duncan (2019) and Du et al. (2017)
explored the influence of soil, vegetation and impervious surface
coverage percentage on BGI LST cooling performance, showing that
larger pervious soil and vegetation coverage and less impervious sur-
faces yield better cooling performance. Other authors explored param-
eters such as plant density (e.g., Wang et al., 2015), vegetation structure,
leeward vegetation coverage percentage, Leaf Area Index, soil hydration
quality and synergistic effects with other BGIs in order to analyze the
cooling performance of BGIs. We did not explore these parameters in our
study, but including these parameters in further studies could yield
interesting outcomes in terms of what are the main influencing factors
on the CET.

4.4. Quantitative analysis and machine learning applications

Based on the results of our study, it was not possible to attribute to
specific BGI properties the differences observed in ALST or CET. This
would most likely require a much larger number of climate conditions
and BGI properties to be considered. Our study presents a mostly qual-
itative insight into possible influence of environmental, design and
maintenance characteristics that are likely to influence BGI CET. Whilst
this provides an initial insight into understanding BGI establishment, the
proposed methodology can be further improved through broader
application to a wider range of case studies in order to also characterize
the CET as a function of all parameters discussed above. This would
identify the most sensitive parameters within the CET and assist in the
planning, design, implementation and maintenance of BGI solutions.

This quantitative analysis with a wider range of case studies and
parameters could be scaled up using with Machine Learning. Two main
steps need to be automatized: (i) identification of place and time of
construction of BGI in urban areas, and (ii) selection of suitable refer-
ence pixels without construction activities. Both lie within the realms of
current image classifiers (Bhil et al., 2022). By these means, a large
number of BGI’s could be investigated, which would allow for statistical
modeling of the CET as function of the environmental and design
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parameters presented in this article. As a sequence, to automatically and
more accurately derive the CET, the work from Dalheim & Steen (2020)
could be used, which proposes a steady state identifier model that can
find stationary and non-stationary parts of time-series using a sliding
window approach.

With the aid of Machine Learning approaches, this method could be
not only scaled-up to more case studies withing the same climate, but
also globally. This would make the evaluation of CET possible for a
larger range of climate conditions at cities with also varying relevant
urban parameters that could influence the establishment times.

4.5. Multi-criteria analysis and economic evaluation

To further enhance the understanding of factors influencing CET and
their relative importance, results of a wider qualitative analysis can aid
conducting a multi-criteria analysis. By employing this approach, the
interactions and significance of various parameters can be systemati-
cally assessed, aiding in the prioritization of considerations during BGI
planning and design. Multi-criteria analysis involves assigning weights
to different criteria or parameters that influence CET, such as vegetation,
design and environmental parameters. These weights reflect the relative
importance of each factor in achieving the desired cooling outcomes. By
assigning weights, decision-makers can quantify the importance of
different parameters and incorporate them into a comprehensive eval-
uation framework and helping them guide the allocation of resources
towards the most impactful aspects.

By conducting such analysis, it is possible to identify the most
influential factors that significantly affect CET. For example, the analysis
may reveal that vegetation type has a higher weight compared to
geometrical properties, indicating that the choice of vegetation should
be given more emphasis in BGI planning and design. This approach
enables decision-makers to make informed choices based on a system-
atic and objective assessment of various factors.

Furthermore, multi-criteria analysis allows for the consideration of
potential interactions between different parameters. For instance, it may
reveal that certain combinations of vegetation type and irrigation sys-
tems yield more favourable CET outcomes than others. This insight can
guide the selection of optimal BGI configurations that maximize cooling
performance.

Specifically to CET, more accurately knowing how long different
types of BGIs take to fully establish may assist in the right selection of
BGI type to tackle urgent urban challenges. For example, areas where
local population is experiencing heat vulnerability may need urban
planners to act quickly. To that extent, choosing the right BGIs or
vegetation to mitigate heat-related hazards in a timely manner involves
balancing the cooling assets generated by these BGIs with their associ-
ated CETs.

In terms of economic evaluation, it is essential to consider the cost
implications associated with different BGI design choices, maintenance
requirements, and establishment times. The selection of vegetation
types, irrigation systems, and geometrical properties can have varying
financial implications. Conducting a cost-benefit analysis would provide
insights into the long-term economic viability and return on investment
of implementing BGIs with different CETs in diverse urban contexts,
aligning budgetary constraints. By assessing the costs and benefits
associated with BGI implementation, decision-makers can make
informed choices regarding the most financially sustainable approaches.
Such an analysis would consider not only the construction and main-
tenance costs but also assets such as the potential economic benefits
derived from reduced energy consumption, improved air quality,
enhanced property values, and health-related savings. By quantifying
the economic advantages of BGIs over their lifecycle, decision-makers
can make informed choices and prioritize investments in BGIs that
yield the highest overall return on investment. This analysis would help
prioritize cost-effective strategies that optimize the use of public funds.
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4.6. General limitations and further work

The proposed analysis to estimate the CET of BGIs is limited by the
spatial and temporal resolutions of the satellite imagery used. The use of
remote sensing to evaluate the CET is constrained to the pixel size of the
satellite imagery, given that BGIs smaller than the pixel size will have
larger interference of the surrounding non-vegetated elements. Results
are also constrained to the temporal resolution of the satellite sensors as
well as the time span the data are available.

The view factor of the satellite imagery can also yield un-
derestimations in the LST reduction or biases in the relationship be-
tween NDVI and ALST depending on the geometry of the vegetation. In
the case of trees, for example, the greatest reduction in LST is happening
under the tree canopy and not on top of the canopy which is where the
satellite is mostly collecting data from. The passing time of the Landsat
missions is also a limitation related to its view factor limitations: the
satellite passes only at 10am, which means that the shadows and lights
casted are being viewed by the satellite roughly at the same angle across
its observations. Of course, with slight changes depending on the day of
the year and latitude, given Earth’s tilted rotation angle in relation to its
translation around the Sun. To that extent, the satellite will only view an
excerpt of the radiation dynamics along one day. This can generate
biases if one wants to quantify the actual LST reduction effect, but as the
objective of this work is to quantify the CET which is based in relative
LST changes, the method is still robust.

Cloud coverage impacts also the applicability of the proposed
methodology. Some climates present a large number of days covered by
clouds throughout the year, such as the case of Zurich, which experi-
ences frequent blankets of thick fog (Scherrer & Appenzeller, 2013). The
advantages of using open-source satellite data (e.g., Landsat), are
however significant, considering their free of charge as well as their data
availability for the whole world, allowing reproducibility and broader
global-scale analysis of different BGI CETs.

CET results found graphically must be interpreted with care, as the
stabilization of cooling performance is slow and the boundaries between
stable cooling or a still establishing cooling remain fuzzy. Increasing the
number of case studies within the same classifications can yield more
data and, thus, provide basis for a statistical analysis of CET.

5. Conclusions

Investigating the necessary time for BGI to reach a stable cooling
capacity is a relevant matter for accurately estimating the dynamic
cooling performance of these infrastructures. To that extent, we
observed that:

e Satellite imagery combined with design and environmental factors
can effectively estimate the Cooling Establishment Time (CET) of
green infrastructure in urban areas based on their Land Surface
Temperature (LST), providing insights into the dynamic cooling
performance of BGIs.

The CET of BGIs varies depending on factors such as vegetation type,
design properties, surrounding built environment, and maintenance
practices.

BGIs with vegetation that takes longer to establish, such as trees and
climbing plants, have higher CETs (around 7-10 years), while those
with quicker consolidation, like grass, have lower CETs (around 1-3
years).

Active irrigation systems could influence the CET outcomes, leading
to shorter establishment times and improved cooling performance.

An accurate estimation of CET is crucial for assessing the dynamic
cooling performance of BGIs and optimizing their placement in urban
areas. In cities where urban heat islands and hotspots are progressively
growing every year, having the tools to better estimate the outcomes of
greenery planning is a foremost necessity. The main findings of this

Sustainable Cities and Society 97 (2023) 104768

work point to the significance of future policies to consider the time it
takes for BGIs to reach full maturity and, therefore, a stable cooling
potential.

As main future directions outlined in the discussion that can rather
improve the methodology proposed or apply the methods to a further
explore deriving topics, we have that:

e There is a large potential in scaling up the proposed methodology,
quantifying the BGIs CET and correlating these results to its influ-
encing factors, a process which can be aided by using Machine
Learning. This would largely enhance the generalizability of this
study.

e The promising outcomes for the irrigated case study indicate that

positioning BGIs in a city where there is naturally more runoff

accumulation or underground water can also be a relevant topic of
study to further explore the water availability correlation to the
cooling capacity and CET.

Economic evaluation and multi-criteria analysis of BGIs can be

supported by the estimation of their CETs, being valuable tools for

assessing the long-term economic viability, cost implications, and
prioritization of different factors influencing CET, aiding decision-
making in BGI planning, design and resource allocation.

Our methodology provides a useful approach for not only researchers
that want to better understand the dynamics of BGI cooling over time,
but also to decision-makers, who need to balance short-term retrofit and
long-term solutions. To that extent, this study can support evidence-
based urban greenery planning and design towards cooling our
increasingly warming cities in a timely manner and in the locations
where it is most required.
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