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Highlight

. Extracting the UGS from NDV1 and LST using the diagnostic-ROC test.

. Providing cold green patches map using Getis Ord Gi* statistic.

. Proposing a framework to construct the green heat sink (GHS) network.

. Investigating the overall connectivity of GHS from a circuit theory perspective.
. Identifying the priority locations to improve the urban thermal environment.

Despite the evidence on the cooling effects of urban green spaces (UGS), little is known about how they function as an
interconnected network of cold green patches or a green heat sink (GHS) within an urban landscape. This study aimed to analyze
the general spatial pattern and connectivity of GHSs using the pertinent indices and Circuitcape tool in an Iranian urban area
between 2000 and 2020. Initially, normalized differentiation vegetation index (NDVI) and land surface temperature (LST) maps
were derived. To construct a network, GHS was extracted by Getis Ord Gi* statistic and the cost map was built by reversing the
NDVI. The results showed that UGS and GHSs shrunk by 17% and 31%, respectively, and became highly fragmented,
demonstrating smaller sizes while the number of patches, patch density, and the complexity of the shape increased. According to
the network analysis, the overall connectivity of GHSs decreased over time in 2020. Finally, five high-priority locations were
identified to increase the connectedness of vegetation cover that might improve the thermal environment of the city. This research
can direct urban planning towards enhancing a green space network to mitigate the urban temperature within the urban landscape.

Keywords: Functional connectivity; Climate regulation service; Local spatial statistic; Circuit theory; Landscape planning; Karaj
City.

1. Introduction

Urban ecosystems are characterized by a heterogeneous mosaic of different natural and anthropogenic land uses
(Darvishi et al., 2020; Peng et al., 2016; Qureshi et al., 2014) with a highly modified surface-atmosphere energy
balance and thermal environment (Voogt & Oke, 2003; Weng, 2009). Hence, urban areas exhibit unique thermal
environments that are warmer than surrounding rural areas, which is known as Urban Heat Island (UHI) (Voogt &
Oke, 2003). Our current knowledge of the urban thermal environment (UTE) is principally based on retrieving land
surface temperature (LST) from satellite thermal sensors (Bokaie, Zarkesh, Arasteh, & Hosseini, 2016; Peng et al.,
2016). In cities, the urban green space (UGS) function can contribute to mitigating high temperatures (Masoudi et al.,
2021; Zardo et al., 2017) and improving the UTE through coping with climate change effects (Reis & Lopes, 2019;
Saaroni et al., 2018). While urbanization growth alters the quantity and quality of UGS (Masoudi et al., 2021) and
exacerbates the UHI effect (Du et al., 2020; Halder et al., 2021; Zhou & WANG, 2011; Pierik et al., 2016).

In an urban landscape, every single patch can be categorized as a heat source or heat sink (A. Chen et al., 2016; L.
Chen, Fu, & Zhao, 2008; Li, Cao, Lang, & Wu, 2017; Zhao, Zhang, Miao, Ye, & Min, 2018); which are almost
identified based on land use/land cover (LULC) classes (Pramanik & Punia, 2020). The urban green space (UGS) is
known as the best-performing heat sink in urban areas (Li, Cao, Lang, & Wu, 2017). UGS refers to any type of
vegetation cover from forests, bushland, and parks to agricultural land that provides multiple ecosystem services
(Bastian, Haase, & Grunewald, 2012; L. Taylor & Hochuli, 2017) such as cooling effect service (Zardo et al., 2017).
Drawing from landscape ecology science, indicating that patterns affect ecological processes and functions (Turner, et
al., 1989), recent studies have shown that the functionality of UGSs related to the cooling service is highly dependent
upon their spatial pattern within the urban landscape (Masoudi & Tan, 2019). The spatial pattern of UGS can be



delineated by the spatial distribution and their geometric characteristics, generally described by compositional (i.e.,
patch abundance) and configurational (i.e., arrangement like connectivity and fragmentation) attributes (McGarigal &
Marks, 1995). This pattern-function association has been well investigated concerning the cooling impacts of UGSs
(Bao, Li, Zhang, Zhang, & Tian, 2016; Connors, Galletti, & Chow, 2013; Li et al., 2017; Maimaitiyiming et al., 2014;
Sun, Xie, & Chen, 2018). Then, recently, optimizing UGS spatial patterns (e.g., the distance between green patches) to
intensify the cooling effect gained attention in urban planning (Masoudi & Tan, 2019; Shih, 2017; Lin, Yu, Chang,
Wu, & Zhang, 2015).

Connectivity of UGS is one of the main principles used to address the landscape pattern-function association that
often plays an essential role in high-temperature regulation (Xie et al., 2015; Zhang, Meerow, Newell, & Lindquist,
2019; Zhibin, Haifeng, Xingyuan, Dan, & Xingyang, 2015). The connectivity can be defined in two ways: structural
and functional or potential connectivity. The former can be measured by spatial indices (Calabrese & Fagan, 2004).
Functional connectivity refers to a degree of facilitating or impeding movements of species or the flow of energy,
materials, and nutrients among patches (Darvishi et al., 2020; Leitdo, Miller, Ahern, & McGarigal, 2012; Marulli &
Mallarach, 2005; P. D. Taylor, Fahrig, Henein, & Merriam, 1993). Implying the structural connectivity concept by
landscape metrics in urban environments, a large number of studies revealed that the performance of green patches
in lowering the urban temperature (i.e., cooling potential) reduces in poorly connected UGSs. For instance, Asgarian
et al. (2015) used landscape spatial metrics (i.e., patch-based analysis) to measure the connectivity of UGS in Isfahan,
central Iran. They found that the cooling effect of UGS decreases with increasing distance to other UGS and reducing
UGS size and spatial geometry. Xie et al. (2015) explored the connectivity of the UGS and its relationship with
temperature using morphological metrics and found that their connectedness contributes to improving the UTE. Kowe
et al. (2021) examined the impact of the spatial configuration of vegetation patches on UTE, revealing that clustered
and connected vegetation patches are more effective in alleviating urban surface temperature.

In addition to the patch-based analysis that measures the proximity and connectivity between patches (the above-
mentioned studies), the network-based approach can model and evaluate the overall connectivity across an entire
landscape (Urban, Minor, Treml, & Schick, 2009; Grafius, Corstanje, Siriwardena, Plummer, & Harris, 2017; Kong,
Yin, Nakagoshi, & Zong, 2010). In other words, the network approach can quantify both structural and functional
connectivity and can evaluate the function of a landscape. Simply, a network is a set of nodes (or ecological sources or
source patches) connected by links (Lookingbill & Minor, 2017). Among the available models to analyze the
connectivity, circuit theory, which originated from electrical studies, offers an approach to investigating optimal least-
cost pathways between landscape nodes (McRae, Dickson, Keitt, & Shah, 2008). This model uses resistance raster
maps relevant to measure the degree of connectivity between landscape nodes (Koen, Bowman, Sadowski, &
Walpole, 2014; Pelletier et al., 2014). In urban landscapes, the network has been used to enhance connectivity and
optimize the green network planning associated with ecological purposes (Liu, Huang, & Zheng, 2022; Cui et al.,
2020; Hyseni et al., 2021; Kwon, Kim, & Ra, 2021; Grafius et al., 2017; Uy & Nakagoshi, 2007; Guo, Saito, Yin, &
Su, 2018; Zhang et al., 2019). For instance, Liu et al. (2022) extracted green patches to construct a green network to
improve connectivity and determine the priority conservation areas in Beijing, China. They concluded that Circuit
theory can optimize the UGS networks. However, the investigation of the UTE from a network- based perspective has
seldom been reported in the scientific literature (Yu, Zhang, & Yang, 2021). Related to analyzing heat flow, Yu and
colleagues (2021) defined a binary thermal landscape consisting of surface UHI patches and non-UHI areas. They
applied Circuit theory to construct an LST-based UHI network to analyze the heat diffusion and consequently identify
the critical locations to implement cooling measures in urban design and planning. As far as our best knowledge,
despite the importance of UGS connectivity on cooling effect function, there is a lack of research to analyze the cold
green patches or a green heat sink (GHS) connectivity and their cool airflow from the network-based perspective
within an urban landscape.

Considering the above background, the main objective of the study is to investigate the effect of urbanization on
dynamic spatial patterns (i.e., fragmentation) and overall connectivity of cold green patches or green heat sinks (GHS)
using patch- and network-based approaches in a rapidly growing urban area in the north of Iran, between 2000 and
2020. The research framework would finally identify areas having a poor structural connection with thermal sinks and
whose vegetation improvement will strengthen the cooling capacity of the study landscape to achieve a more
thermally-comfort sustainable city. Generally, the current research was devised by answering the following questions:
1- how has the spatial pattern and overall connectivity of GHS changed during the past two decades due to the
urbanization in Karaj city, 2- how we can propose an approach to identify the key elements in order to construct a
GHS network using Circuitcape tool, 3- how the network analysis can help restore the GHS connectivity and
consequently intensify the cooling effect.

2. Methodology

2.1. Study area



Karaj is the fourth most populated city in Iran located 36 km west of the capital Tehran, in the North of Iran. It has a
total area of 220 km? spanning between 51° 0’ 30 E Longitude and 35° 48’ 45 N Latitude (Fig. 1). Historically, Karaj
was regarded as a “garden city” with vast green areas. As is indicated in Fig. 1, due to intense urbanization (about a
30% increase in the built-up area) in the last twenty years, the gardens were gradually destroyed and replaced with
residential areas. Vegetation cover in the study area includes gardens, municipal green areas, parks, agricultural lands,
and dense and sparse rangelands (Mokhtari, Barghjelveh, & Sayahnia, 2021). Karaj has followed a significant sprawl
and scattered pattern of development expansion (Ghobadi, Khosravi, & Tavousi, 2018; Taleshi & Ghobadi, 2012),
leaving plenty of vacant and barren land within the urban environment (Fig. 1). Currently, the city hosts a population
of over 1,592,000 people (https://www.amar.org.ir). The region is characterized by an arid and semi-arid climate,
according to De Martonne's climatic classification scheme, with hot summers and cold winters. July and February,
with an average temperature of 34.6 and 9.2 °C, are the warmest and coldest months of the year, respectively
(https://alborz.mporg.ir).
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Fig. 1. Land use/ land cover map of Karaj city in 2000 and 2020
2.2. Data sources and pre-processing

Two cloud-free Landsat images taken on July 8, 2020 (Landsat 8 OLI-TIRS) and on July 17, 2000 (Landsat 7 ETM+)
were acquired from the United States Geological Survey (USGS) website. Due to a lack of access to suitable images
on the same day for both years, the closest dates in the given years were chosen. The images were selected in July, the
hottest month in the region since the cooling effect of green space is important in this month. According to the
meteorological data, the air temperature was 36°C, and no rain was reported in the last 24 hours in the acquisition days
of two years.

2.3. Provision of NDVI and LST maps

The NDVI raster images for 2000 and 2020 were generated using the visible (RED) and near- infrared (NIR)
reflectance bands of Landsat ETM+ and TRIS image data. This index ranges from -1 to +1 and has a positive
relationship with vegetation biomass and abundance (Gillespie et al., 2018).

LST maps were retrieved using the Mono-Window (MW) algorithm (Qin, Karnieli, & Berliner, 2001; Wang et al.,
2015). This algorithm applies one thermal infrared band (band 10 of OLI sensor and band 6 of ETM with 30 and 60-
meter resolution, respectively). To retrieve LST maps, atmospheric transmittance and the effective mean atmospheric



temperature data were obtained from the meteorological database of the region. Digital numbers were first converted
to spectral radiance using the gain and offset data provided in the image’s metadata file in TXT format. The spectral
radiance was then converted to at-satellite brightness temperature using satellite- and band-specific thermal
conversion constants (known as K1 and K2). Finally, the land surface emissivity was applied to convert the at-satellite
brightness temperature to land surface temperature. To do so, an NDVI-based technique proposed by Sobrino et al.
(2008) was used to measure the surface emissivity by land use (soil and vegetation). Additional information regarding
LST retrieval from Landsat images using the MW algorithm can be found in Qin et al., 2010 and Wang et al., 2015.

2.4. Extraction of UGS using optimal thresholding

Given the importance of UGS identification, it was necessary to provide a highly accurate UGS map. To do so, 300
training points were collected from vegetation cover of parks, gardens, and agricultural lands, and 300 samples were
surveyed from the built-up area and barren land using an array of Landsat false-color composites and google earth
images. Then the value of LST and NDVI was joined to the sample points for two years. Since NDVI and LST values
vary with surface cover in urban landscapes (Bartesaghi-Koc, Osmond, & Peters, 2020), both maps were assumed to
be able to determine the UGS. A diagnosis test (Labrique & Pan, 2010; Wong & Lim, 2011) was applied to identify
the threshold value of each variable (i.e., NDVI and LST). In this research, the threshold value is a value of the
variables that can diagnose the occurrence of a phenomenon (i.e., the presence of UGS). In the diagnosis test, the
receiver operating characteristic (ROC) (Fawcett, 2006; Fluss, Faraggi, & Reiser, 2005) was used to analyze the
ability of input variables in distinguishing UGS from non-UGS. Then, in the ROC curve, the optimal NDVI and LST
thresholds were calculated using true skill statistics or the Youden's index (Fluss et al., 2005; Piri Sahragard, Ajorlo,
& Karami, 2018) embedded in the ROCR package in R.3.5.2 and MedCalc version 13. The Youden index is a
measure of the ROC curve, calculating the ability of a variable in distinguishing the sample points and also identifying
the optimal threshold value (i.e., cut-off point) of the variable (Fluss et al., 2005).

In ROC, the area under the curve (AUC) has a range of values, varying from 0.5 to 1.0 (poor to perfect
performance). In addition, the performance of each variable in distinguishing green areas can be evaluated using the
Sensitivity, Specificity, Correct classification, and Miss classification criteria. Further description of ROC and various
evaluation criteria, can be found in the following articles (Fawcett, 2006; Karami, Rezaei, Shadloo, & Naderi, 2020;
Somodi, Lepesi, & Botta-Dukat, 2017).

2.5. Identification of GHSs

Since green patches extracted by thresholding of NDVI were thermally heterogeneous, to identify the significant green
cold spots or green heat sinks, we used the Hot Spot Analysis tool available in the ArcGIS ESRI environment. This
tool measures the Getis-Ord Gi* statistic, which is an intensity degree of spatial clustering for each spatial unit relative
to its neighbors. The Gi* value is positive in areas with a cluster of high-intensity values and vice versa. The Gi*
statistic calculation for a feature converts to a z-score (Jamei, Rajagopalan, & Sun, 2019). Moreover, p- value
indicates probability in spatial pattern analysis: for instance, small p-values show low probabilities. So, the local
statistics count on the tests for each location in the data and have two main identification purposes: local clusters and
their significance (Caldas de Castro & Singer, 2006). Table 1 represents the critical p-values and z-scores for different
confidence levels. For a statistically significant positive z-score, larger values imply a more intense cluster of high
values (hot spot) while negative smaller values show the clustering of low values (cold spot) (Jana & Sar, 2016; Koen
et al., 2014; Songchitruksa & Zeng, 2010). In this research, the LST map was analyzed using the z-score
classification, with results varying from statistically significant negative to statistically significant positive at the
different confidence levels of 99%, 95%, 90%, and not significant. Areas of high temperatures were identified as
significant hot spots, whereas the areas with low temperatures were identified as significant cold spots. The cold spots
included all kinds of classes like cold built-up and cold green areas. Considering the objective of this research, we
analyzed only cold green patches at a 99% confidence level that was referred to as green heat sink (GHS).

Table 1 Classification of z-score and p-value in Hot Spot analysis (Arc GIS Desktop)

z-score(standard deviation) p-value(Probability) Confidence level
<-1.65 or >+ 1.66 <0.10 90%
<-1.96 or >+ 1.96 <0.05 95%

<-2.58 or>+2.58 <0.01 99%




2.6. Construction of the network of GHSs

A network consists of a resistance map and user-defined nodes, which represent the core area in a landscape, and the
resistance value is the opposite of the current or flow and is the inverse of the suitability of the flow or movement
across the cells (or nodes) (McRae et al., 2008). In other words, an ost (or resistance) surface map is used to measure
the degree of flow or movement between locations (Koen et al., 2014; Pelletier et al., 2014). In UTE studies, a
resistance map must reflect the horizontal resistance to thermal diffusion or thermal flow (Yu et al., 2021). Studies in
this field used different raster layers as cost maps. For instance, Yu et al (2021) used a land cover map to focus on the
UHI network, assuming that the value of resistance in urban landscapes is related to the distance between different
UHI patches. In other words, the resistance map is the inverse of a suitability map and is generated by the user
considering the surface potential or effectiveness in impeding or facilitating the target flow (Grafius et al., 2017). The
present research deals with the connectivity of the GHS network. Due to a lack of experimental knowledge related to
weighing the role of different surfaces in cool airflow, we created the resistance map based on the NDVI map.
Moreover, the NDVI map represents a measure of surface reflectance and is a critical indicator of land use/land cover
identification (da Silva et al., 2020; Yengoh, Dent, Olsson, Tengberg, & Tucker I1l, 2015).

Then, To prepare the resistance layer, NDVI values were multiplied by minus one so that high vegetated areas
present lower resistance to the connectivity of GHS and vice versa. The model result was finally evaluated to identify
the strength of all possible pathways among the nodes of the landscape. In the literature on network analysis, pinch
points are located in a specific area with a strong current flow (B. McRae et al., 2013; B. H. McRae et al., 2008);
removing them can affect the connectivity of the network (Yu et al., 2021). So in this research, enhancing the
vegetation cover in the pinch points significantly increases the overall connectivity of GHS. Commonly, these points
can be identified visually based on the current density changes across a landscape (Pelletier et al., 2014). Identification
of pinch point areas is advantageous in optimization planning and design of an urban landscape to mitigate
temperature (Yu et al., 2021).

2.7. Patch-based analysis of GHS

The spatial pattern of GHSs was analyzed using a set of landscape metrics to understand the overall spatial pattern and
fragmentation of GHSs in 2000 and 2020 using FAGSTATS 4.3 software. Drawing from the existing literature
(Estoque, Murayama, & Myint, 2017; Liu, He, & Wu, 2016; Masoudi & Tan, 2019), the selected landscape metrics
were percentage of landscape (PLAND), the number of patches (NP), patch density (PD), largest patch index (LPI),
largest shape index (LSI) (McGarigal, 2015). Temporal changes in the spatial pattern of GHSs were interpreted to
investigate the dynamics of the GHS network of the region. Table 2 shows a brief description of the selected
landscape metrics. Figure 2 outlines the steps undertaken in the present research.

Table 2 Landscape metrics employed to analyze the spatial pattern (i.e., fragmentation) of GHS (McGarigal, 2015)

Landscape metric Abbreviation Description Unit
Percentage of landscape PLAND Proportional abundance of a special patch type Percentage
Number of patches NP Number of a special patch type in the landscape None
Patch Density PD Number of special patches per unit area. Number per 100 hectares

LPI The largest patch of a special patch type divided by None

Largest patch index total landscape area

Landscape shape index LSl A measure of the overall shape complexity of a None
special type of patches
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3. Results

3.1

The maps of NDVI and LST were provided to extract the UGS and GHS. Related to NDVI, minimum and maximum
values were 0.79 + 0.42 in 2000 and 0.82 + 0.31 in 2020 (Fig. 3). Inspecting the google earth image and land use
maps, the gardens, and some public parks, mainly in the south of the city has the highest NDVI (Fig.1). Minimum and
maximum LST values were 28.5 and 56° C in 2000 and 31 and 57° C in 2020. LST values in Fig. 3 were distributed
unevenly across the region in both years due to the high heterogeneity of land use/land cover classes (Fig. 1), so
various types of vegetation cover, from sparse rangeland to dense gardens, substantially affected the LST. Observation
showed that the barren land and poor rangeland had the highest temperature while the densely built-up area and
gardens had the lowest LST. Comparing the LST maps indicated that in 2000 the UGS was the coldest, while in 2020,
some vegetation cover lost its cooling effect (due to losing its quality), and the densely built-up area, mostly in the
North and Central parts of the city, showed low LST. Generally, the reason for this phenomenon is rooted in the arid

r

Comparative analysis between
2000 and 2020

Fig. 2. Flowchart of the research methodology

Results of the diagnostic-ROC test using NDVI and LST to extract UGS

and semi-arid climatic zone of the region (see the discussion).
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Fig. 3 NDVI and LST maps of 2000 and 2020

To extract the UGS, the diagnostic ROC test was used. Table. 3 represented the results of the test using several criteria
of Youden index, AUC, Sensitivity, Specificity, Correct classification, and Misclassification. In terms of Youden
index, sensitivity, and specificity criteria the diagnosis ability of NDVI in UGS identification was higher than LST

performance in both years. In addition, the value of correct classification and misclassification confirms the better
diagnosis performance of NDVI than LST in separating the UGS from non-UGS in both years.

Criteria 2000 2020

LST NDVI LST NDVI

AUC 0.846 0.922 0.822 0.983
Significance level P (Area=0.5) <0.0001 <0.0001  >0.0001  >0.0001
Youden index J 0.6067 0.8200 0.5975 0.9375

Correctclassification 0.802 0.910 0.796 0.968

Misclassification 0.198 0.090 0.204 0.032

Sensitivity 0.74 0.877 0.902 0.988

Specificity 0.867 0.943 0.688 0.948
Associated threshold value <42.7638  >0.2009 >41.87 <0.2683

Table 3 Youden’s statistics for LST and NDV1 (2000-2020)



Fig. 4 shows the ROC curves based on the sensitivity and specificity, identifying threshold values of <42.7 and
<41° C for LST and 0.2< and 0.2683< for NDVI in 2000 and 2020, respectively. According to the area under curve
(AUC) values, the performance of UGS extraction using LST was satisfactory in 2000 (0.846) and 2020 (0.822). The
AUC using NDVI was classified as excellent in 2000 (0.922) and 2020 (0.983). Accordingly, UGSs were extracted
using NDVI in both years as they exhibited a higher distinguishing performance (Fig. 5).
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Fig. 5. UGS maps in 2000 and 2020

Fig. 5 shows the total area of UGS based on the NDVI threshold in 2000 and 2020, covering 48,000 and 41,000
hectares, respectively (decreased approximately by 20% over this time period).

3.2. Results of the Hot Spot Analysis

The output of Hot Spot analysis on the LST was a z-score map that was classified into four classes based on different
confidence intervals of 99%, 95%, 90%, and not significant in 2000 and 2020 (Fig. 6). Then the z-score map was
extracted by the UGS map and the output map was classified into four different classes. Table 4 represents cold
green patches area in four classes in 2000 and 2020. Respectively 25% and 43% of the UGS in 2000 and 2020,
mainly the farmlands and rangelands, were not significantly cold.

Table. 4 The area of UGS at different confidence levels in 2000 and 2020

Cold green patch at different 2000 (ha) 2020 (ha)

confidence levels

99% 21,259 13,807
95% 11,502 6,413
90% 27,890 3,525

Not-significant 12,4794 18,077.4




In order to achieve the highest accuracy in this research, we considered only the cold green patches (or GHS) at a
99% confidence level. In Fig. 6, the cold green patches or GHSs are shown at a 99% confidence level based on the z-
score from the Hot Spot Analysis. According to this classification, the area of GHSs decreased by 35% over time.
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3.3. Result of Network-based analysis and pinch point identification

Using GHSs as nodes (Fig. 7 A& B) and the inverted NDVI maps as cost surfaces (Fig. 7 C& D), the distribution of
the connectivity of the GHS current flow intensity map was produced using Circuitcape. 4 (Fig. 7 E& F).

The results of Circuitcape software was a current intensity map with different degrees of connectivity between
GHSs (Fig. 7 E & F). Higher current values show stronger connections between GHSs. Subsequently, visually
inspecting the current map and considering the pinch points definition, five main pinch points in the current map of
2020 were chosen as priority locations to increase the connectivity of GHS in the future (Fig 7. F). Observing the
pinch points and land use map and google earth, in location 1, the barren land made a high cost to connectivity, while
in points 2 and 4, the built-up area decreased the current intensity, and in points 3 and 5, the poor vegetation
cover (i.e., rangeland and farmland) inhibited the linkage between GHS and decreased the current flow. In addition,
in order to compare the current maps of two years, the pixel-based differentiation between the current maps of 2000
and 2020 was applied, illustrating the overall connectivity was higher in 2000 as compared to 2020. However, in the
southern and eastern parts and a small area in the southeast of the city, the connectivity in 2020 was slightly higher
than that of 2000 (Fig. 8).

3.4. Results of Patch-based analysis

The results of landscape metrics for GHS are represented in Table 5. The GHS occupied 11% and 7.2% of the total
landscape in 2000 and 2020, respectively. The number of patches and the patch density increased from 2000 to 2020.
While the LPI metric was lower in 2020 than in 2000; the large GHS converted to the small patches, and the LSI
metric showed that the shape complexity increased during this time.

Table 5 Spatial attributes of the GHS in 2000 and 2020

Metric 2000 2020

PLAND 11 7.2
NP 222 458
PD 0.97 2.55
LPI 2.44 051
LSl 19.72 26.81
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4. Discussion

The spatial pattern and connectivity of UGS are of importance in building a thermally comfortable urban landscape
(Xie et al., 2015; Asgarian et al., 2015). In this research, over the past two decades, the LST pattern of the region has
changed due to land use/land cover transformation. Green cover loss and urban expansion, together with lack or poor
implementation of sustainable urban land use planning practices, resulted in both qualitative and quantitative
degradation of green covers. It not only reduced the cooling performance of the urban landscape but also caused
high-LST bare lands (thermal sources) to surround and further affect the thermal properties of built-up patches.
Another substantial change in the LST pattern was seen in decreasing the temperature of the densely built-up area in
2020. Generally, this land use- LST pattern has been frequently observed in urban regions located in arid and semi-
arid climatic zones like central Iran, where the diurnal surface UHI often does not form in the built-up area (the
reasons for this phenomenon are beyond the scope of the research) (Haashemi et al., 2016; Azhdari et al., 2018;
Madanian et al., 2018; Tayyebi et al., 2018).

NDVI-based optimal thresholding methods have been frequently utilized for land use and land cover classification
(Doustfatemeh & Baleghi, 2016). However, in this research, we identified the threshold of NDVI and LST as two
important variables of thermal landscape to extract the UGS. In terms of ecological studies, the diagnostic-ROC
method has been often used to identify threshold values to evaluate the absence and presence of a species in habitats
(Somodi et al., 2017; Piri Sahragard et al., 2018). Innovatively, in this study, we adopted this approach using LST and
NDVI to diagnose the vegetation cover from non-vegetation cover in order to extract UGS. Applying this method, the
statistical results indicated that NDVI outperformed LST in the extraction of UGS in both years. Because of the
climatic attributes of the city (mentioned in the previous paragraph), the built-up area is almost cool and thermally is
similar to green space; therefore, it makes a source of bias; subsequently, the LST variable cannot separate the UGS
from the built-up area accurately. Therefore, it can be argued that in arid and semi-arid urban regions, the NDVI is a
better variable than LST to extract the UGS.

The current research did not apply a common methodological approach to define thermal sink and source. In many
studies, thermal sinks and sources were explained by land use classes (Pramanik & Punia, 2020), but in this research,
the sinks (it was merely focused on the green heat sinks) were identified by Hot Spot analysis using the local
statistic of Getis Ord Gi* at different confidence levels (considerably in the study, all the green patches were not
classified as heat sinks due to poor vegetation cover in the warmest month of the year). This conclusion has been also
supported in similar recent studies such as Tran et al. (2017), who emphasized that layer clustering by Getis Ord Gi*
statistic is an effective approach to identify thermally-hot spots in urban environments.

The results indicated a significant GHS loss of 31% from 2000 to 2020, both through the complete disappearance
of small patches and significant peripherical shrinkage of large GHSs. In comparison with UGS loss, results showed
that around 14% of the remaining green spaces have lost their cooling performance in twenty years. Based on the



patch-level analysis, moreover, GHSs have become more fragmented such that the number and density of GHSs
increased, whereas their size and shape became smaller and more complex. Inspecting land use maps and google earth
images, during this time, many large garden patches have been fragmented to the sparse vegetation cover, rangeland,
and bare land, which has not been significantly cold.

While most of the studies investigated patch-based composition and configuration attributes of UGS to maximize
urban cooling capacity (Masoudi & Tan, 2019; Peng et al., 2016), Yu et al. (2021) emphasized that analyzing the
overall connectivity from a network-based perspective can help identify critical locations that mitigate UHI (Yu et al.,
2021). One of the main objectives of this research is to propose an approach to construct a network of UGS
considering the temperature. In this way, the nodes included the cold green patches at a 99% confidence level and the
cost map (i.e., numerically inverted NDV1) were inputs of network analysis using Circuit theory. The cost map means
the lower the NDVI, the higher the resistance to connectivity and vice versa. Overall, NDVI served as a good
classifier of GHSs (i.e., nodes) and also as an effective cost layer to investigate GHS connectivity. NDVI has been
identified as the most explanatory factor of LST in arid and semi-arid zones of central Iranian landscapes with a
combination of built-up, vegetation, and bare land components (Shafizadeh-Moghadam et al., 2020).

In the current research, the network-based analysis of GHSs indicated decreasing overall connectivity between
GHSs over time. In dealing with the UHI network, Yu and colleagues proposed that green areas have the potential to
break the UHI network in critical locations (i.e., pinch points) and decrease the urban temperature. Similarly, we
identified pinch points as priority areas to enhance vegetation cover and, consequently, intensify the cooling effect
within the city. As shown in Fig. 7, the five most important pinch points were distributed in different parts of the
landscape, especially in areas where small-sized green patches were lost from 2000 through 2020. It can also be
concluded that the designation of small green patches can play a significant part in constructing a better performing
GHS network, while green cover conversion to bare lands may create a warmer urban landscape.

Theoretically, the structural connectivity of GHSs implies functional connectivity or functional potential such that
the higher connectivity of GHS, the higher the cooling capacity of the landscape. Furthermore, from a theoretical point
of view, in network-based analysis, the connectivity concept not only considers the nodes but also regards the
resistance surface (B. H. McRae et al., 2008). It can be pretended that the linkage between the GHSs significantly
depends on the matrix within a landscape. While the connectivity analysis from a patch-based approach (i.e.,
measuring the nearest neighbor metric) does not regard the resistance surface, so, it cannot represent the overall
connectivity within the entire landscape (McRae et al., 2008; Yu et al., 2021).

Finally, based on the existing land cover in critical locations of the study area, we proposed three different
implementations to enhance the GHS connectivity and improver UTE 1) green space can be established in existing
vacant lots, 2) the density of vegetation can be improved in low-density green spaces by planting trees with a high
shading effect and evapotranspiration, and 3) green walls and green roofs can be established in existing built-up areas.

In this study, several limitations should be acknowledged. First, due to the lack of experts” knowledge and accurate
data, the study was restricted by only two NDVI and LST variables. For instance, in the case of benefitting from
experts’ knowledge related to the objective, a fuzzy approach (weighing different bio-physical factors) would link the
structural connectivity (i.e., the connectedness of GHS) and functional connectivity (i.e., cooling capacity) in a more
realistic and unbiased way (Pierik et al., 2016). The next limitation lies in setting up a cost map, we acknowledge that
other physical and environmental factors can affect surface resistance. Therefore, layers of air temperature, wind flow
direction, Normalized Differentiation Water Index (NDWI), albedo, or Digital Surface Model (DSM) can contribute
to creating a cost map that has more conformity with the real environment. The connectivity analysis in future studies
can be integrated with morphological spatial pattern analysis (MSPA), meaning that the GHSs can be classified into
the core, bridge, islet, loop, edge, perforation, and bridge to explore the structural connectivity. Therefore, future
research can address these limitations and apply them in different cities located in various climatic zones.

5. Conclusion

In an urban landscape, UGS connectivity is an essential spatial attribute that affects the urban thermal environment. In
this research, we proposed a methodological framework to construct a network of the GHSs using circuit theory to
examine the dynamic of overall GHS connectivity from a network-based and a patch-based analysis within Karaj city
between 2000 and 2020. The results showed that the total area of UGS and GHS decreased in Karaj city. Based on the
patch analysis, GHSs became highly fragmented, exhibiting smaller sizes, while the number of patches, patch density,
and the complexity of the shape increased over the study period, particularly in the south and west parts of the city.
The study’s findings indicated that the overall connectivity decreased due to urbanization during the last two decades.
In addition, based on the current flow intensity in 2020, several pinch points were recognized as priority locations to
restore the connectivity of GHSs and consequently intensify the cooling effect. So that to improve the connectedness
in these locations, the implementation of new green space, enhancing the current vegetation cover, and building of
green roofs or green walls were proposed. Finally, we concluded that measuring the connectivity through the network-
based analysis provides accurate information relating to the sink or source connection since it considers the resistance



surface or cost of the connectivity between the patches. Overall, this research offers an insight to the urban planner to
optimize the spatial pattern of the UGS from the network-based perspective within an entire landscape toward urban
temperature mitigation.
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