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Abstract: Average temperatures continue to rise throughout the world due to climate change and, 

thus, also in Europe, often occurring as heat waves. The negative effects of climate change-related 

heat waves can be observed, especially in urban areas where land sealing is the greatest and so is 

population density. Past studies have indicated that green volume can provide climate 

improvement by balancing humidity and regulating temperature. This study aims to estimate the 

distribution of surface heat islands and green volume and test the relationship between these 

variables in a case study of Bochum, Germany. A method to develop a temporally longitudinal 30-

m Landsat 8-based land surface temperature (LST) analysis and 30-m LiDAR-based green volume 

dataset are presented, and their relationship is tested using Pearson’s correlation (n = 148,204). The 

results show that heat islands are moderately negatively correlated with green volume (r = −0.482; 

p < 0.05), LST can vary as much as 28 degrees °C between heat islands and densely vegetated areas, 

and the distribution is heterogeneous across Bochum. 

Keywords: climate change; green volume; heat island; heat waves; land surface temperature; 
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1. Introduction 

Urban areas generally have higher surface and air temperatures than the 

surrounding areas [1]. However, temperature differences also occur within urban areas. 

Increased thermal stress can result from, among other things, building density, the degree 

of sealing, and a lack of green spaces in urban areas. Therefore, thermal stress directly 

impacts the inhabitants’ well-being and quality of life [1]. Furthermore, the intensification 

of extreme weather events such as heat waves or a general increase in global temperature 

predicted in connection with climate change intensify these existing burdens [2]. What is 

striking here is the speed of this development, which is occurring quickly compared to 

climate changes in the history of the Earth [2]. The reason for this development is the 

increased release of greenhouse gases such as carbon dioxide. Although efforts to reduce 

greenhouse gases and, thus, stop global warming and its consequences have intensified, 

especially within the last decade, these developments can no longer be stopped or 

reversed [2]. Therefore, strategies must be developed to slow down the described process 

and to be able to adequately counter the consequences of climate change in cities and 

metropolitan areas [2]. 

The negative effects of climate change can be observed, especially in urban areas [3]. 

On the one hand, due to the increased population density in cities, there is a higher 

number of vulnerable groups, which can be particularly affected by negative climatic 

impacts due to their physical or mental constitution. Vulnerable population groups in this 
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context are people over 65 years of age, people without access to air-conditioned indoor 

spaces, and people with a weakened cardiovascular system [2]. Heat waves are also a 

health risk for young children due to their unstable thermoregulation [4]. On the other 

hand, the framework conditions of urban space favor or intensify the climatic 

developments and effects of climate change [3]. The interaction of correspondingly 

disadvantageous urban structures, such as a high degree of sealing or a low number of 

green spaces on the one hand, and the effects of climate change, such as the increase in 

the annual mean temperature or the increased occurrence of heat waves on the other, can 

increase heat stress. This can have a negative impact on both the building fabric and the 

health of the population, for example, in the form of urban heat islands, where 

temperatures contrast between city and surrounding area [5]) or UHI [3]. With an increase 

in the global average temperature, a further increase in air temperature in German cities 

is also to be expected, with an increase or intensification of heat waves [2]. 

In this context, the connection between UHIs and soil sealing is striking. Soils with 

vegetation cover have a cooling effect on their surroundings [6]. Urban green spaces are, 

therefore, suitable for reducing or even preventing UHIs. Urban greenery has different 

effects on space, depending on its type and configuration. Medium-to-tall vegetation 

layers, such as trees, primarily produce oxygen [7]. They also bind air pollutants, provide 

shading and evaporation, and thus positively affect the urban climate (defined as a 

microclimate formed by cities and metropolitan areas [8]). Low vegetation layers such as 

meadows and lawns play a crucial role in cold air formation and fresh air exchange. The 

impact of green spaces on urban climates depends on their size, spatial distribution, and 

volume [7]. In this context, the increasing size of a green space correlates with its positive 

effect on the urban climate. This means that, with an increase in green volume, the cooling 

effect also increases, and the air temperature can be lowered [7]. However, even smaller 

green spaces that are appropriately spatially distributed have direct cooling effects and 

positively impact the urban climate despite their local limitations. The so-called green 

volume (GV)is the “above-ground volume of all plants within a defined surface area” [9] 

and thus a meaningful indicator in connection with UHIs [7]. 

Sealed urban surfaces, on the other hand, have heat-absorbing properties. In 

particular, dark ground surfaces such as asphalt have a low albedo. Albedo “is a measure 

of [...] the reflectivity of different surfaces” [6]. “The albedo can take values between 0 and 

1, where the smaller the value the more energy absorbed and the larger the value the more 

energy reflected“ [10] and can reach temperatures of 50 °C above the actual air 

temperature. In addition, dark surfaces can absorb more radiation on average than light 

or natural surfaces such as meadows and forests, which reflect more incoming shortwave 

radiation and thus absorb less heat energy [10,11]. To compound the albedo effect, sealed 

surfaces are also usually impermeable to water, and thus, precipitation cannot develop its 

cooling effect there through soil–water retention and evapotranspiration [6]. 

1.1. The Formation and Properties of Urban Heat Islands 

Urban regions and cities have a characteristic local or urban climate [12]. The World 

Meteorological Organization (WMO) describes the urban climate as a “local climate 

altered by building development and emissions compared to the surrounding area” [13]. 

Thus, the urban climate has been altered by anthropogenic influences and is of particular 

importance because of a high local population density and the associated high energy 

consumption [14]. The UHI is a typical feature and best-known urban climate effect. This 

can be characterized by the difference in air and surface temperatures between the warmer 

city and the cooler surrounding area [15]. 

UHIs are subject to diurnal and seasonal fluctuations and depend on prevailing 

weather conditions [15]. The air temperature difference can reach its maximum on cloudless 

and windless nights, where it can be “up to 10 Kelvin” (K) in agglomeration areas [16] and 

also correlates positively with city size [12]. The air temperature in urban areas is influenced 

by various parameters and depends on, among other things, the prevailing building 
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geometries, the radiative properties of the surfaces, the thermal properties of the buildings, 

and manmade heat releases such as those caused by industry and traffic [12] (Figure 1). 

 

Figure 1. Urban heat island (own representation according to [16]). 

The name “heat island” is due to the island-like appearance of excessive heating in a 

colder environment [17]. However, this term is criticized as inaccurate; instead, the term 

heat archipelago may be more appropriate, since an urban area is not homogeneously 

overheated but can have several heterogeneously distributed heat centers. The UHI is 

usually not understood as a single bubble in the atmosphere [18] but rather as several 

horizontal layers distributed in relation to sealed, dark-colored, or built-up urban surfaces 

[19]. These horizontal UHI layers include the surface heat island (SHI), vertical heat 

islands on building facades, the urban barrier heat island that “[...] extends between 

ground surface and mean roof height. [...]. [It] is only partially congruent with the built-

up surface.” [18]), and the urban boundary heat island  “[...] is formed [...] by turbulent 

heat transport from the bottom to the top, [...] and can [...] be more than 1000 m thick [...].” 

[18]. 

Heat island formation is amplified by the high degree of sealing and dense urban 

development that cannot be sufficiently compensated for by the lack of GV and surface 

water areas with corresponding cooling capacities [20]. Heat stress in larger cities is, 

therefore, already considered problematic today and is expected to worsen due to the 

projected increase in annual mean global temperatures and urban population growth [21]. 

This is particularly critical in the German state of North-Rhine Westphalia (NRW), where 

five million urban inhabitants are already affected by adverse thermal situations as of 2018 

[8]. 

The present work deals with the SHI, which is of particular relevance for humans, 

their quality of life, and health, as it is located at the base of the troposphere where humans 

live [19]. The SHI depends on the surface temperature and thus can also be detected via 

satellite data. A SHI occurs when the urban surface temperature is higher than the 

surrounding surfaces. It is dependent on the building structure and most pronounced 

during the day [18]. Satellite images and aircraft measurements have established a 

relationship between recorded surface temperatures and the normalized difference 

vegetation index (NDVI) as a proxy for urban structures in Berlin and other German cities 

[22]. In this context, the surface temperature has been found to correlate positively with 

the percentage of sealed surfaces. Building structures affect SHIs [22], because asphalt and 

concrete absorb a large part of the incident shortwave radiation due to their low 

reflectivity and low albedo. The absorbed radiation is stored and released into the ambient 

air as longwave radiation or latent heat. Buildings and streets are, therefore, a significant 
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contributor to increasing heat loads in cities [23]. In addition, building height and 

arrangement also influence the temperature; for example, shading in narrow building 

canyons can cause delayed warming of the street space. At the same time, however, the 

constriction caused by dense building development can also lead to a reduction in 

nighttime cooling [24]. 

1.2. Green Spaces, Green Area, and Green Volume 

Green spaces are the most important climate–ecological compensation in urban areas 

[25] and can offset the effects of SHIs. Physically, evapotranspiration [26] can reduce the 

land surface temperature (LST) [27] due to heat energy loss during the phase change of 

water from liquid to gas, thereby reducing the SHI effect. Conversely, LST can increase due 

to a reduction or absence of vegetation where this process causes a latent heat buildup on 

urban surfaces [28]. The effect of green areas was estimated to explain 69% of the surface 

temperature in Rotterdam, NL [29]. 

In particular, large green spaces such as cemeteries, forests, and parks provide the 

greatest SHI compensation potential in urban areas [25], because they have a cooling effect 

on the surrounding buildings and can thus reduce the SHI. During the day, for example, 

the shady canopy of trees can reduce the latent heat of the area below the canopy. 

Furthermore, heat storage on the rough surfaces of naturally vegetated soils is 

significantly less than on asphalt surfaces [30]. In addition, supplementary cooling and 

increases in humidity occur due to evapotranspiration, as mentioned above. Especially 

because of the climate change-related increase and intensification of UHIs in Europe, 

green and open spaces are becoming increasingly important as compensation. 

The GV is a suitable environmental indicator and control instrument for climate-

adapted urban development. Trees, meadows, shrubs, and other vegetated land cover add 

up to the GV [31]. The GV concept is similar to units of measure commonly used in 

building law, for example, the floor area ratio (FAR). The GV was introduced in urban 

planning to quantify and map the vegetation volume and contains information on an 

area’s average vegetated volume in m3/m2 [32]. GV is a three-dimensional quantity, which 

necessitates a three-dimensional survey. The derivation of a GV is made possible by using 

so-called digital terrain models (DTM), which can be derived from laser scanning data 

such as LiDAR [32]. Thus, GV provides information about the volume of “all plants 

standing on a green space” [31]. GV is particularly important in urban areas for the natural 

balance and the well-being of the inhabitants [33]. The greater the volume, the greater the 

positive impact on the environment [31]. For example, GV improves the climate by 

balancing the humidity and regulating the temperature [31], which is followed by a 

decrease in LST [34]. 

1.3. Problem, Aims, Case Study, and Study Design 

Against the background discussed above, it is essential for climate-adapted urban 

development, harmonizing urban developments with the challenges of climate protection 

and climate adaptation [3], consider the consequences of climate change and the broad 

UHI phenomenon. Urban structures that are favorable for SHI layer reduction must be 

located and their underlying factors understood so that recommendations for action in 

impacted areas are based on empirical observations of reduced LST [35]. The aim of this 

study is to identify SHIs in the City of Bochum, Germany, by means of a remote sensing 

time series of LST analysis and relate this distribution to the metric of GV. 

1.3.1. Case Study: Bochum, Germany 

The City of Bochum is a good study area to illustrate the impact of urbanization on SHI 

generation, because it has about 38% sealed surfaces but also generous vegetated land cover 

[20], a high population density amongst many polycentric urban nodes [36], open access of 

base data to calculate GV, and, not least, because of the existence of adequate satellite images 
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(Figure 2). Bochum can be assigned to the mid-latitude maritime climate zone [37]. Over the 

year, temperature ranges are, on average, between 0 and 23 °C [38]. Less frequently, values 

below −7 °C and above 29 °C are reached. The months from June to September are the typical 

warm season, where the average daily maximum temperature is above 19 °C. July is the 

hottest month in Bochum, with an average maximum temperature of 23 °C [38]. As 

mentioned above, the temperate climate of Central Europe and, thus, also the climate in 

Bochum is subject to increasingly strong climate change-related fluctuations [39]. Analyzing 

the annual average temperature for the 1912–2011 period, a slight but steady increase of 

about 2 Kelvin is observed for Bochum. This temperature increase is due not only to the 

general climate change, but an estimated 50% of it is caused by Bochum’s urban growth and, 

thus, the intensification of the urban climate effect [39]. Regarding the need for climate 

adaptation measures, it is not the described temperature increase that is decisive but rather 

the total increasing heat load in the inner cities resulting from the shift in European 

temperature distributions. If heat stress has increased over the last 100 years, it is predicted 

that the number of days with air temperature above 25 °C will likely double within the next 

50 years compared to today [3]. 

 

Figure 2. The City of Bochum, within the German Ruhr Region (own representation). 

1.3.2. Research Questions and Study Design 

The research aims are operationalized into a single concrete research question with 

four direct sub-questions. Given the homogeneity of the Ruhr region’s spatial–historical 

development, land cover, and vegetation communities, the work provides insights for 

other Ruhr cities that have similar configurations. The availability of LiDAR, Landsat 8, 

and land use/land cover geospatial data Germany-wide means that the analysis 

methodology presented here will be applicable and repeatable for anywhere in Germany. 

Thus, this study contributes to understanding the relationship between SHI and GV, 

specifically in Bochum, but the general methodology is applicable for all of Germany. 

Unlike past UHI studies in Germany, this study does not rely on proxy indicators, such 

as the percentage of soil sealing or land use type, to estimate the heat island effects. 
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Instead, it relies on an association between the direct empirical measurements of LST and 

GV to understand SHI formation. Our questions are: 

1. How does the green volume affect surface heat islands in Bochum? 

a. Does the spatial pattern resemble a heat island or a heat archipelago? 

b. What is the correlation between LST and GV? 

c. What are the contributions of a vertical structure and type of green space on 

LST? 

d. How do SHI distributions across urban districts relate to human populations? 

To assess SHI distribution, the average LST is calculated from Landsat-8 data [40] 

using the software ENVI (ENVI = Image Processing and Analysis Software for Remote 

Sensing [41]). The threshold for heat islands is determined based on a literature review, 

and the heat island pattern in Bochum is subsequently mapped out to address question 

1a. A GV dataset is created from LiDAR data, and bivariate correlation is conducted with 

the LST and GV to address question 1b. To address question 1c, LST and GV are 

summarized by land cover classification with zonal statistics, and the relationship is 

depicted with descriptive statistics. The mean LST and GV values are summarized by the 

city district to address question 1d. 

2. Materials and Methods 

2.1. Remote Sensing Data to Support LST Anlysis 

Remote sensing is used to measure and locate heat islands. Satellite-based remote 

sensing enables noncontact measurements of bio- and geophysical parameters on the 

Earth’s surface [42]. Different techniques allow the collection of large-scale and regular 

data from the atmosphere and the Earth’s surface [15]. Electromagnetic radiation [43], 

characterized by the electromagnetic spectrum [44]), serves as an information carrier for 

such measurements [15]. Electromagnetic radiation is absorbed, reflected, or transmitted 

in different percentages, depending on the properties of a surface [15]. Due to this specific 

reflection behavior of different surfaces and objects, different information can be obtained 

[44]. It is precisely this property of a “spectral signature” that modern remote sensing 

utilizes. As a rule, common remote sensing sensors record image information in the form 

of pixels. For example, if a pixel size is 30 m, one image pixel represents 30 m × 30 m on 

the Earth’s surface [45]. The detected radiation or the surface reflections are stored as 

pixels in the form of so-called digital numbers (DN). The DN report integer values that 

represent the specific brightness of an image pixel. Using the DN, assigning a value to 

each pixel according to its electromagnetic radiation intensity is possible. 

2.2. LST Time-Series Calculation Procedure 

For the LST analysis, the most recent images at the time of the analysis (2017–2019) 

were selected. Since no change analysis was within the scope of this work, only statements 

regarding the current state of the SHIs are possible. An essential criterion for selection was 

the image acquisition time; due to the surface temperature analysis and localization of areas 

with a particular heat load, the selection is limited to the meteorological summer months 

from 1 June to 31 August. For the LST analysis, it is necessary to work with images that are 

as cloudless as possible; thus, we restricted our Landsat 8 data to have cloud cover of less 

than 10%. The following flow chart (Figure 3) shows the simplified procedure for calculating 

the LST. 
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Figure 3. Flow chart for calculation of LST (own representation after [46]). 

The different satellite bands were loaded as a multispectral band with the associated 

metadata in ENVI, where the image analysis was performed. Landsat 8 has a radiometric 

resolution of 16 bits, allowing for a high number of gray levels [47]. The corresponding 

gray values represent the digital radiance of objects in a specific wavelength range, which 

is delineated across the different bands [48]. The raw image data was converted directly 

to reflectance (Reflectance = ratio of total and reflected energy [44]) [49]. For the necessary 

radiometric calibration, the image section was first cropped to the region of interest 

(Bochum), and the reflectance was calculated. In a next step, the radiometric values were 

converted to spectral radiance (Lλ) [49]: 

𝐿λ = 𝑀𝐿 ∗  𝑄𝑐𝑎𝑙 + 𝐴𝐿 (1) 

ML and AL are taken from the metadata, where ML is the multiplicative rescaling 

factor (RADIANCE_MULT_BAND_x) and AL is the additive rescaling factor 

(RADIANCE_ADD_BAND_x). Both factors are band-specific. Qcal represents the current 

value of the pixel or the DN value [49]. Spectral radiance is required to calculate the 

brightness temperature [50]. For this purpose, the spectral radiance is converted to at-

satellite brightness temperature (T) [50]: 

𝑇 =  
𝐾2

𝑙𝑛 (
𝐾1

𝐿𝜆
+ 1)

 
(2) 

Equation (2) calculates the brightness temperature of a body (T). The calibration 

constant K2 (1321.0789) is divided by the logarithm of the calibration constant K1 (774.8853) 

divided by the spectral radiance Lλ plus one [51]. The corresponding values of the 

calibration constants K1 and K2 of band 10 can be taken from the Landsat 8 metadata [50]. 

However, the calculated temperature data are in Kelvin and must be converted to °C. For 

this conversion step, the Kelvin value 273.15 must be subtracted from the calculated at-

satellite brightness temperature to obtain the corresponding °C value [51]. 

The calculated brightness temperature converted into Celsius must be adjusted to the 

characteristic emission behavior of the objects, i.e., to the specific radiation of the 
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electromagnetic energy of bodies above absolute zero on the Earth’s surface [52]. The 

brightness temperature is only a theoretical standard value. To obtain the actual surface 

temperature, the specific emissivity of a body must be considered according to Stefan 

Boltzmann’s law in order to avoid distortions of the result. For this, the so-called model 

conception of the black body is applied. The formula of the correction with the emissivity 

follows [52]: 

𝑇𝑆 =
𝑇𝑏

𝜀
1
4

 (3) 

Ts is the Boltzmann surface temperature, Tb is the temperature of a blackbody, and ε 

corresponds to the object-specific emissivity. The object-specific emissivity ε is defined as: 

“the radiation intensity of an object at a certain temperature and wavelength in relation to 

the intensity of a black body radiator of the same temperature and wavelength [53]”. It is 

a measure of the thermal radiation of an object and provides information about how much 

thermal radiation, for example, a floor surface exchanges with its surroundings [54]. The 

emissivity is influenced by various factors, such as the water content and depends on an 

object’s material properties or roughness [53]. According to Boltzmann’s law, an “ideal 

black body” is assigned an emissivity of ε = 1, where the radiation hitting such a body is 

completely absorbed [54]. Moreover, a black body has a constant absolute temperature. 

The specific radiation of a real surface in relation to that of the black body is called the 

substance-specific emissivity and is less than 1 [55,56]. Since different land cover and 

object types exist and this diversity is also shown on satellite images, an average 

emissivity must be chosen to represent the emissivity of all objects. 

Emissivity is often calculated using the NDVI [57], which is the best known 

vegetation index and an easily calculated parameter for a biomass [44]. The NDVI is 

calculated using the reflectance of the red (R) and near-infrared (NIR) spectra on Landsat 

8 channels 4 and 5 [57]. There are several ways to calculate emissivity via the NDVI. One 

method described by Sobrino et al. allows the emissivity to be inferred from the ratio of 

vegetation areas to open soils [58]: 

𝜀 =  𝜀𝑉 ∗  𝑃𝑉 + 𝜀𝑆 ∗ (1 − 𝑃𝑉) (4) 

where ε corresponds to the emissivity, εV corresponds to the emissivity of vegetation 

areas, εS corresponds to the emissivity of open soils, and PV corresponds to the ratio of 

vegetation to open soils. The ratio of vegetation to open soils PV is calculated as [58]: 

𝑃𝑉 = ((𝑁𝐷𝑉𝐼 − 𝑁𝐷𝑉𝐼𝑚𝑖𝑛))/((𝑁𝐷𝑉𝐼𝑚𝑎𝑥 − 𝑁𝐷𝑉𝐼𝑚𝑖𝑛))2 (5) 

Here, the NDVI is derived from spectral bands 4 and 5 as described earlier [57]: 

𝑁𝐷𝑉𝐼 = (𝑁𝐼𝑅 − 𝑅)/(𝑁𝐼𝑅 + 𝑅) (6) 

The values for NDVImin and NDVImax can be taken from the literature of Sobrino et. 

al., among others. According to Sobrino et al., NDVImin = 0.2 represents the threshold of 

open soils and NDVImax = 0.5 the threshold of green vegetation [58]. 

Finally, the Land Surface Temperature of Bochum was calculated, taking into account 

the correction for emissivity, Tb, and the object-specific emissivity, ε [52]. For this purpose, 

the formula of Stefan Boltzmann was applied (Equation (3)). The four LST calculations, 

each exported in raster format, were combined in the geographic information software 

ArcGIS Pro using unweighted raster math to produce an average value for Bochum  

(Figure 4). 
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Figure 4. Calculation of the average LST time series in Bochum (own representation). 

For the combined LST, a similar picture emerges as for the individual measurements. 

The highest surface temperatures (48.8 °C) are found in densely populated and sealed inner-

city areas in the north center of Bochum. Cooler temperatures (20.6 °C) are located in less 

densely populated peri-urban areas, especially in the south and northeast of Bochum. 

To extract SHIs from the final LST time series (Figure 4), we infer the physiologically 

equivalent temperature (PET) based on LST degrees Celsius (°C) and the corresponding 

grade of physiological heat stress [59]. To infer the PET from the LST, the assumption 

must be made that the LST corresponds to the air temperature [59]. In this study, a 

threshold value of 35 °C was used to identify SHIs in Bochum for the presence of “strong 

heat stress” or “extreme heat stress” (Figure 5). 

 

Figure 5. Ranges of physiological equivalent temperature (PET) for different degrees of human 

thermal perception and human physiological stress (own representation after [59]). 
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2.3. Green Volume Calculation Procedure 

The calculation of the GV was developed in a multistep process, including 

1. Use of an NDVI mask to isolate vegetation; 

2. Development of a normalized digital surface (Oberfläche in German) model (nDOM) 

that contains heights of all objects between the soil and atmosphere within the NDVI 

envelope; 

3. Postprocessing of nDOM to remove outliers or confounding objects; 

4. Generation of the ‘vegetation nDOM’ as GV. 

2.3.1. NDVI Vegetation Mask 

In the first step, an NDVI was produced from Equation (6) using 1 m × 1 m R, G, B, 

and IR orthophotos [60] flown in August 2018 during the leaf-on period. This dataset 

covers all of Bochum, except for a small area in the west of the city, where orthophoto tiles 

were flown in a different month with a different incidental sun angle, thus making the 

two tiles difficult to process together. We therefore chose to restrict the green volume 

generation to only the tiles flown in the August of 2018. This simplified NDVI 

classification and produced a more accurate result at the expense of leaving a small area 

without data. The NDVI was used as a vegetation mask laid over LiDAR data to isolate 

vegetated land surface areas. This procedure is necessary to enable a differentiation 

between vegetation and other objects in the calculation of the GV from LiDAR data [61]. 

Since the grid with the NDVI values is based on orthophotos of a uniform flight date, 

visual analyses did not reveal any differences between areas of the grid caused by 

irregular image tile transitions. Thus, it was possible to work with a uniform threshold 

value for vegetation. Based on visual inspection of the original orthophotos, a reasonable 

NDVI threshold value for the identification of vegetation was set at +0.075. Above this 

value, slightly green meadows distributed over the area were included, and below this 

value, there were withered fields and anthropogenic objects (non-vegetated built 

environment). All NDVI values over +0.075 were extracted, and the vegetation mask was 

created. 

2.3.2. Generation of a Normalized Digital Surface Model (nDOM) 

In addition to the vegetation mask, a normalized digital surface model (nDOM) was 

needed to calculate the GV [32,62]. Via such a model, the derivation of the relative heights 

of the objects between the soil and the atmosphere is possible. The creation of an nDOM 

is based on subtracting the elevation values of a digital terrain model (DTM) from the 

elevation values of a digital surface model (DOM). When based on LiDAR data, DTM and 

DOM are based on a respective interpolation of reflected laser scanning pulses to one 

raster each [61,62]. For the creation of the nDOM in this research, the 270 tiles of LiDAR 

data covering the entire extent of the City of Bochum were used [63]. 

2.3.3. DTM and DOM Data Processing 

For the processing in ArcGIS, the data had to be converted from LAZ format to 

uncompressed LAS format using the ArcGIS Data Interoperability Tool for Windows from 

ESRI. In the first step, the single tiles [63] were combined into a LAS dataset. The following 

step involved generating a DTM and a DOM by filtering the laser scanning points and 

subsequent interpolation to the grids. Based on recommendations from the district 

government of Cologne, Germany, which generated and served the LiDAR data [63], the 

last pulse points were used to generate the DTM [64,65]. The DOM was generated from 

all first pulse points, bridge points, filled water points, and load return not ground, as well 

as all unclassified points of the first reflection [64]. Regarding the interpolation, because 

of the intended reproduction of the GV in m³/m², an interpolation to the grids with a 

ground resolution of one meter was used. At the same time, this resolution considered 

that a resolution of at least four points per recorded square meter was included [66]. 
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Therefore, the interpolation technique was a triangulation-based natural neighbor 

interpolation based on test runs with different methods. A DOM and DTM as rasters with 

a ground resolution of one meter were developed from this process. The nDOM was then 

calculated with the aforementioned subtraction of the individual raster values from each 

other. 

2.3.4. Postprocessing and Creation of the Vegetation nDOM (GV) 

With the help of the nDOM and the vegetation mask, it was possible to mask 

individual areas of the nDOM so that only the relative heights of the vegetation stands 

were reflected [62]. The nDOM created in this way can be referred to as the vegetation 

nDOM [61]. With the vegetation nDOM, the crucial information for calculating the GV 

was available, but some corrections still had to be made. For example, there are problems 

with laser scanning in detecting lawns, meadows, and arable land, which is why model 

adjustments must be made for such areas [61]. According to Hecht, correction markups of 

ten centimeters in height for lawns and 50 cm in height for arable land are considered 

realistic in this context [61]. Accordingly, the arable areas were separated from the other 

areas with the help of the DLM 50 [63] to adjust the areas of the vegetation nDOM that 

depicted arable land below 50 cm to this height value. Other areas of the nDOM under ten 

centimeters in height were also adjusted to the value for arable land. In a further step, 

areas with a height value of more than 3 meters were extracted, since, according to Arlt et 

al., these represent high vegetation-representing trees [67], a step that enabled a shape 

correction for trees [61]. Similarly, the extraction of vegetation above 3 meters was used 

to remove potential erroneous elevation values. For example, it was found that power 

lines were recorded as vegetation for values above 40 m in height, while no relevant 

amount of trees was detectable above this height. Accordingly, the extraction of values 

above 40 m took place. In a final step, the resulting rasters, each representing agriculture, 

trees over 3 m, and all other vegetation as elevation information accurate to the square 

meter, were reassembled as GV m3/m2 for Bochum (Figure 6). 

 

Figure 6. Example of the NDVI and GV within a 300-m buffer around a survey site (Own 

representation, data sources: [60,63]). 

2.4. Statistical Analysis of Heat Island and Green Volume 

Considering that the LST and GV datasets were at different raster cell sizes and the 

GV data did not cover all of Bochum, a fishnet resample process was carried out to 

harmonize the two datasets before correlation. First, a fishnet was created in the GIS 

application ArcGIS Pro to adjust the recorded GV grid from 1 m × 1 m to match the 30 m 

× 30 m LST resolution. Zonal Statistics in ArcGIS was applied to aggregate the 1-m GV 

data within the same 30-m fishnet as the LST data. This process resulted in two datasets 

of 148,204 30-m perfectly overlapping grid cells containing LST and GV data. Due to the 

large number of observations, the normally distributed data were analyzed with Pearson’s 

correlation coefficient to return the r-value and p-value, determining the strength, 

direction, and significance of the correlation [68]. The strength of Pearson’s r is based on 
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the size of the r statistic, where values below 0.2 indicate a very low correlation strength, 

values between 0.21 and 0.5 indicate a low strength, values between 0.51 and 0.7 indicate 

a moderate strength, values between 0.71 and 0.9 indicate a high strength, and values over 

0.9 indicate a very high correlation strength [69]. 

3. Results 

3.1. LST Analysis 

LST values over the PET threshold value of 35 °C are extracted to produce the SHI 

distribution (Figure 7). Based on an inspection of the heat island outcome, we found that 

areas over 38 °C were exclusively industrial-commercial areas, with large roofs and 

parking lots (Figure 8). In contrast, land uses between 35 °C and 38 °C were residential 

and mixed-use areas. Since heat stress can endanger vulnerable populations, it is 

important to distinguish between an industrial heat island (in purple in Figure 7) and a 

residential heat island (in red in Figure 7). While the maximum observed LST value was 

48.8 °C, this heat stress level did not appear to overlay the residential areas directly. 

Especially interesting was the heat island in Figure 7a, where extensive vegetation on the 

south side of the industrial heat island (Figure 8a) appeared to abruptly reduce the 

outflow of surface heat from the heat island, effectively keeping the LST from exceeding 

35 °C in the directly adjacent residential area. A similar effect could be observed in Figure 

7b and Figure 8b, where a dense vegetation strip between the two industrial heat islands 

kept the LST below 35 °C. This effect could also be observed on the southeast side of Figure 

7c and Figure 8c, where a thick vegetated patch exists, but not to the north or east, where 

a vegetated buffer does not exist due to the presence of adjacent parking lots. 

 

Figure 7. Distribution of heat islands in Bochum (own representation). Boxes (a–c) are shown as 

insets in Figure 8. 
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Figure 8. Examples of heat islands within an industrial commercial areas (a–c) from Figure 7, 

where temperature is greater than 38 °C [60]. 

When looking at the calculated heat islands, it is noticeable that few are located in 

the south of the city, and mainly, SHIs are located in the northern half of Bochum. 

Moreover, they extend horizontally from east to west, although the heat island 

agglomerate is noticeable in Mitte’s densely built-up and sealed inner city area. Had we 

chosen a lower PET threshold of moderate heat stress (°C > 29), the heat islands in Mitte 

would have merged into a central island flanked by an east–west-trending archipelago. 

The LST is, on average, above 30 °C in all districts of Bochum but is highest in the districts 

of Mitte and Wattenscheid, with average LST values over 32 °C (Figure 9). Thus, all 

districts of Bochum show at least moderate heat stress, and the distribution of SHIs in 

specific resemble a spatially disperse ‘archipelago’ rather than a single centralized heat 

island. 

 

Figure 9. Average LST in Bochum districts (own representation). 
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3.2. Green Volume Distribution 

The resampled GV distribution in Bochum is heterogeneous, appearing as scattered 

green areas across most of Bochum in a polycentric archipelago of GV inverse to the heat 

island locations (Figure 10). The GV values range from 0 to 19.21 m3/m2 across all city 

quarters, indicating a very high spatial heterogeneity of GV throughout Bochum. The least 

average GV is observed in Mitte (1.84 m3/m2), where the heat island stress is also the 

greatest. The greatest GV is located southward of Bochum on the hilly vegetated bluffs of 

the Ruhr River Valley, where lower LST values are observed in Südwest and Süd districts 

having, on average, 3.08 and 2.83 m3/m2, respectively. Although we summarized the GV 

for the district Wattenscheid, this value is not accurate, since the orthophoto-based NDVI 

dataset for part of this city had a different angle of reflection than in other tiles (Figure 11). 

 

Figure 10. Average GV surveyed for Bochum at 30-m resolution (own representation). 

 

Figure 11. Average GV by Bochum city districts (own representation). 
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3.3. Statistical Association of Green Volume and Heat Islands in Bochum 

The spatial overlay of LST and GV data shows that heat islands mainly occur where 

the GV is particularly low (Figure 12). Interestingly, we isolated GV in areas with LST 

values over 35 °C and found that, in all cases, the GV was less than 1 m3/m2. Conversely, 

when we extracted GV in areas with the lowest observed LST (under 21 °C), the GV was 

over 15 m3/m2. These spatial overlay observations hint at a negative correlation between 

the GV and the LST and possibly a SHI-inducing breakpoint when the GV is less than 1 

m3/m2. Indeed, the Pearson’s correlation resulted in a significant (p < 0.05) borderline 

moderately negative correlation between the GV and LST (r = −0.482), where increases in 

the GV correlate with a decrease in the LST values and vice versa (Figure 13). 

 

Figure 12. GV and heat islands in Bochum (own representation). 

 

Figure 13. Correlation between temperature and GV (r = −0.482; p < 0.05) (own representation). 
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3.4. Contribution of Green Space Typology on LST 

The min, max, and mean LST summarized by the LU/LC categories from Figure 2 are 

depicted in Figure 14. The lowest mean LST values support the mapping and correlation 

between the LST and GV (Figures 12 and 13), indicating that the areas with the greatest 

forested GV have the lowest mean LST values. Conversely, heavily built-up areas have 

the highest mean LST values and, aside from agriculture, the lowest GV. 

 

Figure 14. LST and GV summarized by the land cover/land use category. 

4. Discussion 

In light of our primary research question regarding the association of GV and LST in 

Bochum, we conclude that increases in the GV result in a borderline moderate statistical 

reduction of the LST. Our findings in Bochum are similar those found in Berlin [22], where 

the greatest number of SHIs occur in the city center, where land sealing and dark-colored 

buildings, roads, and rooftops have a low albedo. Conversely, areas with high albedo 

forest cover do not exhibit SHIs or temperature levels relating to high PET. We also find 

that LST in the urban fabric can be spatially contained when bound by dense GV stands. 

This finding supports the conclusion that GV is a climate–ecological offset for the 

generation of SHIs [25] and that the increase in built urban structures can increase the 

presence of SHIs [18]. The borderline moderate correlation between GV and LST in 

Bochum also supports the findings of [28] in Tehran, where the coefficient of 

determination between the NDVI and LST reported in Kelvin indicated a moderate 

negative relationship as well (R2 = 0.6031). Weber et al. [34] found an even stronger causal 

relationship between temperature reduction and GV increases via model simulation (R2 = 

0.941), supporting the conclusion that GV could be a stronger indicator for LST reduction 

than the NDVI. In summary, our study supports the findings from past studies and 

provides further indicators for the positive effects of GV in reduction of SHIs. 

Regarding the SHI distribution using the LST method, this study supports the 

conceptual framework that heat island generation over large heterogeneous urban regions 

exhibit facets of both the heat island archipelago [19] and the original heat island concept 

[17]. Using the LST method described here and the PET breakpoint agglomeration, we 

observed a central island in the urban core containing ultra-heated islands and an 

archipelago of smaller heat islands in highly sealed industrial land with an absence of GV. 

This finding is both promising and vexing at the same time in terms of spatial planning 

solutions. On the one hand, high temperatures in industrial areas without living quarters 

do not impact residential populations. On the other hand, heat stress on workers can occur 

in industrial building houses during heat waves. Given the intensive mix of land uses in 
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tight spatial proximity within German land use planning, it is still possible for industrial 

heat islands to impact the surrounding areas with latent heat outflow and reduced 

evapotranspiration cooling, thereby indirectly affecting residential quarters that tend to 

be directly adjacent to industrial areas. 

Unlike SHIs, we find that GV is spatially constrained and scattered across Bochum 

and can be described as spotty, patchy, or discontinuous. Additionally, while we found 

an area of increased LST surrounding many industrial heat islands (Figure 7), where latent 

heat outflow influences the adjacent areas, we do not observe such an area surrounding 

large GV areas. Therefore, we can conclude that the heat islands increase the temperatures 

in surrounding areas more than the forests do in reducing them. Following this 

conclusion, it is reasonable for future spatial plans to consider increasing the GV in 

residential areas directly adjacent to SHIs to buffer residential areas from the unrestrained 

latent heat outflow from SHIs. Here, the conceptual framework from landscape ecology 

[70] of diverse boundary conditions of natural habitats to increase the edge diversity 

might be a reasonable cross-disciplinary concept. In this case, diverse widths, thicknesses, 

and types of GV retrofits can be applied to residential areas adjacent to SHIs to improve 

spatial–thermal control of the SHI edge. 

The LST and GV summaries by land use provide insight into specific land use/land 

cover types that influence the mean LST and the range of LST. The greatest max and min 

LST ranges occur in the industry, agroforestry, and recultivated brownfields, all areas 

where forested vegetation cover is either absent or periodically absent, as in the case of 

harvested forested patches. Much smaller max/min ranges occur in coniferous, deciduous, 

and mixed forests; fruit tree orchards; and residential towers, indicating that multilayer 

forested vegetation buffer LST from max or min extremes and that generous open spaces 

between buildings with high FARs can effectively minimize the LST ranges. Land uses 

between tree strips and multifamily residentials on the x-axis are generally located in the 

urban fabric, further indicating that LST outflows from sealed and built-up areas influence 

the surrounding LST more than increases in non-forested GV. Indeed, a small bump in 

the mean LST to above 30 °C is observed from designed green spaces to commercial ones 

on the x-axis, all areas that exist within the residential, mixed-use, industrial, and 

commercial built-up mosaic. These findings support the conclusions from [29]. Even 

though commercial land use has the greatest mean LST value, it appears to be the 

intensive maximum LST values that result in industrial heat islands that we find in Figure 

12. We conclude that both the location of land uses in the urban mosaic and the specific 

type and vertical density of GV influence the mean LST and range. Future spatial plans to 

reduce the mean or range of the LST should consider not just green areas but vertically 

dense over- and understory plant communities. 

Although agricultural land has a lower GV than other land uses, the mean LST value 

is closer to forested land than sport fields or unbuilt building plots. This artifact probably 

has to do with assigning a vegetation height of 50 cm to all arable land in the development 

of the GV dataset, indicating that either the assigned height is too low or that water and 

soil interactions on arable land increase the evapotranspiration enough that the mean LST 

is buffered from reaching such extremes as in sealed and built-up areas. 

Regarding our question related to impacted populations, we can quite clearly 

demonstrate that Bochum Mitte is the most impacted area in terms of the average LST, 

with the highest values located directly in the built up city center. However, we also 

identify instances where dense vegetation stands offset or block the extension of urban 

heat islands and therefore conclude that dense vegetation can alter the PET by one or two 

levels. Conversely, the southern districts with the greatest GV are the least impacted by 

urban heat islands but also contain mostly residential areas and small historic village 

centers where there are fewer large areas of soil sealing. Thus, we conclude that the 

distribution of urban heat islands by districts in Bochum is heterogeneous, and within the 

districts, a considerable spatial heterogeneity of SHIs appears to be partially offset by the 

islands of GV. 
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When we look at the historic sociodemographic properties of Bochum, one of the 

strongest single indicators is the German highway A40, which bisects the north and south 

districts of Bochum and other Ruhr cities [71] into two halves. The northern half of 

Bochum (Wattenscheid, Mitte, Nord, and Ost) is where coal mining, steel production, and 

the automobile industry have historically been located, where urban heat islands and 

reduced GV exist. Whereas south of A40 (Süd, Südost), few, if any, coal mines or industrial 

areas exist. Thereby, lower income worker populations have historically settled adjacent 

to these industry areas, resulting in the average income per inhabitant north of A40 being 

80% of the Bochum-wide average. 

Conversely, south Bochum is traditionally where wealthier families have settled to 

distance themselves from the noise and air pollution of the industrialized north. 

Correspondingly, in the south, we found that the average income per inhabitant was 120% 

of the Bochum-wide average [71]. Here, we concluded that the environmental burden of 

heat islands in Bochum was spatially distributed to lower average income areas in the 

north. In contrast, the more affluent South Bochum area has significantly reduced the SHI 

burdens. 

4.1. Drawbacks to the Study 

The LST is not the air temperature; this could introduce inaccuracy to the precise 

degrees Celsius people experience as the ambient temperature. While urban surface 

heating is still a primary driver in the formation of SHIs, it could mean that the PET 

categories might be one category level less than we conclude here. This is because the 

ambient air temperature is usually less than the surface temperature. For this reason, we 

also refrained from trying to link GV increases directly to LST decreases. 

We do not have GV data for Wattenscheid, and although we see a lot of area above 

35 °C, we cannot conclude anything about this area in our correlation or about the average 

LST values. It is possible that more observations could improve the strength of the 

correlation (i.e., the inclusion of Wattenscheid). Still, the lack of this area in the analysis 

likely would not have changed the correlation direction. 

4.2. Future Research Directions 

Regarding the current practice in Germany for estimating urban heat islands, the 

temperature-specific LST approach holds promise for future studies to relate the 

temperature and GV more directly via more advanced inferential statistics. Future studies 

should seek to link LST and GV more directly to statistically model resultant LST 

reductions in °C derived from GV increases. This approach could allow future urban 

planning retrofits to design with specific LST load reductions in °C related to GV 

increases. 
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