

  sustainability-16-03395




sustainability-16-03395







Sustainability 2024, 16(8), 3395; doi:10.3390/su16083395




Article



Vulnerability Assessment of a Highly Populated Megacity to Ambient Thermal Stress



Aman Gupta 1, Bhaskar De 1, Anoop Kumar Shukla 2,* and Gloria Pignatta 3,*





1



Department of Architecture and Planning, Indian Institute of Engineering Science and Technology (IIEST), Shibpur, Howrah 711103, West Bengal, India






2



Manipal School of Architecture and Planning, Manipal Academy of Higher Education, Manipal 576104, Karnataka, India






3



School of Built Environment, Faculty of Arts, Design and Architecture, University of New South Wales (UNSW), Sydney, NSW 2052, Australia









*



Correspondence: anoop.shukla@manipal.edu (A.K.S.); g.pignatta@unsw.edu.au (G.P.)







Citation: Gupta, A.; De, B.; Shukla, A.K.; Pignatta, G. Vulnerability Assessment of a Highly Populated Megacity to Ambient Thermal Stress. Sustainability 2024, 16, 3395. https://doi.org/10.3390/su16083395



Academic Editor: Chei-Chang Chiou



Received: 21 February 2024 / Revised: 28 March 2024 / Accepted: 9 April 2024 / Published: 18 April 2024



Abstract

:

The urban ambient environment is directly responsible for the health conditions of millions of people. Comfortable living space is a significant aspect that urban policymakers need to address for sustainable planning. There is still a notable lack of studies that link the spatial profile of urban climate with city-specific built-up settings while assessing the vulnerability of the city population. Geospatial approaches can be beneficial in evaluating patterns of thermal discomfort and strategizing its mitigation. This study attempts to provide a thorough remote sensing framework to analyze the summer magnitude of thermal discomfort for a city in a tropical hot and humid climate. Spatial profiles of dry bulb temperature, wet bulb temperature and relative humidity were prepared for this purpose. A simultaneous assessment of various discomfort indices indicated the presence of moderate to strong heat stress to a vast extent within the study area. The central business district (CBD) of the city indicated a ‘danger’ level of heat disorder for outdoor exposure cases. Nearly 0.69 million people were vulnerable to a moderate threat from humid heat stress, and around 0.21 million citizens faced strong heat stress. Combing city morphology in the study showed that mid-rise buildings had the maximum contribution in terms of thermal discomfort. City areas with built-up cover of more than 68%, along with building height between 5.8 m and 9.3 m, created the worst outdoor discomfort situations. Better land management prospects were also investigated through a multicriteria approach using morphological settlement zones, wind direction, pavement watering, building regulations and future landscaping plans. East–west-aligned road segments of a total 38.44 km length were delineated for water spray cooling and greener pavements. This study is likely to provide solutions for enhancing ambient urban health.
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1. Introduction


City regions are key factors affecting the local environment, climate, and sustainability over recent years. Urban immigration all over the world has led to drastic urban growth. This continues to occur. Urban sprawl is even more prominent in developing countries [1,2]. In the last decade (2012–2022), developing economies showed a higher rate of urban population increase than developed economies (UNCTAD Handbook of Statistics 2023). Such urban expansion has caused various problems, and they have been studied by researchers worldwide [3,4,5]. Among many other factors, the local climate is remarkably affected by urbanization. Cities alter the albedo characteristics, temperature, and even precipitation patterns at a local scale [6]. A prevalent consequence of urbanization is the intensification of heat in and around cities. This phenomenon is well documented by Urban Heat Island (UHI) studies [7,8,9]. The availability of moderate- to high-resolution satellite imageries has helped in the progression of UHI and associated Land Use Land Cover (LULC) studies of cities over the past couple of decades [10,11,12]. Land Surface Temperature (LST) values are processed from thermal bands of remotely sensed data and used for UHI investigation. The LULC changes are simultaneously evaluated to understand the causal relationship between urbanization and UHI growth [13,14]. Even with the current progression, one major drawback of these studies is the lack of incorporation of ambient conditions to accurately assess the stress of the thermal environment on city dwellers. While satellite-image-based studies directly provide information about the surface conditions, the ambient environment of cities is often not thoroughly investigated.



Air temperature (AT) and relative humidity (RH) are the primary factors that determine ambient comfort or discomfort at the local level. The ambient environment directly influences the health and well-being of a vast city population. Hence, environmental health issues are gaining more importance in urban climate studies [15,16,17]. Humid tropical cities are facing even more critical conditions due to the presence of both high temperature and humidity. A study conducted with 26 years’ data in China determined that uncomfortable days increased by 59% for cities in summer [18]. Another study carried out in the Indian city of Nagpur depicted a sharp rise in the heat index and humidex as the cause of increasing mortality [19]. Over the last four decades, a drastic rise in thermal discomfort has been reported for tropical urban agglomerations [20]. There was also a considerable rise in torrid and very hot days after the COVID-19 lockdown period [21]. An article [22] elaborated the adverse effects of tropical heat stress on coastal ecology. To assess such significant local climate changes, case studies in various city regions have resulted in the formation of thermal discomfort indices. These indices can be global or local in nature. Among these various heat indices, the universal thermal climate index, physiological equivalent temperature, wet bulb globe temperature, wet bulb dry temperature, etc., are widely used [23,24]. The drawback of applying these indices at the city level is the shortfall of using geospatial techniques. Studies mostly assess the thermal discomfort based on the weather conditions of in situ monitoring stations. There is a notable lack of spatial continuity while mapping thermal discomfort at the city level. Also, studies tend to assess discomfort based on only temperature datasets and do not always consider the RH pattern. Mapping the most critical areas in terms of thermal hazard requires a multicriteria-based and hybrid approach.



Another gap in urban climate research is the shortage of quantitative links between urban morphology and thermal discomfort. The unique morphology of each city will affect the thermal comfort levels in a distinct way [25,26]. Every city has its own building morphology guided by the building density, height, open spaces, road network, vegetation intensity, etc. It is necessary to understand how building arrangement affects the ambient environment and eventually leads to health hazards [27,28]. Pedestrian-level wind flow patterns also have a notable role in affecting the thermal profile [29]. The inclusion of wind flow data can substantially improve natural ventilation [30]. Thus, local climate characteristics need to be linked to urban designs empirically for better city planning purposes. Modifications in urban geometry in terms of building distances, height regulations and arrangements can remarkably change the local discomfort scenarios [31]. Smart land management policies call for the incorporation of such city-specific data. Urban morphology is commonly assessed using aerial Light Detection and Ranging (LiDAR) technology, Local Climate Zones (LCZs), big data and OpenStreetMap, etc. [32,33,34]. In this work, the morphological settlement zones (MSZs) delineated by the European Commission were used to understand urban geometry. This information is generated in a hybrid manner by combining various geospatial techniques.



The other aspect of urban climate studies is the need to include population patterns and analyze their vulnerability with respect to the thermal environment. It can be summarized that city regions require more geographic information system (GIS)-based studies that can merge ambient discomfort, incorporating AT and RH patterns with the built-up geometry. Studies require inputs from both local climate profiles and urban design to effectively apply sustainable solutions. In this regard, the current work created a framework that can be used to evaluate the vulnerability of urban health in densely built tropical cities. The present research primarily focused on three objectives. The first aim was to thoroughly assess the various heat indices for the given study area to highlight the extremely critical conditions of a tropical metropolitan or megacity. The second goal was to see how urban geometry is leading to the current thermal discomfort patterns. Lastly, the research prospect was to find better land management options based on the outputs of the first two objectives. For this purpose, a multicriteria approach was adopted, which considered the wind direction, morphological settlement zones, pavement watering scopes, building regulation suggestions and future landscaping plans. Urban greening practices need prioritized and systematic spatial data inputs. In this aspect, the results obtained from the current study are likely to be applicable in city planning for similar monocentric, fast-growing cities.




2. Significance of the Study Area


Indian city regions are altering the local environment with rapid urban development. Such changes are expected to affect the massive population of cities adversely. One such region is the Kolkata megacity. Kolkata is the former capital of India and the largest city in Eastern India. Geographically, the region belongs to a tropical wet and dry climate (Aw), as per Koppen’s scheme. Due to its growing commercial and residential sectors, the city has witnessed notable immigration. With the rising population, a further increase in urbanization occurred. Remarkable conversions of vegetation and wetlands into built-up areas have taken place. Ongoing urbanization has resulted in extremely hot and humid summers in Kolkata city in recent decades. Between 1950 and 2018, Kolkata saw the highest annual mean temperature rise (IPCC, 2021). The resultant discomfort level in Kolkata during summer is much worse than in many other tropical cities [35].



It is urgent to evaluate the thermal comfort/discomfort scenario in this megacity and the possible consequences of this on city dwellers. The city has a monocentric built-up pattern, with high-rises mostly being developed on the outskirts [10]. The variation in the arrangement of buildings in terms of density and height provides essential inputs for linking built-up morphology and the ambient environment. The dense mid-rises in the central business district (CBD), dense high-rises in satellite towns, and sparse mid-rises in peri-urban areas are prominent. There are many cities in the tropical region with similar urban structures. Hence, studying the Kolkata megacity can provide a framework for smart urban planning for numerous other cities. Another significant part of the study area lies within the East Kolkata Wetland (EKW). This vast wetland at the eastern border of Kolkata has major environmental importance. The proximity to such a vast wetland may affect temperature and humidity in the vicinity. Hence, a bounding box was created around Kolkata city, which included the EKW. This was considered as the study area, and its extent is shown in Figure 1. The area extended from 22°26′ N to 22°38′ N and from 88°13′ E to 88°28′ E.




3. Dataset Description


A combination of raster and vector datasets was used to explore the current thermal environment conditions of Kolkata City. The sources and characteristics of these datasets are discussed below.



3.1. Weather Data


AT and RH were the primary datasets used to understand thermal discomfort. This study focused on the extreme summer conditions of a tropical megacity. Hence, the April and May months of 2023 were considered. Hourly data on AT and RH were collected at 2 m height. The 2 m ambient temperature is closely linked to the skin temperature and, hence, is considerably affected by urbanization processes [36]. Due to a lack of granular wind velocity data, this factor was not included in the analysis. Only from a mitigation aspect, the overall wind direction data were included in this study. In the case of AT and RH, two different sources were used to obtain the data. The different point data were then merged to create a layer covering Kolkata city.



3.1.1. Indian Monsoon Data Assimilation and Analysis (IMDAA) Reanalysis Datasets


The IMDAA system provides hourly weather data over the Indian subcontinent with a spatial resolution of 12 km × 12 km. The weather information is generated through a reanalysis model, where data are provided by the United Kingdom Met Office (UKMO), the National Centre for Medium Range Weather Forecasting (NCMRWF), and the India Meteorological Department (IMD). The system uses an intermittent data assimilation cycle. A total of 12 data points were present in and around the study area and were used in the work. The hourly data were used to compute the average AT values in April and May. Further, the maximum AT values of each location were also noted to determine the utmost thermal discomfort. Similarly, the hourly average of RH values was used for the two summer months.




3.1.2. Central Pollution Control Board (CPCB)


A total of 10 CPCB weather monitoring stations were available in the study area extent. Average AT and RH values for the April and May months of 2023 were procured from this source. The point data from both sources were merged (22 data points in total) as a single point file before further applications. The wind direction data in degrees clockwise from due north were also obtained from these stations for summer (May). The location of the IMDAA data points and CPCB monitoring stations is shown in Figure 2.





3.2. Global Human Settlement Layer (GHSL) Datasets


The spatial information of multiple urban characteristics was obtained from the GHSL dataset. Raster images were obtained from this source for 2020 since these were the latest data available. GHSL data are an amalgamation of findings from satellite images, census data and volunteered geographic information. The population density maps were procured from GHSL. These density maps depict people per 100 m × 100 m grid [37]. A number of indicators showing urban built-up characteristics were also obtained from this source. This included building height (m) and built-up surface cover (m2) data that have both residential and non-residential impervious surfaces [38,39]. Additionally, the morphological settlement zones (MSZs) were extracted for the study area from this source [40]. MSZs provided a detailed land use profile, like roads, residential sectors, vegetation, commercial centers, etc., of the city.





4. Methodology


A set of geospatial techniques were utilized to map thermal discomfort in Kolkata. Further, the built-up data were extracted, and the relationship between urban settings and the thermal environment was quantified. A brief overview of the work framework is shown in the following chart along with highlights of the major aspects of this study (Figure 3). The detailed methodology is discussed further.



4.1. Mapping the Ambient Temperature and Relative Humidity


Thermal comfort is closely linked with air temperature [41]. Before computing the thermal discomfort indices, the ambient temperature at 2 m was mapped. The average AT values for the summer season of 2023 (April and May) were obtained by merging both CPCB and IMDAA data points. So, the spatial profile of AT was generated from a total of 22 data points spread in and around Kolkata for better results of interpolation. The AT values at these points were interpolated to 120 m spatial resolution using the Inverse Distance Weighting (IDW) method to generate a continuous surface of AT for the study region [42]. The resolution was kept in accordance with the spatial data collection by Landsat. A similar procedure was used to plot the daily average relative humidity values of summer 2023. The IDW is a deterministic method that assumes the existence of spatial autocorrelation among features. This is, hence, appropriate to predict the unknown values of physical characteristics, like AT or RH.



Based on the AT or the dry bulb temperature (TD) and RH, the wet bulb temperature (TW) was calculated [43]. TW was further used for the computation of thermal comfort indices. The calculation of TW is as follows


TW = TD × arctan {0.151977 × (RH + 8.313659)1/2} + arctan (TD + RH) − arctan (RH − 1.676331) + 0.00391838 × RH3/2 × arctan (0.023101 × RH) − 4.686035



(1)








4.2. Thermal Discomfort Indices


Various indices have been developed globally to reflect the thermal comfort and discomfort in given weather conditions. Three such globally relevant indices were computed and mapped in the current work. These indices were selected as they were suitable for application in high AT and varying RH conditions. Also, indices that require physiological data inputs were not considered since such detailed data were not available. The computation procedures of the selected indices are elaborated in the following sections.



4.2.1. Heat Index (HI)


The National Weather Service (NWS) of the United States has provided a heat index since 1990 depending on the air temperature (in °F) and humidity (%). The index is a rectified version of the results obtained through multiple regression analysis [44]. The HI is suited for heat stress evaluation of tropical regions as its application for categorizing high-temperature conditions (27 °C to 43 °C) has been verified. Apart from AT and RH, nine constants are used to compute the HI. The formula for HI is shown below


HI = C1 + (C2 × AT) + (C3 × RH) − (C4 × AT × RH) − (C5 × AT2) − (C6 × RH2) + (C7 × AT2 × RH) + (C8 × AT × RH2) − (C9 × AT2 × RH2)



(2)




where, C1 = −42.379; C2 = 2.04901523; C3 = 10.14333127; C4 = 0.22475541; C5 = 0.00683783; C6 = 0.05481717; C7 = 0.00122874; C8 = 0.00085282; C9 = 0.00000199.




4.2.2. Universal Thermal Climate Index (UTCI)


The UTCI is one of the most prominently used outdoor thermal comfort indices. In tropical environments such as the current study region, the UTCI can be used for heat stress assessment. The threshold values for different stress classes of UTCI were previously generated using a model that considers dynamic thermoregulation of the human body [45]. Thus, the index is suitable for universal application and is also valid for both micro- and macro-scale studies [46]. The classes of heat stress, along with their respective ranges of AT values, are shown in the following table (see Table 1). The obtained summer AT pattern in this study was reclassified into different heat stress zones based on the mentioned ranges.




4.2.3. Wet Bulb Dry Temperature (WBDT)


This index was simply based on both TW and TD. In [47], this index was developed to reflect heat stress based on wet bulb and dry bulb temperature values. Over a time period of 18 years, 2069 cases were studied with weather measurements and heat-related illness. They came up with the WBDT index, which enhanced the heat illness risk prediction. The index is suitable for application in areas where the RH range may vary considerably. This index is fitting for categorizing a vast city region where different types of surfaces are present, from CBD to fringe, and the RH pattern keeps changing. WBDT was computed as


WBDT = 0.4 × TW + 0.6 × TD



(3)







The threat of the ambient environment can range from low to high based on the increasing values of this index, with elevated and moderate threats in between the two extremes.




4.2.4. Population Exposure at Various Discomfort Zones


The vulnerability of the city population to different levels of hot-humid stress was also evaluated. All three indices were categorized into increasing discomfort classes based on their given thresholds. The population pattern in each zone was extracted and then vectorized to a point file. The total population in each discomfort zone was computed from the attributes of these point files. Simultaneously, the area cover of each discomfort zone was also noted. This will bring attention to the severity of hazardous local environment scenarios along with the quantification of population exposure.





4.3. Contribution of Urban Morphology in Raising Thermal Discomfort


As discussed earlier, urban morphology is a complex system resulting from patterns of buildings, roads, the ratio of urban and open spaces, etc. The horizontal and vertical arrangement of buildings and road density directly influence the surface and immediate ambient temperature by controlling reflection, heat retention, vehicle congestion, etc. [26,27,48]. Hence, regulating their pattern could be crucial in diminishing thermal discomfort. In this regard, three morphological parameters were selected in the current work. These were the building heights, built-up surface cover or building density, and density of the road network. It is necessary to quantify how uniquely these parameters contribute to increasing thermal discomfort.



Building height data for the study area extent were extracted from the raster GHS layer. Similarly, built-up surface cover was extracted. This pattern was converted to a point file, and the building density was computed as the ratio of building surface and total cell area. It was, thus, calculated as the magnitude per unit area


  B u i l d i n g   d e n s i t y =   v e c t o r i z e d   b u i l t − u p   p o i n t s   c e l l   a r e a    



(4)







Road density was calculated in the same manner but using line density per unit area within each cell instead of point density as follows


  R o a d   d e n s i t y =   v e c t o r i z e d   r o a d   p o l y l i n e   c e l l   a r e a    



(5)







Each of these parameters was then mapped over the study region and divided into five classes: very low, low, moderate, high and very high. Simultaneously, the HI map was divided into four zones of increasing discomfort. Three zones belonged to the “hot” class, and one was in the “very hot” category. The percentage area covered by various urban morphology classes in different heat index zones was then extracted. The computation of the contribution of urban morphology in creating a higher heat index is further explained by the flow diagram in Figure 4. The obtained ranges and values of building height or density can be used as thresholds for future city planning.




4.4. Spatial Profile of Morphological Settlement Zones


The scope of land management is unique to similar types of cities. These domains of human settlements can be assessed through the MSZ pattern [40]. These zones are created based on the built-up surface fraction function. A layered classification scheme is applied for MSZ creation. The two primary classes are open spaces and built spaces. The built-up space is then divided into compact and sparse categories. The various MSZ classes are listed below in Table 2, along with their characteristics.



Based on the locations of these classes, a detailed green landscaping suggestion was devised while including other local climate parameters, like humid heat indices and wind direction.




4.5. Thermal Discomfort Mitigation Prospects


The eventual goal of this work was to devise discomfort mitigation strategies. This can be performed with a multicriteria approach, including the outputs from previous sections along with wind direction inputs. Broadly, three major methods were considered for this, which will provide suitable land management solutions for Kolkata city. They are briefly outlined in Figure 5. The methods are further elaborated in the following sections.



4.5.1. Canopy Densification in Open Spaces


Research works have frequently highlighted dense planting with large canopies as the most important mitigation tool offering greater thermal performance [49,50]. In a study carried out by [51], a number of professionals performed a rating for urban design solutions, like the presence of water bodies, shading-based cooling, building geometry, vegetation, wind pattern, surface albedo, etc. Vegetation was the highest-rated solution, with a score of 4.83 out of 5. Hence, the first priority was applied to the scope of the plantation and densification of vegetation cover. For this, the MSZ map was overlayed on the discomfort hotspot zone. The open spaces with low vegetation cover and land availability were demarcated (MSZ 01), which also laid within high-thermal-stress zones. These locations should be urgently considered for an increase in dense plantation.




4.5.2. Pavement Cooling with Wind Direction Input


Another major strategy to enhance thermal comfort includes the use of local wind flow patterns. Pavement watering at major roads located in the upwind direction of the discomfort hotspot can drastically improve the cooling effect in summer [52]. It amplifies evaporation-related heat loss. An article [53] quantified that pavement watering may reduce the tropical ambient temperature (>30 °C) by 4 °C in the afternoon and by nearly 2 °C in the morning. This can potentially alter extreme-heat-stress areas into moderate-stress zones. To apply pavement watering in a sustainable way, the overall wind direction of Kolkata city for a summer day was generated. Thus, watering can be limited to roads that will provide maximum cooling. Roads lying perpendicularly to the direction of wind flow and at the upwind side of the hotspot will be suitable for this. These roads were identified, and their length was delineated to assess the need for water to be used during extreme summer heat.




4.5.3. Building Regulations and Future Zoning Plans


The outputs of building morphology contributing to thermal distress (Section 4.3) were used to provide regulations with building height and density values. Such guidelines will prevent the sprawl of extreme thermal discomfort in the suburbs with ongoing urbanization. As for the densely built city CBD, MSZ was used to locate mid-rise commercial and residential sectors. These sectors are ideal for green roofs and vertical gardening since they are not completely affected by shadows from other urban structures. Also, these buildings have a moderately high influence on the ambient temperature pattern close to the ground, compared to very high buildings with a lower cooling impact [54]. Again, the wind direction condition was used, and it was overlayed with MSZ 14 and MSZ 24. The commercial and residential mid-rise built-up regions at the upwind side of the discomfort hotspot were identified as green landscaping sites.






5. Results


5.1. Spatial Profile of AT and RH


The pattern of air temperature and relative humidity in summer over the Kolkata city region is shown in Figure 6. The AT depicted an intensity of up to 3.499 °C in summer months. The major air-temperature-based hotspot was located in north Kolkata. In all other directions (south, east and west), AT gradually dropped. Two distinct points reflected the existence of cold spots. These were located in the eastern and southern sections. Both these locations had considerably large lakes or waterbodies, which was verified by the field survey. In terms of RH, the average humidity range in summer was very high (nearly 70%). The spatial patterns of AT and RH were contrasting in and around Kolkata city. The RH values gradually increased towards the south and were comparatively lower over the densely built north Kolkata.




5.2. Spatial Profile of Thermal Discomfort


Combining the two parameters of AT and RH, multiple thermal comfort/discomfort indices were computed and mapped. All of them reflected a concerning situation in this megacity region. The derived patterns of HI and WBDT are shown in Figure 7. The critical hotspot for all indices lies in the northern part of Kolkata city. In the case of HI, central Kolkata depicted thermal stress conditions more than the other indices. Four distinct hotspots can be observed that were not present for only the AT pattern. The critical zones for this study were clustered in the northern and central parts of Kolkata and were demarcated to be the most vital city pockets with urgent needs for green landscaping.



HI was further used for the remaining analysis for its sensitivity to minute changes. Additionally, the number of people living in each zone was also computed from the population density pattern. These numbers simply highlighted the acute threat of a large population to heat-induced health risks. The results indicated that at least 10 million people are at constant risk of moderate to high heat stress and associated illness during summer. The details of these discomfort zones and their percent cover are listed below in Table 3.




5.3. Contribution of Morphology in Increasing HI Values


The thermal environment of Kolkata can be improved by regulating new urban sprawl activities. First, the knowledge of urban built-up settings and their impact on the heat index must be addressed to achieve this. The contribution of urban morphology was evaluated by computing the percent area of each morphology class in continuously increasing HI zones (HI-1 to HI-4). The higher zone simply reflected higher thermal stress conditions. The contribution values for each zone are shown in Figure 8.



The variation in the urban morphology parameters depicted a notable contribution of building density in increasing the heat index and reducing thermal comfort. The percentage of very high building density gradually increased from the HI-1 zone to the HI-4 zone. Interestingly, the effect of building height was not independent of thermal discomfort. Higher buildings covered a considerable area in both the HI-1 and HI-4 zones. On the other hand, building height combined with density resulted in the worst thermal stress conditions. It can be concluded that in the most congested city centers, building heights should be strictly regulated. Taller structures above 9 m should be limited in the CBD and permitted in the sparsely built city fringes. The quantitative relationship between urban morphology and thermal discomfort provided the much-needed built-up area inputs for policy making. This critical building height information for various built-up density regions should act as thresholds in future city planning.




5.4. Spatial Pattern of Morphological Settlement Zones


The overall pattern of the urban setting in and around Kolkata is shown in Figure 9 along with the spatial area cover of various MSZ types. The majority of the city region was covered by open spaces and residential sectors. Non-residential sectors only covered some central city areas. The hotspots and cold spots of the HI map (from Figure 7) were examined with an overlay of the complex cluster of urban morphology. The mid-rise built-up area was prominently present at the discomfort hotspots of central and northern Kolkata. These zones will be critical in diminishing the heat stress problem. The possibility of green landscaping using these zones is further discussed in the following section.





6. Land Management Prospects from Current Research


Since reconstruction or landscaping all over the city to improve urban health is not a practical solution, the most suitable locations were demarcated, which can aid in enhancing urban health. Overlaying the already-generated results, certain land management prospects were outlined, which will reduce thermal discomfort in this study region. Location-specific suggestions were derived precisely in the following three aspects.



6.1. Densification of Vegetation Canopy in Open Spaces


The MSZ pattern overlayed on the “very hot” zone helped to identify the open spaces lacking considerable vegetation in high-discomfort areas. These open spaces should be given urgent attention to improve the vegetation cover and reduce HI magnitude and should be turned into cold spots. They included areas, like open ground near Bandhaghat Launch Ghat (ferry terminal), railway coaching complex, barren industrial grounds, etc. These locations were verified using Google Earth Engine and are shown in Figure 10.




6.2. Suitable Road Stretches for Pavement Watering


The wind flow pattern of the Kolkata city region on summer days was prominently from the southern direction. At different CPCB stations, the wind direction varied from 151° to 205° (0° at north). The overall trend of wind direction is shown in Figure 11. This suggested that roads aligned in the east–west direction are suitable for cooling through pavement watering. Such roads in the upwind side of hotspots were selectively mapped. These segments are shown in Figure 12 along with the location-specific wind directions.



Overall, 38.44 km road stretches were delineated for cooling purposes. Roads extending for 24.261 km lay near the major northern hotspot, while 3.981 km, 2.649 km and 7.55 km segments were present, respectively, near the eastern, central and southern hotspots. Pavement watering and street-side plantation should both be planned specifically in these locations.




6.3. Zoning plan and Building Regulations


Green landscaping at the already-present urban structures is the only feasible way to diminish thermal discomfort in the CBD region. The crucial residential and commercial built-up areas in Kolkata, which are suitable for green roofs or walls, were identified and are shown in Figure 13. Two major locations near the northern hotspot, Howrah Railway Station area (1) and Bara bazar market place (2), were demarcated for this purpose. Near the eastern hotspot, the Salt Lake stadium area (3) was most suitable for green landscaping. In the central city, the residential and non-residential built-up areas around Ballygunge Science College (4) were present with abundant roof space. In southern Kolkata, mostly residential apartments were available near Jadavpur area (5).



Also, the results from Section 5.3 suggested that to avoid extreme thermal stress, the building density should not increase beyond 70%. The ongoing urbanization in suburbs must be regulated by monitoring-zone-wise building density.





7. Discussion


According to the ranges for the various discomfort indices, the Kolkata city region depicted severe thermal stress. As per HI, city dwellers are at risk of sunstroke, heat cramps and exhaustion during summer days. Heat stroke is possible over the “very hot” zone due to prolonged exposure or physical activities. As per UTCI, moderate heat stress was present everywhere in the study area in the summer season based on average summer conditions. It can be assumed that during maximum AT conditions in the afternoon, the percent cover of the “strong heat stress” zone (UTCI) or the “very hot” zone (HI) is likely to increase. Thus, the findings summarize the necessity to incorporate the thermal environment as an important aspect of smart and sustainable urban planning. Further, some major outcomes of this study are discussed in the following section.



7.1. Key Findings


	
The CBD of Kolkata city (northern central part) was the most severely affected by thermal discomfort and stress. Even though this region depicted comparatively lower RH values than city surroundings, the high intensity of the air temperature hotspot (>3 °C) resulted in the development of multiple humid heat stress clusters in the same zone.



	
The results highlighted the significance of RH in heat stress pattern identification, as the inclusion of RH delineated a few additional hotspots within the city during the summer season. For tropical regions, discomfort studies solely based on ambient temperature cannot provide the complete scenario. A direct inclusion of AT and RH produced a more varied pattern with the scope of better zoning.



	
The use of population patterns as an additional layer helped to quantify the vulnerability to different heat stress levels in terms of the number of residents. The results show that nearly 0.69 million people were exposed to a moderate threat from humid heat stress, and around 0.21 million citizens faced strong heat stress in Kolkata during summer.



	
The results show the significance of mid-rise buildings in diminishing comfort only in a highly dense building arrangement. It was notable that building height added to higher density intensified thermal discomfort. Single-handedly, the effects of increasing building height on raising discomfort were not so prominent. In the scenario of a sparse built-up pattern, the contribution of mid-rise buildings in creating humid heat stress hotspots remarkably dropped.



	
Surprisingly, increasing road density did not play an important role in enhancing thermal stress for the current study area. Since heat stress rise was more sensitive to the built-up arrangement, for a dense CBD, more priority should be given to regulating building height and density.



	
MSZ-based results showed the availability of the 980,000 m2 area of MSZ 01 (open space with low vegetation surface) in critical thermal stress regions. Increased vegetation density at these locations can considerably reduce the systolic blood pressure, diastolic blood pressure and pulse rate of the vast population of the city exposed to heat stress in summer [55].



	
East–west-aligned roads of a total 38.44 km length were also marked for water spray cooling and greener pavements. The road length covered less than 10% of the total major road length in the study region. MSZ and wind direction data played a pivotal role in successfully identifying the limited road stretches that can cause higher cooling. Studies have found that maximum cooling can be achieved through 6 mm wetting for 10 min in the morning [56]. The same can be applied in Kolkata to optimize road watering on summer days.







7.2. Limitations


Even though this study highlighted major urban environmental threats for a tropical megacity, in future work, some improvements can be incorporated. For a study carried out in a similar scenario, the in situ data collection of additional climatic parameters will significantly enhance the results. Since high-resolution wind velocity data were not available for the current study region, this particular parameter was excluded for discomfort assessment. A complete summer month survey could be dedicated to collecting such a dataset and, thus, create a finer spatial pattern of the thermal discomfort hotspots.





8. Conclusions


This study considered crucial location-based information for better land management and green landscaping over a tropical megacity. According to the observed results for all discomfort indices, at least 10 million people were prone to severe heat stress in the summer season. The results depicted that the heat index was more suitable to map the slightest variation in the discomfort level for the current study region than other discomfort indices. A quantitative understanding of the influences of building area and height on the thermal environment was reached. The results showed that city areas with more than 68% built-up cover associated with building heights between 5.8 m and 9.3 m created the worst thermal discomfort situations. Such built-up morphology has the potential to cause thermal stress-related mortality. Building surface area cover and height-related regulations must incorporate such empirical observations. Apart from urban policy making and building governance, the city population needs to be aware of the consequences and mitigation techniques for such high thermal stress. Strict mitigation guidelines should be provided to all commercial and residential sectors separately for indoor and outdoor conditions. Specific locations of reducing the hot spots and generating new cold spots were also delineated in this study based on multiple layers, like heat indices, morphological settlement zones, population and land cover characteristics. The results showed the Howrah Railway station complex to be suitable for green landscaping and dense plantations in open places. Policy makers must prioritize the transformation of this vast complex into a cooling land cover. Multiple other residential sectors and road segments were demarcated for city-wide sustainable development while using wind flow pattern data. This would help to carry out prioritized and systematic city planning. This work, hence, successfully broadens the scope of applying geospatial techniques in urban climate problem solving.
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Figure 1. Study area extent and major locations. 
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Figure 2. Point-based weather data source locations. 
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Figure 3. Flowchart of the methodology. 
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Figure 4. Contribution assessment of urban morphology in creating heat index zones. 
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Figure 5. Land management strategies with climate and morphology overlay. 
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Figure 6. Pattern of major ambient environment parameters. 
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Figure 7. Spatial profile of thermal stress indicators. 
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Figure 8. HI zone-wise contribution of urban built-up area in increasing discomfort. 
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Figure 9. Overall urban land use pattern of Kolkata. 
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Figure 10. Locations and detailed view of selected open spaces for dense plantation. 
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Figure 11. Primary trend of wind flow in Kolkata. 
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Figure 12. Scope of road-based cooling on summer days. 
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Figure 13. Scope of cooling through green landscaping sites. 
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Table 1. UTCI classes and associated AT ranges.
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	Sl. No.
	Class Characteristics
	AT Values (°C)





	1
	No thermal stress
	9–26



	2
	Moderate heat stress
	26–32



	3
	Strong heat stress
	32–38



	4
	Very strong heat stress
	38–46



	5
	Extreme heat stress
	>46










 





Table 2. Detailed description of the MSZs in Kolkata.
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Type

	
MSZ Name

	
Major Characteristic

	
Detailed Characteristics






	
Open spaces

	
MSZ 01

	
Low vegetation surfaces

	
NDVI ≤ 0.3




	
MSZ 02

	
Medium vegetation surfaces

	
0.3 < NDVI ≤ 0.5




	
MSZ 03

	
High vegetation surfaces

	
NDVI > 0.5




	
MSZ 04

	
Water surfaces

	
Land < 0.5




	
MSZ 05

	
Road surfaces

	




	
Built spaces

	
MSZ 11

	
Residential

	
Building height ≤ 3 m




	
MSZ 12

	
Residential

	
3 m < building height ≤ 6 m




	
MSZ 13

	
Residential

	
6 m < building height ≤ 15 m




	
MSZ 14

	
Residential

	
15 m < building height ≤ 30 m




	
MSZ 15

	
Residential

	
Building height > 30 m




	
MSZ 21

	
Non-residential

	
Building height ≤ 3 m




	
MSZ 22

	
Non-residential

	
3 m < building height ≤ 6 m




	
MSZ 23

	
Non-residential

	
6 m < building height ≤ 15 m




	
MSZ 24

	
Non-residential

	
15 m < building height ≤ 30 m




	
MSZ 25

	
Non-residential

	
Building height > 30 m











 





Table 3. Spatial coverage of thermal discomfort zones.
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Index

	
Thermal Discomfort Zones

	
Percent Area Cover

	
Resident Numbers in the Zone






	
HI

	
Hot

	
99.01

	
12,087,885




	
Very hot

	
0.99

	
146,389




	
UTCI

	
Moderate heat stress

	
98.58

	
12,027,521




	
Strong heat stress

	
1.42

	
206,753




	
WBDT

	
Elevated threat

	
93.63

	
11,538,627




	
Moderate threat

	
6.37

	
695,647
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