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            Abstract

            
               
The rapid urbanization of Srinagar city, located in the Himalayan region, has led to significant changes in land use and land
                  cover (LULC), resulting in an increase in the Urban Heat Island (UHI) phenomenon. This study investigates the relationship
                  between Land Surface Temperature (LST) and LULC changes over a decade, from 2010 to 2022, focusing on four key categories:
                  built-up areas, agricultural land, water bodies, and natural vegetation. Using Landsat satellite data, we analysed seasonal
                  variations in LST across these categories and calculated the Urban Thermal Field Variance Index (UTFVI) to assess the ecological
                  impact. The findings reveal a substantial increase in LST, particularly in built-up areas, where maximum temperature increased
                  from 34.6°C in 2010 to 37.19°C in 2022. Additionally, the UTFVI analysis showed a decline in areas with "Excellent" ecological
                  conditions, dropping from 57.91% in December 2010 to 47.24% in December 2022, while areas categorized as "Worst" ecological
                  conditions increased, indicating a worsening UHI effect. These results highlight the growing environmental challenges posed
                  by urbanization in Srinagar city, necessitating urgent sustainable urban planning interventions.
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               1 Introduction

            Urbanisation is often described as a phenomenon linked to both economic advancement and demographic shift, leading to changes
               in the geographical features of a region 1. This transformation in land cover is happening globally, with a more pronounced impact in developing nations 2. Approximately half of the world’s population is currently residing in urban areas, occupying only 0.1% of the total land
               area globally 3. Furthermore, UN projection indicated a 68% increase in the global population by 2050, with majority of growth anticipated
               in Asian countries 4. The urban population in India has increased significantly during last three decades, resulting in rapid expansion of urban
               areas 5. This rapid increase in urbanisation, contributes to diverse  environmental alterations within cities, including changes
               in ecosystem services and functions, local weather pattern and microclimate 6.
            

            Shift in natural land cover to built-up area results in alteration of surface thermal properties and hence, more heat gets
               accumulated in the land surfaces 7, 8. This change in thermal properties of land surface leads to increase in land surface temperature (LST) and formation of urban
               heat island (UHI). The concept of UHI was first proposed in 1818, where surface and air temperature of a specific area exhibit
               higher temperature than the surrounding environment 9. Land Surface Temperature (LST) pattern offer valuable insights into climatic conditions and can therefore assist in comprehending
               the urban climate 10, 11. These patterns are influenced by various factors such as vegetation cover, roads, buildings or any other impervious surface
               12, 13. LST is crucial in facilitating the heat exchange between land surface and the atmosphere. However, increasing temperature
               have adverse effect on environment including ecosystem services, energy balance, urban infrastructure, hydrology and human
               habitat 14.
            

            Satellite based remote sensing techniques are widely employed to identify the land surface change detection using visible
               to near infrared (VNIR) and shortwave infrared (SWIR) bands. Thermal infrared (TIR) band of satellite has been commonly used
               for the extraction of LST across different spatial and temporal dimensions 15. LST varies among different surfaces owing to the diverse surface reflectance and roughness associated with the Land Use
               / Land Cover (LULC) 16. Recently, a range of sophisticated satellite sensors such as TM, ETM+, TIRS, MODIS and NOAA have been employed for monitoring
               LST.Top of Form Various spectral indices used in different LST studies, such as normalized difference vegetation index (NDVI)
               for vegetation cover analysis 17, 2. Normalised difference water index (NDWI) for water bodies estimation 18. Similarly, normalised difference built-up index (NDBI) for the identification of built-up areas 19 and normalised difference bareness index (NDBaI) for bare land identification 20, 21, 22.
            

            Although, Various studies have been carried out to understand the changes in Land surface Temperature (LST) across different
               cities of India 23, 24, 25, 26, 2, 27. In recent times, Asian high mountains have undergone notable warming particularly in the Alpine Kashmir Himalaya, which
               has witnessed substantial warming in the past few decades. This warming trend is anticipated to persist and intensify across
               the entire Himalayan region 28. Hence, this study focused on the formation of urban heat island (UHI) which is based on the relationship between Land surface temperature
               and land use land cover changes in the Himalayan city of Srinagar to highlight the temperature differences over the decade
               in four different seasons of the year i.e. Pre-monsoon (summer), monsoon, post monsoon and winter season.
            

         

         
               2 Aims of the Study

            The present study aims to:

            
                  
                  	
                     Analyze the spatio-temporal changes in land use/land cover (LULC) of Srinagar city between 2010 and 2022.

                  

                  	
                     Assess the impact of LULC changes on Land Surface Temperature (LST) dynamics over the study period.

                  

                  	
                     Examine the evolution and spatial extent of the Urban Heat Island (UHI) phenomenon within the city.

                  

                  	
                     Evaluate the thermal ecological conditions and associated environmental stress in the study area by utilizing the Urban Thermal
                        Field Variance Index (UTFVI).
                     

                  

               

            

         

         
               3 Study Area

            The study has been conducted for Srinagar city which is the largest city of union territory of Jammu and Kashmir located between
               74°47’24” to 74°79’ E longitude and 34°5’23” to 34°89’72” N latitude at an elevation of 1580 m above mean sea level Figure  1. The city is situated in the Kashmir valley on the western part of the Jammu and Kashmir, surrounded by the Himalayas. It
               is bisected by the Jhelum River which divides it into two sections and eventually joins the well-known Dal Lake located on
               the city’s eastern side. Srinagar boasts a diverse landscape featuring rolling hillocks, enchanting gardens, orchards, wetlands
               and lakes. Srinagar experiences a sub-Mediterranean climate, characterized by winter temperature ranging from approximately
               5-10 °C and summer temperature around 27-32 °C 29. The population of city has tremendously increased from 0.1 million in 1901 to 1.2 million in 2011 30. Growing population of city has changed the land use land cover and damaged the wetlands, ponds, forests and agricultural
               land by haphazard unplanned construction 31.
            

            
                  
                  Figure 1

                  
                     Map of study area
                      
                     
                  

               
[image: https://s3-us-west-2.amazonaws.com/typeset-prod-media-server/6929b62c-58f9-4091-81af-49b270b0c8a1image1.png]

         

         
               4 Data

            In this study satellite imagery Landsat 5 (TM/MSS) and Landsat 8(OLI/TIRS) Collection 2 level 1 were used for LULC classification
               and Land surface temperature analysis for the year 2010 and 2022 respectively. These imageries were retrieved from the USGS
               earth explorer website (http://earthexplorer.usgs.gov/). Detail of data set used is given in Table  1, Table  2, while the detail of resolution of bands used is given in Table  3, Table  4. 
            

            
                  
                  Table 1

                  
                     Informative label of Landsat 8 OLI/TIRS
                     
                  

               

               
                     
                        
                           	
                              
                           
                            Date of Acquisition

                           
                        
                        	
                              
                           
                            Season

                           
                        
                        	
                              
                           
                            Path/Row

                           
                        
                        	
                              
                           
                            Cloud Cover (%)

                           
                        
                     

                     
                           	
                              
                           
                            17/04/2022

                           
                        
                        	
                              
                           
                            APRIL (Pre-Monsoon)

                           
                        
                        	
                              
                           
                            149/36

                           
                        
                        	
                              
                           
                            3.98

                           
                        
                     

                     
                           	
                              
                           
                            28/06/2022

                           
                        
                        	
                              
                           
                            JULY (Monsoon)

                           
                        
                        	
                              
                           
                            149/36

                           
                        
                        	
                              
                           
                            11.84

                           
                        
                     

                     
                           	
                              
                           
                            26/10/2022

                           
                        
                        	
                              
                           
                            OCTOBER (Post-Monsoon)

                           
                        
                        	
                              
                           
                            149/36

                           
                        
                        	
                              
                           
                            7.84

                           
                        
                     

                     
                           	
                              
                           
                            21/12/2022

                           
                        
                        	
                              
                           
                            DECEMBER (Winter)

                           
                        
                        	
                              
                           
                            149/36

                           
                        
                        	
                              
                           
                            2.32

                           
                        
                     

                  
               

            

            
                  
                  Table 2

                  
                     Informative label of Landsat 5 (TM/MSS)
                     
                  

               

               
                     
                        
                           	
                              
                           
                           
                              
                                 
                                 
Date of Acquisition

                                 
                              
                           
                           
                        
                        	
                              
                           
                           
                              
                                 
                                 
Season

                                 
                              
                           
                           
                        
                        	
                              
                           
                           
                              
                                 
                                 
Path/Row

                                 
                              
                           
                           
                        
                        	
                              
                           
                           
                              
                                 
                                 
Cloud Cover (%)

                                 
                              
                           
                           
                        
                     

                     
                           	
                              
                           
                            18/04/2010

                           
                        
                        	
                              
                           
                            APRIL (Pre-Monsoon)

                           
                        
                        	
                              
                           
                            149/36

                           
                        
                        	
                              
                           
                            2.00

                           
                        
                     

                     
                           	
                              
                           
                            27/06/2010

                           
                        
                        	
                              
                           
                            JULY (Monsoon)

                           
                        
                        	
                              
                           
                            149/36

                           
                        
                        	
                              
                           
                            11.00

                           
                        
                     

                     
                           	
                              
                           
                            17/10/2010

                           
                        
                        	
                              
                           
                            OCTOBER (Post-Monsoon)

                           
                        
                        	
                              
                           
                            149/36

                           
                        
                        	
                              
                           
                            1.00

                           
                        
                     

                     
                           	
                              
                           
                            20/12/2010

                           
                        
                        	
                              
                           
                            DECEMBER (Winter)

                           
                        
                        	
                              
                           
                            149/36

                           
                        
                        	
                              
                           
                            5.00

                           
                        
                     

                  
               

            

            
                  
                  Table 3

                  
                     Specification of bands of Landsat 8 for LST retrieval
                     
                  

               

               
                     
                        
                           	
                              
                           
                           
                              
                                 
                                 
BANDS

                                 
                              
                           
                           
                        
                        	
                              
                           
                           
                              
                                 
                                 
WAVELENGTH (µm)

                                 
                              
                           
                           
                        
                        	
                              
                           
                           
                              
                                 
                                 
RESOLUTION (m)

                                 
                              
                           
                           
                        
                     

                     
                           	
                              
                           
                            B4 – Red

                           
                        
                        	
                              
                           
                            0.636 – 0.673

                           
                        
                        	
                              
                           
                            30

                           
                        
                     

                     
                           	
                              
                           
                            B5 – Near infrared (NIR)

                           
                        
                        	
                              
                           
                            0.851 – 0.879

                           
                        
                        	
                              
                           
                            30

                           
                        
                     

                     
                           	
                              
                           
                            B10 – TIRS 1

                           
                        
                        	
                              
                           
                            10.60 – 11.19

                           
                        
                        	
                              
                           
                            100

                           
                        
                     

                  
               

            

            
                  
                  Table 4

                  
                     Specification of bands of Landsat 5 for LST retrieval
                     
                  

               

               
                     
                        
                           	
                              
                           
                           
                              
                                 
                                 
BANDS

                                 
                              
                           
                           
                        
                        	
                              
                           
                           
                              
                                 
                                 
WAVELENGTH (µm)

                                 
                              
                           
                           
                        
                        	
                              
                           
                           
                              
                                 
                                 
RESOLUTION (m)

                                 
                              
                           
                           
                        
                     

                     
                           	
                              
                           
                            B6 - Thermal

                           
                        
                        	
                              
                           
                            10.40 - 12.50

                           
                        
                        	
                              
                           
                            120

                           
                        
                     

                  
               

            

         

         
               5 Methodology

            
                  5.1 Method for land use land cover classification:

               Various methods were used in the recent past for LULC classification which includes Maximum likelihood classifier, Indices
                  overlay method, Neural networks, K-means clustering, etc. 32, 33, 34. In this study we applied maximum likelihood classification method for LULC classification. Four LULC classes has been identified
                  i.e. built-up area, agricultural land, water bodies and vegetation cover.
               

               To validate the classified maps kappa coefficient was applied using 350 randomly distributed points. These points then converted
                  to kml to export them on google earth imagery for accuracy assessment. The overall accuracy was more than 89% of each map,
                  literature suggests that accuracy above 80% is acceptable 35. The overall methodology that has been applied for LULC classification is provided in Figure  2. 
               

               
                     
                     Figure 2

                     
                        Flowchart for the creation of LULC from Landsat 5 and Landsat 8
                        
                     

                  
[image: https://s3-us-west-2.amazonaws.com/typeset-prod-media-server/6929b62c-58f9-4091-81af-49b270b0c8a1image2.jpeg]

            

            
                  
                  5.2 Method for land surface temperature (LST) extraction:
                  
               

               For the extraction of LST, mono window algorithm has been applied. LST retrieval using mono window algorithm involves five
                  steps 36. Details of methodology used for LST retrieval from Landsat data set is provided in Figure  3. 
               

               Step first involves conversion of digital number (DN) to spectral radiance (Lλ) using { label needed for disp-formula-group[@id='disp-formula-group-da767aeef6204153a8c79bb8ebcbfb9a'] }, { label needed for disp-formula-group[@id='disp-formula-group-3aa9abc0a5c944df8db18f61539a99e1'] } respectively.
               

               Spectral radiance calculation for Landsat 5 TM:

                  
                  
                        
                        
                           
                              
                                 L
                                 λ
                                 =
                                 
                                    
                                       
                                          
                                             L
                                             m
                                             a
                                             x
                                             λ
                                             -
                                             L
                                             m
                                             i
                                             n
                                             λ
                                          
                                       
                                       
                                          Q
                                          C
                                          A
                                          L
                                          M
                                          A
                                          X
                                          -
                                          Q
                                          C
                                          A
                                          L
                                          M
                                          I
                                          N
                                       
                                    
                                 
                              
                           
                           
                              
                                 ×
                                 
                                    
                                       Q
                                       C
                                       A
                                       L
                                       -
                                       Q
                                       C
                                       A
                                       L
                                       M
                                       I
                                       N
                                    
                                 
                                 +
                                 L
                                 M
                                 I
                                 N
                                 λ
                              
                           
                        
                     
                        (1)

                  

               

               Where, L λ = Spectral radiance 
               

               QCAL = Quantized calibrated pixel value.
               

                
                     
                        L
                        m
                        a
                        x
                        λ
                      = Spectral radiance scaled to QCALMAX, which is taken from meta data.
               

                
                     
                        L
                        m
                        i
                        n
                        λ
                      = Spectral radiance scaled to QCALMIN, taken from the metadata
               

               QCALMAX = Maximum Quantized calibrated pixel value 
               

               QCALMIN = Minimum Quantized calibrated pixel value 
               

               Spectral radiance calculation for Landsat 8 (OLI): 

                  
                  
                        
                        
                           L
                           λ
                        
                        =
                        
                           M
                           L
                        
                        ×
                        
                           Q
                           
                              c
                              a
                              l
                           
                        
                        +
                        
                           A
                           L
                        
                     
                        (2)

                  

               

               Where:

               ML = multiplicative rescaling aspect of thermal band.
               

               Qcal = quantized pixel value.
               

               AL = additive rescaling factor of thermal band.
               

               Second step involves conversion of spectral radiance to at satellite brightness temperature using Equation 3.
               

                  
                  
                        
                        T
                        =
                        
                           
                              K
                              2
                           
                           
                              l
                              n
                              (
                              
                                 
                                    k
                                    1
                                 
                                 
                                    L
                                     
                                    λ
                                 
                              
                              +
                              1
                              )
                           
                        
                     
                        (3)

                  

               

               Where,

               T= effective satellite Temperature in Kelvin.
               

               k1, and K2 are Thermal Constants and value is given in Table  5 (from metadata).
               

               Ln = Logarithmic function.
               

               Third step involves the calculation of proportion of vegetation (pv) by using Equation 4.
               

                  
                  
                        
                        P
                        n
                        =
                        
                           
                              
                                 
                                    N
                                    D
                                    V
                                    I
                                    -
                                    N
                                    D
                                    V
                                    I
                                    m
                                    i
                                    n
                                 
                                 
                                    N
                                    D
                                    V
                                    I
                                    m
                                    a
                                    x
                                    -
                                    N
                                    D
                                    V
                                    I
                                    m
                                    i
                                    n
                                 
                              
                           
                           2
                        
                     
                        (4)

                  

               

               Fourth step involves emissivity correction by using Equation 5.
               

                  
                  
                        
                        E
                        =
                        0
                        .
                        004
                        *
                        
                           P
                           v
                        
                        +
                        0
                        .
                        986
                     
                        (5)

                  

               

               In the last step LST was calculated following Artis & Carnahan (1982) 37 using Equation 6.
               

                  
                  
                        
                        T
                        =
                        
                           
                              
                                 B
                                 T
                              
                              
                                 1
                                 +
                                 (
                                 λ
                                 ×
                                 
                                    
                                       B
                                       T
                                    
                                    P
                                 
                                 l
                                 n
                                 
                                    ε
                                 
                              
                           
                        
                     
                        (6)

                  

               

               Where,

               T= LST in kelvin 
               

               BT = brightness temperature
               

               λ = wavelength of radiance
               

               P = h × c l s (h is plank’s constant whose value is 6.624×10-34 Js, and c is velocity of light, s is Boltzmann constant (1.38×10-23 J/K)
               

               ε = emissivity corrected
               

               
                     
                     Table 5

                     
                        Thermal Constant values for Landsat 5 & Landsat 8
                        
                     

                  

                  
                        
                           
                              	
                                 
                              
                               Thermal Constant

                              
                           
                           	
                                 
                              
                               Landsat 5

                              
                           
                           	
                                 
                              
                               Landsat 8

                              
                           
                        

                        
                              	
                                 
                              
                               K1

                              
                           
                           	
                                 
                              
                               607.76

                              
                           
                           	
                                 
                              
                               774.8853

                              
                           
                        

                        
                              	
                                 
                              
                               K2

                              
                           
                           	
                                 
                              
                               1260.56

                              
                           
                           	
                                 
                              
                               1321.0789

                              
                           
                        

                     
                  

               

               
                     
                     Figure 3

                     
                        Flowchart of methodology used for retrieval of LST from Landsat 5 & Landsat 8
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                  5.3 Method for urban heat island (UHI) detection:

               Urban heat island is formed when the temperature of city is higher than its surroundings. UHI is calculated using the Equation 7. 37.
               

                  
                  
                        
                        U
                        H
                        I
                        =
                         
                        
                           
                              L
                              S
                              T
                              -
                              L
                              S
                              T
                               
                              m
                              e
                              a
                              n
                               
                           
                           
                              S
                              T
                              D
                           
                        
                     
                        (7)

                  

               

            

            
                  5.4 Method for quantifying Urban Thermal Field Variance Index (UTFVI):

               Urban thermal field variance index (UTFVI) is used to evaluate the impact of urban heat island 38. It is determined by using Equation 8.
               

                  
                  
                        
                        U
                        T
                        F
                        V
                        I
                        =
                         
                        
                           
                              L
                              S
                              T
                              -
                              L
                              S
                              T
                               
                              m
                              e
                              a
                              n
                               
                           
                           
                              L
                              S
                              T
                           
                        
                     
                        (8)

                  

               

            

            
                  5.5 Method for identification of urban hot spot (UHS):

               Urban hotspot in the present study has been calculated using following equation.

                  
                  
                        
                        U
                        H
                        S
                        =
                        L
                        S
                        T
                        >
                        μ
                        +
                        2
                        ×
                        
                           δ
                           _
                        
                     
                        (9)

                  

               

               Here, μ is the mean LST and δ is the standard deviation of LST.
               

            

         

         
               Results and Discussion

            
                  6.1 Land use land cover change assessment:

               Land use land cover classification of Srinagar city was carried out using supervised maximum likelihood classification in
                  four categories i.e. water body, agricultural land, settlement and vegetation cover Figure  4. The areal change in different LULC classes is given in Figure  5, Figure  6, which reveals that the area covered by water bodies in 2010 was 16.6 sq.km (6.49%) which reduced to 14.75 sq. km (6%) in 2022
                  i.e. slightly decreased by 1.85 sq. km (0.49%), whereas the built-up area in 2010 was 48.35 sq. km (18.86%) which increased
                  to 127.89 sq. km (50%) in 2022, shows massive increase in the built -up area by 79.54 sq. km (31.02%) which is expanded into
                  the agricultural and natural vegetation land that led to the reduction of both over the decade. The area under agricultural
                  land in 2010 was 91.45 sq. km (35.66%) which reduced in 2022 to 39.68 sq. km (15%) has seen substantial reduction by 51.77
                  sq. km (20.18%) which is due to the encroachment by urban expansion in the area. On the other hand, the area under natural
                  vegetation in 2010 was 99.95 sq. (38.99%) km which is also reduced to 74.1 sq. km (29%) in 2022 i.e. decreased by 25.85 sq.
                  km (10.11%) which is attributed to expansion of built-up area and conversion of area under vegetation cover to urbanisation.
                  This transformation is not merely a spatial pattern but is rooted in broader regional and socio-political dynamics. Srinagar,
                  being the summer capital of Jammu and Kashmir, has undergone rapid urban expansion especially post-2010 due major infrastructural
                  development, population pressure and growing influx of tourist. Smart City initiatives, and tourism-driven construction have
                  significantly reshaped the city’s land use, led to the steady conversion of vegetative and agricultural lands into impervious
                  built-up surfaces. Additionally, the valley’s constrained geography and limited availability of plain land further intensify
                  land competition, accelerating this change.
               

               A study conducted by Ahmad et al., (2024)39 recorded similar observation of Srinagar city which shows substantial decrease in water bodies, vegetation cover and increase
                  in built-up area from the year 2000 to 2020. It reflects that urbanisation is growing at a rapid rate which is possibly due
                  to population growth, economic development of city which led to demand of housing and infrastructural development. At the
                  same time this steady increase in the built-up area is at the cost of natural vegetation and agricultural land which shows
                  substantial decrease in area over a decade. This reduction in the natural vegetation and water bodies reflects potential environmental
                  concern including increase runoff, reduction in biodiversity and natural resources. 
               

               
                     
                     Figure 4

                     
                        LULC of Srinagar city, 2010 & 2022
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                     Figure 5

                     
                        Area in sq.km under different LULC category of Srinagar city
                        
                     

                  
[image: https://s3-us-west-2.amazonaws.com/typeset-prod-media-server/6929b62c-58f9-4091-81af-49b270b0c8a1image5.png]

               
                     
                     Figure 6

                     
                        Percentage of area under different LULC category of Srinagar city
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                  6.2 Seasonal variation of land surface temperature (LST):

               LST of Srinagar city was calculated for four different seasons i.e. pre-monsoon (April), Monsoon (July), post-monsoon (October)
                  and winter (December) of the year 2010 and 2022 respectively. Figure  7 reveals significant changes in LST across different seasons. 
               

               
                     
                     Table 6

                     
                        LST across different seasons for the year 2010
                        
                     

                  

                  
                        
                           
                              	
                                 
                              
                               LULC Classes

                              
                           
                           	
                                 
                              
                                Land surface temperature (oC)

                              
                           
                        

                        
                              	
                                 
                              
                                April 

                              
                           
                           	
                                 
                              
                                July

                              
                           
                           	
                                 
                              
                               October 

                              
                           
                           	
                                 
                              
                                December 

                              
                           
                        

                        
                              	
                                 
                              
                               Min.

                              
                           
                           	
                                 
                              
                               Max.

                              
                           
                           	
                                 
                              
                               Mean

                              
                           
                           	
                                 
                              
                               Min.

                              
                           
                           	
                                 
                              
                               Max.

                              
                           
                           	
                                 
                              
                               Mean

                              
                           
                           	
                                 
                              
                               Min.

                              
                           
                           	
                                 
                              
                               Max.

                              
                           
                           	
                                 
                              
                               Mean

                              
                           
                           	
                                 
                              
                               Min.

                              
                           
                           	
                                 
                              
                               Max.

                              
                           
                           	
                                 
                              
                               Mean

                              
                           
                        

                        
                              	
                                 
                              
                               Built-up 

                              
                           
                           	
                                 
                              
                               12.83

                              
                           
                           	
                                 
                              
                               28.77

                              
                           
                           	
                                 
                              
                               20.8

                              
                           
                           	
                                 
                              
                               18.38

                              
                           
                           	
                                 
                              
                               34.6

                              
                           
                           	
                                 
                              
                               26.49

                              
                           
                           	
                                 
                              
                               13.3

                              
                           
                           	
                                 
                              
                               27.51

                              
                           
                           	
                                 
                              
                               20.4

                              
                           
                           	
                                 
                              
                               -2.93

                              
                           
                           	
                                 
                              
                               7

                              
                           
                           	
                                 
                              
                               2.03

                              
                           
                        

                        
                              	
                                 
                              
                               Agricultural land

                              
                           
                           	
                                 
                              
                               10.44

                              
                           
                           	
                                 
                              
                               28.35

                              
                           
                           	
                                 
                              
                               19.4

                              
                           
                           	
                                 
                              
                               17.93

                              
                           
                           	
                                 
                              
                               34.5

                              
                           
                           	
                                 
                              
                               26.27

                              
                           
                           	
                                 
                              
                               12.36

                              
                           
                           	
                                 
                              
                               28.18

                              
                           
                           	
                                 
                              
                               20.27

                              
                           
                           	
                                 
                              
                               -1.84

                              
                           
                           	
                                 
                              
                               11.89

                              
                           
                           	
                                 
                              
                               5.02

                              
                           
                        

                        
                              	
                                 
                              
                               Water bodies

                              
                           
                           	
                                 
                              
                               10.44

                              
                           
                           	
                                 
                              
                               21.5

                              
                           
                           	
                                 
                              
                               15.97

                              
                           
                           	
                                 
                              
                               16.93

                              
                           
                           	
                                 
                              
                               27.93

                              
                           
                           	
                                 
                              
                               22.93

                              
                           
                           	
                                 
                              
                               12.36

                              
                           
                           	
                                 
                              
                               22.38

                              
                           
                           	
                                 
                              
                               17.37

                              
                           
                           	
                                 
                              
                               -1.3

                              
                           
                           	
                                 
                              
                               3.96

                              
                           
                           	
                                 
                              
                               1.33

                              
                           
                        

                        
                              	
                                 
                              
                               Natural vegetation 

                              
                           
                           	
                                 
                              
                               8.98

                              
                           
                           	
                                 
                              
                               28.76

                              
                           
                           	
                                 
                              
                               18.88

                              
                           
                           	
                                 
                              
                               17.5

                              
                           
                           	
                                 
                              
                               33.6

                              
                           
                           	
                                 
                              
                               26.26

                              
                           
                           	
                                 
                              
                               13.77

                              
                           
                           	
                                 
                              
                               27.9

                              
                           
                           	
                                 
                              
                               20.2

                              
                           
                           	
                                 
                              
                               -1.3

                              
                           
                           	
                                 
                              
                               10.92

                              
                           
                           	
                                 
                              
                               4.08

                              
                           
                        

                     
                  

               

               
                     
                     Table 7

                     
                        LST across different seasons for the year 2022
                        
                     

                  

                  
                        
                           
                              	
                                 
                              
                               LULC Classes

                              
                           
                           	
                                 
                              
                                Land surface temperature (oC)

                              
                           
                        

                        
                              	
                                 
                              
                                April 

                              
                           
                           	
                                 
                              
                                July 

                              
                           
                           	
                                 
                              
                               October 

                              
                           
                           	
                                 
                              
                                December 

                              
                           
                        

                        
                              	
                                 
                              
                               Min.

                              
                           
                           	
                                 
                              
                               Max.

                              
                           
                           	
                                 
                              
                               Mean

                              
                           
                           	
                                 
                              
                               Min.

                              
                           
                           	
                                 
                              
                               Max.

                              
                           
                           	
                                 
                              
                               Mean

                              
                           
                           	
                                 
                              
                               Min.

                              
                           
                           	
                                 
                              
                               Max.

                              
                           
                           	
                                 
                              
                               Mean

                              
                           
                           	
                                 
                              
                               Min.

                              
                           
                           	
                                 
                              
                               Max.

                              
                           
                           	
                                 
                              
                               Mean

                              
                           
                        

                        
                              	
                                 
                              
                               Built-up 

                              
                           
                           	
                                 
                              
                               16.52

                              
                           
                           	
                                 
                              
                               35.16

                              
                           
                           	
                                 
                              
                               25.9

                              
                           
                           	
                                 
                              
                               22.6

                              
                           
                           	
                                 
                              
                               37.19

                              
                           
                           	
                                 
                              
                               29.89

                              
                           
                           	
                                 
                              
                               11.77

                              
                           
                           	
                                 
                              
                               20.4

                              
                           
                           	
                                 
                              
                               16.8

                              
                           
                           	
                                 
                              
                               -0.43

                              
                           
                           	
                                 
                              
                               8.28

                              
                           
                           	
                                 
                              
                               3.9

                              
                           
                        

                        
                              	
                                 
                              
                               Agricultural land

                              
                           
                           	
                                 
                              
                               15.98

                              
                           
                           	
                                 
                              
                               34.2

                              
                           
                           	
                                 
                              
                               25.8

                              
                           
                           	
                                 
                              
                               22.85

                              
                           
                           	
                                 
                              
                               35.52

                              
                           
                           	
                                 
                              
                               29.18

                              
                           
                           	
                                 
                              
                               10.09

                              
                           
                           	
                                 
                              
                               19.89

                              
                           
                           	
                                 
                              
                               15.29

                              
                           
                           	
                                 
                              
                               -7.78

                              
                           
                           	
                                 
                              
                               3.24

                              
                           
                           	
                                 
                              
                               -2.27

                              
                           
                        

                        
                              	
                                 
                              
                               Water bodies

                              
                           
                           	
                                 
                              
                               17.6

                              
                           
                           	
                                 
                              
                               25.5

                              
                           
                           	
                                 
                              
                               21.55

                              
                           
                           	
                                 
                              
                               23.79

                              
                           
                           	
                                 
                              
                               29.31

                              
                           
                           	
                                 
                              
                               26.55

                              
                           
                           	
                                 
                              
                               12.63

                              
                           
                           	
                                 
                              
                               16.69

                              
                           
                           	
                                 
                              
                               14.66

                              
                           
                           	
                                 
                              
                               0.44

                              
                           
                           	
                                 
                              
                               4.95

                              
                           
                           	
                                 
                              
                               2.69

                              
                           
                        

                        
                              	
                                 
                              
                               Natural vegetation 

                              
                           
                           	
                                 
                              
                               14.49

                              
                           
                           	
                                 
                              
                               30.41

                              
                           
                           	
                                 
                              
                               22.45

                              
                           
                           	
                                 
                              
                               22.48

                              
                           
                           	
                                 
                              
                               36.14

                              
                           
                           	
                                 
                              
                               28

                              
                           
                           	
                                 
                              
                               9.2

                              
                           
                           	
                                 
                              
                               20

                              
                           
                           	
                                 
                              
                               15

                              
                           
                           	
                                 
                              
                               0.93

                              
                           
                           	
                                 
                              
                               10.98

                              
                           
                           	
                                 
                              
                               6

                              
                           
                        

                     
                  

               

               Table  6, Table  7 reveal that in the year 2010, minimum as well as maximum temperature was observed over built-up area i.e. -2.93 oC and 34.6 oC in the month of December and July respectively. built-up area exhibits higher mean LST than other LULC categories across
                  all the seasons of the year except for the month of December, followed by agricultural land, vegetation and water bodies.
                  Whereas, in the month of December highest temperature observed over agricultural land followed by natural vegetation, built-up
                  area and water bodies.
               

               However, In the year 2022, minimum temperature was -7.78 oC over agricultural land in the month of December whereas, maximum temperature 37.19 oC observed over built-up area in the month of June, which was 2.59 oC higher than temperature reported in 2010. In the year 2022 also, Built-up area showed higher LST across all the months except
                  for the month of December which is followed by agricultural land, natural vegetation and water bodies. While, in the month
                  of December highest temperature observed over natural vegetation followed by built up, water bodies and agricultural land.
                  The overall observation reveals that in both the year 2010 and 2022 built-up area & water bodies showed highest and lowest
                  LST respectively than other LULC category and other LULC categories such as natural vegetation, water bodies and agricultural
                  land also showed consistent increase in LST over a decade. Many researches from different cities have reported similar observation
                  where the average LST of different LULC categories have increased significantly over the years 4, 40.
               

               
                     
                     Figure 7

                     
                        LST of Srinagar city for the year 2010 and 2022
                        
                     

                  
[image: https://s3-us-west-2.amazonaws.com/typeset-prod-media-server/6929b62c-58f9-4091-81af-49b270b0c8a1image7.png]

            

            
                  6.3 Urban Hotspot identification:

               As shown in the Figure  8, in the year 2010 during pre-monsoon and monsoon season small patches of UHS observed in the middle portion however, during
                  post monsoon and winter season UHS are also confined in the eastern part of the city. In the year 2022, during pre-monsoon
                  the UHS concentrated in central and southern part, during the monsoon period they are expanded to eastern direction, while,
                  during post monsoon and winter season growing trend towards eastern and southern side can be seen. The mean area under UHI
                  in 2010 was 247.22 sq.km which increased to 253.14 sq. km in 2022. These observations of UHI suggest changes in the distribution
                  and intensity of UHIs over time, likely influenced by urbanisation, land use changes and seasonal variations. The shift towards
                  eastern and southern sides is indicative of urban sprawl and reduction in vegetation cover, both of which can affect local
                  temperature and create UHIs.
               

               
                     
                     Figure 8

                     
                        Shows urban hotspots
                        
                     

                  
[image: https://s3-us-west-2.amazonaws.com/typeset-prod-media-server/6929b62c-58f9-4091-81af-49b270b0c8a1image8.png]

            

            
                  6.4 Urban Thermal Field Variance Index (UTFVI) for ecological condition assessment:

               Urban thermal field variance index (UTFVI) is commonly utilized to assess the UHI effect and quality of life in urban environment
                  41, 42. To classify the UTFVI this study followed six tier classification proposed by Zhang 2006 (Excellent, good, normal, bad,
                  worse & worst) as shown in Table  8 & Figure  9.
               

               
                     
                     Table 8

                     
                        UTFVI across the seasons for the year 2010 and 2022
                        
                     

                  

                  
                        
                           
                              	
                                 
                              
                               UTFVI

                              
                           
                           	
                                 
                              
                               Urban heat island (UHI)

                              
                           
                           	
                                 
                              
                               Ecological Evaluation Index (EEI)

                              
                           
                           	
                                 
                              
                               (Area in %)

                              
                           
                        

                        
                              	
                                 
                              
                               2010

                              
                           
                           	
                                 
                              
                               2022

                              
                           
                        

                        
                              	
                                 
                              
                               April

                              
                           
                           	
                                 
                              
                               July

                              
                           
                           	
                                 
                              
                               October

                              
                           
                           	
                                 
                              
                               December

                              
                           
                           	
                                 
                              
                               April

                              
                           
                           	
                                 
                              
                               July

                              
                           
                           	
                                 
                              
                               October

                              
                           
                           	
                                 
                              
                               December

                              
                           
                        

                        
                              	
                                 
                              
                               <0.00

                              
                           
                           	
                                 
                              
                               None

                              
                           
                           	
                                 
                              
                               Excellent

                              
                           
                           	
                                 
                              
                               47.27

                              
                           
                           	
                                 
                              
                               51.72

                              
                           
                           	
                                 
                              
                               56.63

                              
                           
                           	
                                 
                              
                               57.91

                              
                           
                           	
                                 
                              
                               44.83

                              
                           
                           	
                                 
                              
                               49.98

                              
                           
                           	
                                 
                              
                               48.23

                              
                           
                           	
                                 
                              
                               47.24

                              
                           
                        

                        
                              	
                                 
                              
                               0.000-0.005

                              
                           
                           	
                                 
                              
                               Weak

                              
                           
                           	
                                 
                              
                               Good

                              
                           
                           	
                                 
                              
                               0

                              
                           
                           	
                                 
                              
                               6.24

                              
                           
                           	
                                 
                              
                               0

                              
                           
                           	
                                 
                              
                               0.17

                              
                           
                           	
                                 
                              
                               1.31

                              
                           
                           	
                                 
                              
                               1.44

                              
                           
                           	
                                 
                              
                               2.36

                              
                           
                           	
                                 
                              
                               0.71

                              
                           
                        

                        
                              	
                                 
                              
                               0.0005-0.010

                              
                           
                           	
                                 
                              
                               Moderate

                              
                           
                           	
                                 
                              
                               Normal 

                              
                           
                           	
                                 
                              
                               9.16

                              
                           
                           	
                                 
                              
                               0

                              
                           
                           	
                                 
                              
                               0

                              
                           
                           	
                                 
                              
                               0

                              
                           
                           	
                                 
                              
                               1.34

                              
                           
                           	
                                 
                              
                               1.52

                              
                           
                           	
                                 
                              
                               2.28

                              
                           
                           	
                                 
                              
                               0.63

                              
                           
                        

                        
                              	
                                 
                              
                               0.010-0.015

                              
                           
                           	
                                 
                              
                               Strong

                              
                           
                           	
                                 
                              
                               Bad

                              
                           
                           	
                                 
                              
                               0

                              
                           
                           	
                                 
                              
                               0

                              
                           
                           	
                                 
                              
                               9.86

                              
                           
                           	
                                 
                              
                               0

                              
                           
                           	
                                 
                              
                               1.36

                              
                           
                           	
                                 
                              
                               1.56

                              
                           
                           	
                                 
                              
                               2.23

                              
                           
                           	
                                 
                              
                               0.64

                              
                           
                        

                        
                              	
                                 
                              
                               0.015-0.020

                              
                           
                           	
                                 
                              
                               Stronger

                              
                           
                           	
                                 
                              
                               Worse

                              
                           
                           	
                                 
                              
                               0

                              
                           
                           	
                                 
                              
                               5.54

                              
                           
                           	
                                 
                              
                               0

                              
                           
                           	
                                 
                              
                               0

                              
                           
                           	
                                 
                              
                               1.38

                              
                           
                           	
                                 
                              
                               1.42

                              
                           
                           	
                                 
                              
                               2.3

                              
                           
                           	
                                 
                              
                               0.73

                              
                           
                        

                        
                              	
                                 
                              
                               >0.020

                              
                           
                           	
                                 
                              
                               Strongest

                              
                           
                           	
                                 
                              
                               Worst

                              
                           
                           	
                                 
                              
                               43.57

                              
                           
                           	
                                 
                              
                               36.49

                              
                           
                           	
                                 
                              
                               33.52

                              
                           
                           	
                                 
                              
                               41.93

                              
                           
                           	
                                 
                              
                               49.8

                              
                           
                           	
                                 
                              
                               44.08

                              
                           
                           	
                                 
                              
                               42.69

                              
                           
                           	
                                 
                              
                               50.06

                              
                           
                        

                     
                  

               

               In 2010 majority of the area falls in the “excellent” condition of ecological evaluation index (EEI) with area percentage
                  ranging from 47.27 in April to 57.91 in December. However, in 2022 there is slight decrease in excellent EEI with percentage
                  ranges from 44.83 in April to 47.24 in December. Area under “Good” to “Normal” EEI is negligible with percentage 9.16 in April
                  2010 which reduced 1.34 in April 2022 thus experiencing weak to moderate UHI phenomenon. However, percentage of area under
                  “Worst” EEI in 2010 was 43.57, 36.49,33.52 & 41.93 for the month of April, July, October & December respectively, which significantly
                  increased in 2022 to 49.8 in April, 44.08 in July, 42.69 in October & 50.06 in December. This indicates gradual deterioration
                  in urban ecological condition from 2010 to 2022 as area under “excellent” and “normal” category reduced from 2010 to 2022
                  but there is increase in area under “worst” category which reflects an increase in UHI intensity and a corresponding decrease
                  in urban environmental quality. 
               

               
                     
                     Figure 9

                     
                        UTFVI of Srinagar city for the year 2010 and 2022
                        
                     

                  
[image: https://s3-us-west-2.amazonaws.com/typeset-prod-media-server/6929b62c-58f9-4091-81af-49b270b0c8a1image9.png]

            

            
                  6.5 Analysis of association between LULC & LST:

               Built up area shows higher mean LST in all the months of 2010 & 2022 which represents the formation of heat spots due to heat
                  absorption and retention over the regions. This is consistent with other studies which shows positive correlation between
                  LST and built up 21, 23, 43. Agricultural land also exhibits increase in mean LST in April and June, similar results observed by 9, 44 where agricultural land exhibits higher LST compared to natural vegetations due to increase in soil exposure over the regions.
                  Water bodies also show consistent increase in LST. However, waterbodies generally exhibit lower temperature which creates
                  cooling effect in the surrounding, but this cooling effect reduced due to rising temperature of water bodies 45. Natural vegetation shows similar trend to agricultural land with increase in mean LST in April and June but a decrease in
                  October and December.
               

            

         

         
               7 Implications of the Study

            The study reveals that the rapid urban expansion of Srinagar city over the past decade has come at a significant environmental
               and societal cost. The conversion of agricultural and vegetative land into built-up areas is not just a physical transformation
               but also reflects the changing human-environment relationship. These kind of unchecked LULC alteration in an ecologically
               fragile region are intensifying the land surface temperature and worsening the urban heat island effect. These are not merely
               environmental changes as they directly impact everyday life. Hotter summers, especially in densely populated areas, pose health
               risks, increase energy demands, and strain basic infrastructure. Simultaneously, the shrinking of agricultural land threatens
               local food production and the livelihoods of farmers on the city’s outskirts.
            

         

         
               

         
               Even more concerning is the gradual loss of water bodies, particularly the drying of natural springs 29 which have long sustained local communities. These changes are putting increasing stress on already vulnerable water resources,
               with serious implication for both daily life and the region’s tourism-driven economy.
            

            These findings highlight the urgent need for more thoughtful and climate-sensitive urban planning. By preserving green spaces,
               restoring wetlands and springs, and employing scientific tools like the UTFVI to guide decisions, local authorities can help
               make the city more resilient. Therefore, this particular study not only contributes to academic understanding but offers practical
               direction for addressing the emerging environmental and societal challenges the city is facing.
            

         

         
               8 Conclusion

            This study demonstrates the significant impact of urbanization on land surface temperature and the urban heat island phenomenon
               in Srinagar city over the period from 2010 to 2022. The analysis shows that built-up areas have experienced the most substantial
               increases in LST, with June temperatures rising from 34.6°C in 2010 to 37.19°C in 2022. This increase is indicative of the
               intensifying UHI effect, particularly in areas with dense construction and reduced vegetation. The Urban Thermal Field Variance
               Index (UTFVI) further corroborates these findings, showing a marked decline in areas with "Excellent" ecological conditions
               and a corresponding rise in areas categorized as "Worst." This trend reflects the deterioration of urban ecological quality
               due to the expansion of built-up areas at the expense of agricultural land and natural vegetation, which have decreased by
               20.18% and 10.11%, respectively, over the decade. The growing prevalence of higher LSTs and poorer ecological conditions underscores
               the need for immediate and comprehensive urban planning strategies that prioritize the preservation of green spaces, the reduction
               of impervious surfaces, and the adoption of cooling technologies to mitigate the adverse effects of urbanization on the local
               climate and public health in Srinagar city.
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