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            Abstract

            
               
Among the several impacts of climate change, variation in global and regional precipitation patterns is evident in the current
                  scenario. Spatiotemporal alterations, including a rise in frequency and severity of extreme weather events, are manifested
                  in the occurrence of wide-scale droughts, floods, and heavy rainfall. Since climate change is inevitable, studying and monitoring
                  shifts in precipitation patterns can help us cope with the adverse effects of climate change. To understand this effect at
                  a regional scale, a study has been conducted on the Mangura Nala watershed to monitor the precipitation pattern and their
                  impact on vegetation and water indices. In this evaluation process, a 2013-2023 gridded precipitation dataset, MODIS satellite
                  data sets, and Landsat-8 satellite data have been incorporated to examine precipitation, vegetation, and water body trends
                  in the study region. The index called Normalized Difference Water Index (NDWI) has been used to fathom the distribution and
                  condition of water bodies in the study region, while the Enhanced Vegetation Index (EVI) and Normalized Difference Vegetation
                  Index (NDVI) indices were used to monitor the vegetation conditions in the region.
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               1 Introduction

            Hydrological cycle explains the exchange and movement of water through the atmosphere, hydrosphere, lithosphere, and biosphere,
               and this cycle depends on rainfall to a great extent 1. The spatiotemporal variation in rainfall patterns due to climate change has impacts ranging from water availability, environment,
               agriculture, to human civilization 2. Shifts in parameters of precipitation, such as quantity, duration, and intensity, possibly result from spatial-temporal
               variations in rainfall patterns and might also influence soil moisture, streamflow patterns, and the likelihood of droughts
               and floods 3, 4, 5, 6, 7, 8, 9. Many researchers have documented the spatiotemporal fluctuations in precipitation patterns throughout India, observing an
               increase in pre-monsoon rains and a rise in dry spells nationally. Although the yearly rainfall trend is negative or declining,
               there is a  non-significant increase in the percentage of days with heavy rainfall 10, 11, 12, 13. The primary components in an ecosystem are plants, which are essential at every stage of the ecosystem. Local vegetation
               is a determining factor in balancing climate-related environmental changes and ensuring its stability 14, 15. Growth and distribution of flora are significantly influenced by rainfall, because of which any variation in its pattern
               may severely affect plant growth. The mutability of indices such as NDVI and EVI is immensely impacted by climate change,
               which leads to fluctuations in rainfall 16, 17. When it comes to vegetation indices, viz. NDVI and EVI of plants, incessant rainfall results in their great increase in
               their values. It signifies that these indices can be used as indicators of ecological change and vegetation growth 18, 19, 20. Normalized Difference Vegetation Index (NDVI) can be employed to examine tree cover, its canopy, along with its greenness,
               which also helps in the assessment of the phenophases of extensive plant regions 21, 22. Apart from NDVI, other indices are also used to assess different ecological components, such as water. It is commonly accepted
               among researchers that the Normalized Difference Water Index (NDWI) could be a source of digital information from remote sensing
               for assessing the clarity of water bodies 23, 24. To fathom the distribution and condition of open water features, the NDWI, as an excellent technique, can be well used.
               It also enhances their traceability through satellite-based remote sensing 25. Remote sensing techniques always play a significant role in providing accurate information within a stipulated time 26, 27, 28. Increasing focus and highlighting visibility of water, the NDWI eliminates the presence of soil and terrestrial vegetation
               features using multispectral bands of EMR, including visible green light and reflected near-infrared radiation. Presence of
               water can sometimes be masked by the presence of other features in the vicinity; therefore, to distinguish water, NDWI values
               should have a threshold that could be determined using mathematical equations but could also be subjective, thus leading to
               over or underestimation of the target feature 29. Given the importance of indices such as NDVI and NDWI, they have been incorporated in studying the regional trends in precipitation
               patterns, and their impact on vegetation in the Mangura Nala watershed, involving rainfall analysis, water, and vegetation
               index models. In this study, spatiotemporal variation in rainfall patterns as well as the changes in the frequency and extremity
               of climatic events have also been included. A multi-pronged approach incorporating remote sensing technology has been utilized
               to determine the prevailing situation and distribution of the water bodies and vegetation cover in the study region. 
            

         

         
               2 Study Area

            Mangura Nala Watershed has been considered for this study area. The watershed is situated in the southern part of Bihar State,
               India. The study area, which is the watershed, lies in two districts, namely Gayaji to a major extent and in Nawada to a minor
               extent. The region is well known for its diverse culture and is also recognized for its tourism. The Mangura Nala watershed
               covers an area of 278.47 sq. km and lies between latitudes 24°35'24"N to 24°55'51.6"N and longitudes 84°59'34.8"E to 85°31'1.2"E
               (Figure  1). According to Koeppen's climate classification, the area lies in Cwg, which indicates a subtropical humid climate (the average
               rainfall is approximately 1145.9 mm, and the temperature ranges from 23° C to 25° C). 
            

            
                  
                  Figure 1

                  
                     Study Area with Geographic Information
                     
                  

               
[image: https://s3-us-west-2.amazonaws.com/typeset-prod-media-server/b9c1144c-bd95-49c3-89bb-d313b16e44c1image1.png]

         

         
               3 Materials and Methods    

            The Google Earth Engine (GEE) includes a significant quantity of Earth observation commonly used systems, containing MODIS,
               Landsat, and Sentinel, as well as multiple geospatial platforms containing demographic and climatic data. The MODIS NDVI EVI,
               Sentinel-2A, and Landsat-8 satellite imagery were used in this study, with 2013 to 2023 as the imaging period. The precipitation
               data was taken from the USGS climate platform. ArcGIS and ERDAS Imagine GEE are used to perform the image classification and
               calculations. This investigation utilizes MODIS satellite data, which can be accessed on the appEEARS website. MODIS NDVI
               (16-Day L3 Global 250m- MOD13A1) was chosen because of its relationship with several ecological factors, data availability,
               and coverage over the research. For rainfall statistics, 15 stations in and around the watershed were used, as shown in Table  1 and Figure  2. An area at 250m and 500m resolutions in Table  2 indicates the different satellites used for the analysis. 
            

            
                  
                  Table 1

                  
                     
                     Climatic average statistics of 
                     Mangura Nala watershed from 2013-2023
                     
                  

               

               
                     
                        
                           	
                              
                           
                            Sl. No

                           
                        
                        	
                              
                           
                            Stations

                           
                        
                        	
                              
                           
                            Longitude (°E) 

                           
                        
                        	
                              
                           
                            Latitude (°N) 

                           
                        
                        	
                              
                           
                            Rainfall (in mm)

                           
                        
                        	
                              
                           
                            Temperature  (in °C)

                           
                        
                     

                     
                           	
                              
                           
                            1

                           
                        
                        	
                              
                           
                            Amethi

                           
                        
                        	
                              
                           
                            85.23

                           
                        
                        	
                              
                           
                            24.85

                           
                        
                        	
                              
                           
                            975.8

                           
                        
                        	
                              
                           
                            26.36

                           
                        
                     

                     
                           	
                              
                           
                            2

                           
                        
                        	
                              
                           
                            Basar

                           
                        
                        	
                              
                           
                            85.32

                           
                        
                        	
                              
                           
                            24.92

                           
                        
                        	
                              
                           
                            1013.0

                           
                        
                        	
                              
                           
                            26.04

                           
                        
                     

                     
                           	
                              
                           
                            3

                           
                        
                        	
                              
                           
                            Bhagawanpur

                           
                        
                        	
                              
                           
                            85.1

                           
                        
                        	
                              
                           
                            24.61

                           
                        
                        	
                              
                           
                            1112.5

                           
                        
                        	
                              
                           
                            25.52

                           
                        
                     

                     
                           	
                              
                           
                            4

                           
                        
                        	
                              
                           
                            Bhod Chak

                           
                        
                        	
                              
                           
                            85.14

                           
                        
                        	
                              
                           
                            24.8

                           
                        
                        	
                              
                           
                            1872.3

                           
                        
                        	
                              
                           
                            26.36

                           
                        
                     

                     
                           	
                              
                           
                            5

                           
                        
                        	
                              
                           
                            Burhgharea

                           
                        
                        	
                              
                           
                            85.11

                           
                        
                        	
                              
                           
                            24.84

                           
                        
                        	
                              
                           
                            1872.3

                           
                        
                        	
                              
                           
                            26.36

                           
                        
                     

                     
                           	
                              
                           
                            6

                           
                        
                        	
                              
                           
                            Ghareya

                           
                        
                        	
                              
                           
                            85.14

                           
                        
                        	
                              
                           
                            24.85

                           
                        
                        	
                              
                           
                            975.8

                           
                        
                        	
                              
                           
                            26.36

                           
                        
                     

                     
                           	
                              
                           
                            7

                           
                        
                        	
                              
                           
                            Gijoi Khurd

                           
                        
                        	
                              
                           
                            85.11

                           
                        
                        	
                              
                           
                            24.66

                           
                        
                        	
                              
                           
                            1112.5

                           
                        
                        	
                              
                           
                            25.52

                           
                        
                     

                     
                           	
                              
                           
                            8

                           
                        
                        	
                              
                           
                            Kishanpur

                           
                        
                        	
                              
                           
                            85.21

                           
                        
                        	
                              
                           
                            24.9

                           
                        
                        	
                              
                           
                            975.8

                           
                        
                        	
                              
                           
                            26.36

                           
                        
                     

                     
                           	
                              
                           
                            9

                           
                        
                        	
                              
                           
                            Mai

                           
                        
                        	
                              
                           
                            85.31

                           
                        
                        	
                              
                           
                            24.98

                           
                        
                        	
                              
                           
                            975.8

                           
                        
                        	
                              
                           
                            26.36

                           
                        
                     

                     
                           	
                              
                           
                            10

                           
                        
                        	
                              
                           
                            Paharpur

                           
                        
                        	
                              
                           
                            85.23

                           
                        
                        	
                              
                           
                            24.69

                           
                        
                        	
                              
                           
                            1112.5

                           
                        
                        	
                              
                           
                            25.52

                           
                        
                     

                     
                           	
                              
                           
                            11

                           
                        
                        	
                              
                           
                            Sahiya

                           
                        
                        	
                              
                           
                            85.19

                           
                        
                        	
                              
                           
                            24.79

                           
                        
                        	
                              
                           
                            975.8

                           
                        
                        	
                              
                           
                            26.36

                           
                        
                     

                     
                           	
                              
                           
                            12

                           
                        
                        	
                              
                           
                            Meyapur

                           
                        
                        	
                              
                           
                            85.22

                           
                        
                        	
                              
                           
                            24.73

                           
                        
                        	
                              
                           
                            1112.5

                           
                        
                        	
                              
                           
                            25.52

                           
                        
                     

                     
                           	
                              
                           
                            13

                           
                        
                        	
                              
                           
                            Kharaua

                           
                        
                        	
                              
                           
                            85.31

                           
                        
                        	
                              
                           
                            24.88

                           
                        
                        	
                              
                           
                            975.8

                           
                        
                        	
                              
                           
                            26.36

                           
                        
                     

                     
                           	
                              
                           
                            14

                           
                        
                        	
                              
                           
                            Sinhinchak

                           
                        
                        	
                              
                           
                            85.4

                           
                        
                        	
                              
                           
                            24.87

                           
                        
                        	
                              
                           
                            1013.0

                           
                        
                        	
                              
                           
                            26.04

                           
                        
                     

                     
                           	
                              
                           
                            15

                           
                        
                        	
                              
                           
                            Chapri

                           
                        
                        	
                              
                           
                            85.21

                           
                        
                        	
                              
                           
                            24.59

                           
                        
                        	
                              
                           
                            1112.5

                           
                        
                        	
                              
                           
                            25.52

                           
                        
                     

                  
               

            

            
                  
                  Figure 2

                  
                     
                     Rainfall variation in individual rain gauge stations 
                     
                  

               
[image: https://s3-us-west-2.amazonaws.com/typeset-prod-media-server/b9c1144c-bd95-49c3-89bb-d313b16e44c1image2.png]

            
                  
                  Table 2

                  
                     Satellite images used for analysis
                     
                  

               

               
                     
                        
                           	
                              
                           
                           
                              MODIS Data Set
                              
                           

                           
                        
                        	
                              
                           
                            Units

                           
                        
                        	
                              
                           
                            Valid Range

                           
                        
                        	
                              
                           
                           
                              Scale factor
                              
                           

                           
                        
                        	
                              
                           
                            Unit

                           
                        
                        	
                              
                           
                            Index range

                           
                        
                     

                     
                           	
                              
                           
                            250m 16 days NDVI

                           
                        
                        	
                              
                           
                            NDVI

                           
                        
                        	
                              
                           
                            -2000-10000

                           
                        
                        	
                              
                           
                            0.001

                           
                        
                        	
                              
                           
                            -

                           
                        
                        	
                              
                           
                            -1 to +1

                           
                        
                     

                     
                           	
                              
                           
                            250m 16 days EVI

                           
                        
                        	
                              
                           
                            EVI

                           
                        
                        	
                              
                           
                            2000-10000

                           
                        
                        	
                              
                           
                            0.001

                           
                        
                        	
                              
                           
                            -

                           
                        
                        	
                              
                           
                            -1 to +1

                           
                        
                     

                     
                           	
                              
                           
                            Landsat-8 

                           
                        
                        	
                              
                           
                            NDWI

                           
                        
                        	
                              
                           
                            -

                           
                        
                        	
                              
                           
                            0.001

                           
                        
                        	
                              
                           
                            -

                           
                        
                        	
                              
                           
                            -1 to +1

                           
                        
                     

                  
               

            

            
                  3.1 Method for Extracting Satellite Images

               Satellite data was obtained from online archives and pre-processed with atmospheric, geometric, and picture mosaic corrections.
                  These images were resampled to a spatial resolution of 30 m using the average resampling method in ArcGIS (version 10.8).
                  To study the condition of water bodies in the study area, Normalized Difference Water Index (NDWI), was used to generate streams
                  from satellite data. Apart from NDWI, two other indices were also used, namely, Normalized Difference Vegetation Index (NDVI)
                  and Enhanced Vegetation Index (EVI).
               

            

            
                  3.2 Normalized Difference Water Index (NDWI)

               It is an index method used in remote sensing analysis of satellite imagery to identify open water features 30. The method involves two bands from the EMR spectrum, namely, near-infrared (NIR) and visible green (GREEN) spectral bands.
                  The NDWI can be calculated using the Equation 1 as follows: 
               

                  
                  
                        
                        NDWI
                        =
                        (
                        GREEN
                        -
                        NIR)
                        /
                        (
                        GREEN
                        +
                        NIR
                        )
                     
                        (1)

                  

               

            

            
                  3.3 Normalized Difference Vegetation Index (NDVI)

               NDVI is a very popular index method employed for evaluation of the vegetation conditions through remote sensing and satellite
                  imagery 31. The spectral bands used in the computation of NDVI are NIR (near-infrared) and red bands of satellite imagery such as Landsat.
                  It can be calculated using Equation 2 as mentioned below:
               

                  
                  
                        
                        N
                        D
                        V
                        I
                        =
                        
                           
                              
                                 ρ
                                 nir
                              
                              -
                              
                                 ρ
                                 red
                              
                           
                           
                              
                                 ρ
                                 nir
                              
                              +
                              
                                 ρ
                                 red
                              
                           
                        
                     
                        (2)

                  

               

               The normal range of NDVI values lies between -1.0 to +1.0. The NDVI classifications are shown in Table  3. It is commonly observed that the value range of NDVI for non-vegetated surfaces hovers between 0.1 (NIR < Red) to as high
                  as 0.9, as determined by plants and other Earth’s surface components. Factors contributing to higher NDVI values include increased
                  green biomass, advantageous seasonal shifts, and beneficial rainfall 32.
               

            

            
                  3.4 Enhanced Vegetation Index (EVI)

               This index can be well employed to assess the density and health of vegetation, mainly in densely vegetated areas. It is more
                  susceptible to biomass, atmospheric background, and soil quality than the Normalized Difference Vegetation Index (NDVI), yet
                  it is still an improvement. EVI calculates a number using the blue, red, and NIR (near-infrared) bands; values closer to 1
                  denote healthy vegetation. The general range of EVI value is usually between -1 and +1. It can be calculated using Equation 3 as mentioned below:
               

                  
                  
                        
                        E
                        V
                        I
                        =
                        G
                        *
                        
                           
                              
                                 
                                    ρ
                                    NIR
                                 
                                 -
                                 
                                    ρ
                                    red
                                 
                              
                           
                           
                              
                                 
                                    ρ
                                    NIR
                                 
                                 +
                                 C
                                 1
                                 *
                                 
                                    ρ
                                    red
                                 
                                 -
                                 C
                                 2
                                 *
                                 
                                    ρ
                                    blue
                                 
                                 +
                                 L
                              
                           
                        
                     
                        (3)

                  

               

               where  
                     
                        G
                      is a gain factor,  
                     
                        L
                      is a soil adjustment, C1 and C2 are coefficients for corrections for atmospheric conditions 32.
               

               
                     
                     Table 3

                     
                        NDVI, EVI, and NDWI classification
                        
                     

                  

                  
                        
                           
                              	
                                 
                              
                               Class-NDVI

                              
                           
                           	
                                 
                              
                               Classification Criterion

                              
                           
                           	
                                 
                              
                               Class-NDWI

                              
                           
                           	
                                 
                              
                               Classification Criterion

                              
                           
                        

                        
                              	
                                 
                              
                               Water, No vegetation, Bare soil, 

                              
                           
                           	
                                 
                              
                               NDVI ≤ 0

                              
                           
                           	
                                 
                              
                               Very Low (Drought, Surface without water)

                              
                           
                           	
                                 
                              
                               NDWI ≤ -1

                              
                           
                        

                        
                              	
                                 
                              
                               Very Low vegetation

                              
                           
                           	
                                 
                              
                               ≤ 0.2

                              
                           
                           	
                                 
                              
                               Moderately Drought

                              
                           
                           	
                                 
                              
                               -0.3 to 0.0

                              
                           
                        

                        
                              	
                                 
                              
                               Low to Moderately Low 

                              
                           
                           	
                                 
                              
                               0.2 < NDVI ≤ 0.6

                              
                           
                           	
                                 
                              
                               Flooding and Moisture

                              
                           
                           	
                                 
                              
                               0.0 to 0.2

                              
                           
                        

                        
                              	
                                 
                              
                               Moderately High to Very High (Thick Forest/Vegetation)

                              
                           
                           	
                                 
                              
                                0.6 < NDVI ≤ 1

                              
                           
                           	
                                 
                              
                                Surface water

                              
                           
                           	
                                 
                              
                                0.2 to 1

                              
                           
                        

                     
                  

               

            

         

         
               4 Results and Discussion

            In the area of the Mangura Nala watershed, NDWI, NDVI, and EVI consistently obtained substantial accuracy, according to the
               findings of various methodologies, months, visual analysis, and investigation. To properly examine rainfall using NDWI and
               EVI patterns and their relationships, the resulting thematic images have been imported into ArcGIS 10.4 and ERDAS Imagine.
               The generated maps, which are shown in Figure  3, Figure  4, Figure  5, show the quantity of vegetation based on NDVI, EVI, and other metrics, as well as the geographical distribution of the annual
               rainfall means from 2013 to 2023.
            

            
                  4.1 Temporal variation of rainfall in the watershed 

               The temporal map of precipitation for 15 stations in the Mangura Nala watershed was created using a bar graph. The respective
                  period of variation of precipitation was considered against each rain Gauge station. The temporal fluctuation of rainfall
                  in and around the Mangura Nala watershed varies from station to station. We chose 15 rain gauge sites based on Earth data
                  climatic location, as shown in Figure  2. The average rainfall from Amethi to Chapri stations is more than 900mm, with the pre-monsoon having lower rainfall than
                  the post-monsoon. The monsoon season brings the most rainfall. In comparison to the rest of the station, Bhodh Chak and Burhgharea
                  received the most rainfall. The temporal variance of rainfall in 2013 is greater compared to other periods in the monsoon,
                  roughly 2750 mm in August at the Burhgharea station. The seasonality of rainfall in 2019 and 2020 is larger compared to previous
                  periods in the monsoon, is about 2000 mm in Bhod Chack, Bhagawanpur stations, and Burhgharea stations from June to September.
                  The seasonality of rainfall variation in the entire watershed has a direct impact on the vegetation and water bodies.
               

            

            
                  4.2 Vegetation Dynamics Estimation

               Using the NDVI, the relationship between spectral vegetative variability and variations in vegetation growth rate was thoroughly
                  investigated. The results of this study demonstrated that NDVI values differed with time. Table  4 and Figure  3, Figure  4 indicate the spatio-temporal variation of NDVI and EVI from 2013 to 2023. Vegetation indices have shown a significant influence
                  on rainfall averages. The high NDVI suggests a more sustainable climate for photosynthesis.
               

               
                     
                     Table 4

                     
                        
                        NDVI, EVI, and NDWI classification Values
                        
                     

                  

                  
                        
                           
                              	
                                 
                              
                               Period

                              
                           
                           	
                                 
                              
                               NDVI-max

                              
                           
                           	
                                 
                              
                               NDVI-min

                              
                           
                           	
                                 
                              
                               NDWI -max

                              
                           
                           	
                                 
                              
                               NDWI -min

                              
                           
                           	
                                 
                              
                               EVI - max

                              
                           
                        

                        
                              	
                                 
                              
                               2013

                              
                           
                           	
                                 
                              
                               Pre-monsoon (January –May)

                              
                           
                           	
                                 
                              
                               0.91

                              
                           
                           	
                                 
                              
                               -0.20

                              
                           
                           	
                                 
                              
                               0.89

                              
                           
                           	
                                 
                              
                               -0.20

                              
                           
                           	
                                 
                              
                               0.60

                              
                           
                        

                        
                              	
                                 
                              
                               Monsoon (June –September)

                              
                           
                           	
                                 
                              
                               0.99

                              
                           
                           	
                                 
                              
                               -0.20

                              
                           
                           	
                                 
                              
                               0.99

                              
                           
                           	
                                 
                              
                               -0.20

                              
                           
                           	
                                 
                              
                               0.95

                              
                           
                        

                        
                              	
                                 
                              
                               Post-monsoon (October –December)

                              
                           
                           	
                                 
                              
                               0.97

                              
                           
                           	
                                 
                              
                               -0.20

                              
                           
                           	
                                 
                              
                               0.96

                              
                           
                           	
                                 
                              
                               -0.20

                              
                           
                           	
                                 
                              
                               0.45

                              
                           
                        

                        
                              	
                                 
                              
                               2015

                              
                           
                           	
                                 
                              
                               Pre-monsoon (January –May)

                              
                           
                           	
                                 
                              
                               0.93

                              
                           
                           	
                                 
                              
                               -0.20

                              
                           
                           	
                                 
                              
                               0.84

                              
                           
                           	
                                 
                              
                               -0.20

                              
                           
                           	
                                 
                              
                               0.94 

                              
                           
                        

                        
                              	
                                 
                              
                               Monsoon (June –September)

                              
                           
                           	
                                 
                              
                               0.98

                              
                           
                           	
                                 
                              
                               -0.20

                              
                           
                           	
                                 
                              
                               0.98

                              
                           
                           	
                                 
                              
                               -0.20

                              
                           
                           	
                                 
                              
                               0.95

                              
                           
                        

                        
                              	
                                 
                              
                               Post-monsoon (October –December)

                              
                           
                           	
                                 
                              
                               0.96

                              
                           
                           	
                                 
                              
                               -0.20

                              
                           
                           	
                                 
                              
                               0.90

                              
                           
                           	
                                 
                              
                               -0.20

                              
                           
                           	
                                 
                              
                               0.35

                              
                           
                        

                        
                              	
                                 
                              
                               2017

                              
                           
                           	
                                 
                              
                               Pre-monsoon (January –May)

                              
                           
                           	
                                 
                              
                               0.91

                              
                           
                           	
                                 
                              
                               -0.20

                              
                           
                           	
                                 
                              
                               0.87

                              
                           
                           	
                                 
                              
                               -0.20

                              
                           
                           	
                                 
                              
                               0.91

                              
                           
                        

                        
                              	
                                 
                              
                               Monsoon (June –September)

                              
                           
                           	
                                 
                              
                               0.96

                              
                           
                           	
                                 
                              
                               -0.20

                              
                           
                           	
                                 
                              
                               0.97

                              
                           
                           	
                                 
                              
                               -0.20

                              
                           
                           	
                                 
                              
                               0.99

                              
                           
                        

                        
                              	
                                 
                              
                               Post-monsoon (October –December)

                              
                           
                           	
                                 
                              
                               0.94

                              
                           
                           	
                                 
                              
                               -0.20

                              
                           
                           	
                                 
                              
                               0.91

                              
                           
                           	
                                 
                              
                               -0.20

                              
                           
                           	
                                 
                              
                               0.42

                              
                           
                        

                        
                              	
                                 
                              
                               2019

                              
                           
                           	
                                 
                              
                               Pre-monsoon (January –May)

                              
                           
                           	
                                 
                              
                               0.93

                              
                           
                           	
                                 
                              
                               -0.20

                              
                           
                           	
                                 
                              
                               0.72

                              
                           
                           	
                                 
                              
                               -0.20

                              
                           
                           	
                                 
                              
                               0.94

                              
                           
                        

                        
                              	
                                 
                              
                               Monsoon (June –September)

                              
                           
                           	
                                 
                              
                               0.97

                              
                           
                           	
                                 
                              
                               -0.20

                              
                           
                           	
                                 
                              
                               0.93

                              
                           
                           	
                                 
                              
                               -0.20

                              
                           
                           	
                                 
                              
                               0.97

                              
                           
                        

                        
                              	
                                 
                              
                               Post-monsoon (October –December)

                              
                           
                           	
                                 
                              
                               0.95

                              
                           
                           	
                                 
                              
                               -0.20

                              
                           
                           	
                                 
                              
                               0.89

                              
                           
                           	
                                 
                              
                               -0.20

                              
                           
                           	
                                 
                              
                               0.66

                              
                           
                        

                        
                              	
                                 
                              
                               2021

                              
                           
                           	
                                 
                              
                               Pre-monsoon (January –May)

                              
                           
                           	
                                 
                              
                               0.89

                              
                           
                           	
                                 
                              
                               -0.20

                              
                           
                           	
                                 
                              
                               0.89

                              
                           
                           	
                                 
                              
                               -0.20

                              
                           
                           	
                                 
                              
                               0.81

                              
                           
                        

                        
                              	
                                 
                              
                               Monsoon (June –September)

                              
                           
                           	
                                 
                              
                               0.98

                              
                           
                           	
                                 
                              
                               -0.19

                              
                           
                           	
                                 
                              
                               0.97

                              
                           
                           	
                                 
                              
                               -0.20

                              
                           
                           	
                                 
                              
                               0.96

                              
                           
                        

                        
                              	
                                 
                              
                               Post-monsoon (October –December)

                              
                           
                           	
                                 
                              
                               0.92

                              
                           
                           	
                                 
                              
                               -0.20

                              
                           
                           	
                                 
                              
                               0.96

                              
                           
                           	
                                 
                              
                               -0.20

                              
                           
                           	
                                 
                              
                               0.38

                              
                           
                        

                        
                              	
                                 
                              
                               2023

                              
                           
                           	
                                 
                              
                               Pre-monsoon (January –May)

                              
                           
                           	
                                 
                              
                               0.94

                              
                           
                           	
                                 
                              
                               -0.20

                              
                           
                           	
                                 
                              
                               0.86

                              
                           
                           	
                                 
                              
                               -0.20

                              
                           
                           	
                                 
                              
                               0.71

                              
                           
                        

                        
                              	
                                 
                              
                               Monsoon (June –September)

                              
                           
                           	
                                 
                              
                               0.96

                              
                           
                           	
                                 
                              
                               -0.19

                              
                           
                           	
                                 
                              
                               0.98

                              
                           
                           	
                                 
                              
                               -0.20

                              
                           
                           	
                                 
                              
                               0.89

                              
                           
                        

                        
                              	
                                 
                              
                               Post-monsoon (October –December)

                              
                           
                           	
                                 
                              
                               0.91

                              
                           
                           	
                                 
                              
                               -0.20

                              
                           
                           	
                                 
                              
                               0.94

                              
                           
                           	
                                 
                              
                               -0.20

                              
                           
                           	
                                 
                              
                               0.50

                              
                           
                        

                     
                  

                  

               

               
                   
                  
               

               
                     
                     Figure 3

                     
                        
                        Spatial and temporal variation of NDVI
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                        Spatial and temporal variation of EVI
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                  4.3 Rainfall deviation pattern with vegetation (NDVI and EVI)   
               

               An overview of the overall rainfall distribution is provided by the average rainfall for the year from 2013 to 2023 (Figure  2). Any departure from this means or the appropriate season is crucial since it provides information on the overall biomass
                  and the health of the plants. The surface vegetation region's pre-monsoon NDVI values ranged from 0.9 to -0.20. The 2013 monsoon
                  season had the most surface vegetation cover (0.99), followed by the post-monsoon season (0.97) and the pre-monsoon season
                  (0.91), showing that 2013 had the most surface vegetation cover during the monsoon season. From 2015 to 2021, the monsoon
                  season had the greatest average vegetation surface value, ranging from 0.98 to 0.96. When compared to prior study years, the
                  lowest NDVI value in 2021 was -0.19 during the monsoon season, while the highest value during the monsoon season was around
                  0.98. The Mangura Nala watershed in general shows an increase in vegetation growth during the monsoon season except in the
                  north-western portion, which comprises of hilly region. The spatial distribution makes it evident that areas with high NDVI
                  and EVI are primarily covered by dense vegetation (Figure  3, Figure  4). Due to the establishment of the seasonal crop primarily in plain areas, the monsoon NDVI has an excellent NDVI distribution
                  in most regions (Figure  3). In 2013, the surface vegetation region acquired pre-monsoon EVI values ranging from 0.60 to 0.09. The 2013 monsoon season
                  showed 0.95 to 0.01, while the post-monsoon showed 0.45 to 0.10, indicating that 2013 experienced higher surface vegetation
                  cover during the monsoon season.
               

               Figure  4 and Table  4 depict the spatio-temporal variability of seasonal changes. From 2013 to 2023, the monsoon season has shown the highest vegetation
                  indices. When compared to other research years, the lowest EVI value in 2015 was -0.02 during the pre-monsoon season. Whereas
                  the maximum value during the monsoon season was approximately 0.99 in 2017. Overall, EVI maximum values during the monsoon
                  season were around 0.99, whereas post-monsoon seasons ranged from 0.35 to 0.66. Similarly, the EVI with positive deviation
                  demonstrates an excellent crop pattern, which is also strongly supported by the positive rainfall deviation distribution.
               

            

            
                  4.4 Spatiotemporal dynamics Rainfall variation pattern with surface water NDWI (Water bodies)

               Normalized Difference Water Index (NDWI) was used to examine the temporal and spatial variability of surface water. McFeeters
                  (1996) states that values greater than 0 signify that water covers the area. The accuracy evaluation showed that the Mangura
                  River sub-basins' surface water bodies were successfully captured by the NDWI. Table  4 displays the NDWI values, which were obtained from the analysis for the years 2013-2023. In general, the NDWI and ground-truthing
                  data showed full agreement. These findings are in line with several studies that showed the good performance and dependability
                  of NDWI in mapping surface water bodies. Significant temporal fluctuations in the watershed surface water area are revealed
                  by the NDWI results in Figure  5. In 2013, the region covered by surface water experienced pre-monsoon NDWI ranging from -0.20 to 0.89. The 2013 monsoon season
                  showed -0.20 to 0.99, while the post-monsoon showed -0.20 to 0.96, indicating that 2013 recorded the highest surface water
                  cover during the monsoon season. Figure  5 and Table  4 indicate the respective years' data and changes. In 2013, the monsoon season has the maximum water surface value of around
                  0.99. In 2021 and 2023, this area shows maximum values in the monsoon and post-monsoon seasons of 0.97 to 0.98 and 0.96 to
                  0.94, respectively. In the Mangura watershed region, variations in surface water are generally closely related to patterns
                  of rainfall. However, this link has become more intense in the 15 rain gauge stations of Mangura watershed due to changes
                  in land use and rainfall variation in the area.
               

               
                     
                     Figure 5

                     
                        
                        NDWI Map of 
                        Mangura Nala watershed from 2013-2023
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               Notably, natural terrain is fast being converted into agricultural and urban areas, resulting in less water reaching the subsurface
                  to replenish aquifers and maintain stream baseflow. As a result, surface water bodies are becoming increasingly dependent
                  on rainfall-driven runoff. The impact of rainfall on water bodies was assessed using the rainfall deviation method. The image
                  includes clouds, although their impact on water extraction is minimal. As shown in Figure  5, NDWI computation can identify areas with higher concentrations than water because of the cloud's reflectance. The experimental
                  approach is like that of an urban river area, as the shadows cast by clouds align with the solar azimuth. Figure  3, Figure  4, Figure  5 depict the entire method, while Table  2, Table  3 show the experiment's accuracy. These results offer significant new information for the watershed's environmental preservation,
                  agricultural planning, and water resource management. The regional variability of drought intensity identifies regions that
                  may benefit from focused efforts to lessen the effects of the drought and allow for more intelligent resource allocation.
                  In this regard, framing policies in liaison with the prevailing conditions can help in ensuring adequate supply of drinking
                  water as well as to maintain agricultural productivity, ultimately aiming towards a sustainable and climate-resilient future
                  in the study area.
               

            

         

         
               5 Conclusion

            Monitoring precipitation patterns and assessment through indices such as NDVI and NDWI provides real-time, both quantitative
               and qualitative data for policymakers. High correlation of NDVI and rainfall distribution has been observed during the monsoon
               season, while it is not the case during the pre-monsoon season. An understanding of the deviation in precipitation patterns
               during the pre-monsoon and monsoon seasons is significant for estimating the drought-prone areas and areas which produce a
               lot of crops. These findings can be well employed for water resource management, agricultural planning, and environmental
               conservation in the watershed. Resource allocation can be made more effective and justified based on such a study, especially
               in areas with high drought intensity. Quantitative information about inter-annual variations during the summer and monsoon
               seasons and their relationship to rainfall is provided by the percent NDVI deviation, which displays percentage increases
               or decreases relative to the average. To better understand ecological deviations caused by climate change, further research
               on the relationship between vegetation and climate is required.
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