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1. Abstract 10 

Wetlands are dynamic socio-ecological systems whose persistence and ecological functioning 11 

are strongly regulated by hydroclimatic variability. Changes in precipitation, surface-water 12 

availability, vegetation dynamics, and atmospheric evaporative demand can alter wetland 13 

hydrology, ecosystem productivity, and resilience, particularly under increasing climatic and 14 

anthropogenic pressures. This study evaluates the long-term ecohydrological transformation of 15 

the Kabartal Wetland Region (KWR) sBihar, India, by integrating climatic, hydrological, 16 

evapotranspiration, and satellite-derived ecological indicators. Long-term rainfall variability 17 

and trends were assessed for 1901–2024 using the Seasonality Index (SI), Rainfall Anomaly 18 

Index (RAI), 90% dependable rainfall, Modified Mann–Kendall (MMK) test, and Sen’s slope, 19 

while actual evapotranspiration (ET) and potential evapotranspiration (PET) were analysed for 20 

2002–2024. Landsat-derived Modified Normalized Difference Water Index (MNDWI) and 21 

Normalized Difference Vegetation Index (NDVI) were used to quantify changes in surface-22 

water extent and vegetation cover during pre- and post-monsoon periods between 1989 and 23 

2024. 24 

The results reveal a substantial contraction of wetland surface-water extent, declining from 31 25 

to 14 km² (54.83%) during pre-monsoon and from 44 to 19 km² (56.81%) during post-monsoon 26 

between 1989 and 2024. Rainfall exhibited strong seasonality, with SI values predominantly 27 

ranging from 0.8 to 1.4, indicating prolonged dry periods and concentration of precipitation 28 

within a short monsoonal window. RAI analysis indicates a progressive shift from 29 

predominantly wet conditions towards more frequent negative rainfall anomalies, particularly 30 

after 2000. Annual rainfall declined significantly across Begusarai, Samastipur, and Khagaria, 31 
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with Sen’s slopes of −1.54, −1.72, and −2.34 mm yr⁻¹, respectively, while monsoonal rainfall 32 

also exhibited significant decreasing trends. Historical mean annual rainfall of approximately 33 

1,131, 1,170, and 1,154 mm in the three districts is projected to decline to about 1,025, 1,054, 34 

and 985 mm by 2044, respectively. Despite the region's generally humid, water-surplus 35 

character, the ET–PET relationship shows pronounced seasonal moisture limitation, with 36 

annual PET ranging from approximately 1,950–2,450 mm compared with ET of only 350–650 37 

mm. Rainfall was positively correlated with ET (r = 0.5) and latent heat flux (r = 0.5) but 38 

negatively correlated with PET (r = −0.5), demonstrating the sensitivity of ecosystem water 39 

use to precipitation availability and atmospheric demand. 40 

The convergence of declining rainfall, increasing rainfall variability, reduced surface-water 41 

extent, vegetation degradation, and persistent ET–PET disequilibrium indicates that KWR is 42 

undergoing a progressive transition from a predominantly water-surplus wetland system 43 

towards increasing seasonal hydro ecological stress. These findings highlight the need to 44 

restore river–wetland connectivity, protect wetland catchments and vegetation, regulate water 45 

extraction and land-use conversion, enhance monsoon-water retention, and strengthen 46 

community-based and climate-resilient wetland governance. Such integrated interventions are 47 

essential to maintain wetland ecological integrity, strengthen regional water security, and 48 

advance Sustainable Development Goal 6 (SDG 6) on sustainable water management. 49 

Keywords:  Climate-resilient; Ecosystem Health; Ecohydrological Change; Kabartal Wetland 50 

Region; Rainfall Variability; Water Accessibility and Management; Wetland Sustainability; 51 

Water Security; Sustainable Development; Climate Change 52 

 53 

2. Introduction 54 

Wetlands are distinct, environmentally diverse ecosystems formed by the interaction of 55 

biospheric and hydrological processes, making them a valuable environmental resource [1] It 56 

accounts for about 6% of the Earth's total surface [2] and is regarded as one of the most 57 

productive ecosystems, contributing significantly to nutrient biogeochemical cycling and 58 

providing vital functions, including water purification, flood attenuation, groundwater 59 

recharge, nutrient cycling, carbon sequestration, sediment trapping, habitat, biodiversity and 60 

climate stabilisation [3] [4]. The Ramsar Convention has categorised wetlands into three 61 

groups: Marine and Coastal Wetlands, Inland Wetlands, and Human-made Wetlands, which are 62 

further divided into 42 groups. The Convention on Wetlands Global Wetland Outlook 2025 63 



estimates that, since 1970, 411 million hectares of wetlands have been lost worldwide, 64 

representing a 22% reduction in global extent, with an average annual rate of decline of 0.52%. 65 

Furthermore, 25% of the world's remaining wetlands are classified as in a poor ecological state, 66 

and their status is steadily worsening [5]. 67 

Climate change and human activities altogether have degraded approximately 50% of the 68 

wetlands globally over the past few decades, altering their ecosystems and biogeochemical 69 

processes. It has resulted in a reduction in the value of ecosystem services, biodiversity loss, 70 

and a decline in the availability of water resources of the wetlands [6]. Since 1950, numerous 71 

geographical regions have seen increased aridity, as evidenced by historical records of 72 

precipitation, streamflow, and drought indices [7]. Between 1970 and 2015, 21%-35% of the 73 

world's wetlands were lost, with some regions losing more than 50% of their total area  [8]. A 74 

study on the wetlands of the Liaohe River Basin, China, demonstrates that anthropogenic 75 

activities impose greater pressure on wetland degradation than climate change. Model 76 

projections estimate that the wetland area, which is expected to cover 1575.82 km² in 2030, 77 

will decline to 1015.63 km² in 2090, accompanied by a loss of suitable habitats for coastal 78 

vegetation, highlighting the need for targeted conservation [9]. Using hydrological modelling 79 

and soil moisture data [10] forecast that climate change will result in a net area loss of at least 80 

6,000 sq. km. (about 1%) in inland Ramsar wetlands by 2100. 81 

A global assessment shows that a one-meter rise in sea level, driven by climate change, would 82 

place coastal wetlands worldwide at risk of horizontal shift or permanent loss of nearly 10% in 83 

Asia (notably in India, Bangladesh, and Myanmar), compared with 6% in South America, 5% 84 

in South Africa, 2.6% in North America and Europe, and 0.5% in Australia [11]. Rising 85 

temperatures affect wetland functioning; if global warming reaches 1.5-2 °C, the wetlands' 86 

ability to sequester greenhouse gases may be reduced by 57% [9]. 87 

The impact of climate change, such as increasing temperatures, erratic precipitation, and 88 

prolonged droughts, has led to a reduction in the surface area of the Lake Chad Wetland by 89 

approximately 90% [12]. Hamun Hilmand Lake in Afghanistan declined by 96.4% between 90 

2008 and 2022 due to prolonged drought and decreasing rainfall [13]. Climate change in the 91 

Tibetan Plateau has driven rising temperatures and increased precipitation variability, leading 92 

to the conversion of palustrine wetlands to grasslands and their degradation [14]. Between 2000 93 

and 2017, rising temperatures and declining precipitation led to a reduction in wetland areas in 94 



West Bengal, with Bhomra, Mathura, and Chandania wetlands shrinking by 57.68%, 37.20%, 95 

and 44.07%, respectively, negatively impacting fish production [15].  96 

Variations in temperature and precipitation patterns affect water availability and quality, 97 

disrupting the functioning of wetland ecosystems. A future temperature and precipitation 98 

forecast using canESM2 and hadGEM2 climate models, combined with MNDWI-based area 99 

estimation, indicates that the Arjan Wetland in Iran will experience a decline in extent and face 100 

increasing drought conditions [16]. Droughts reduce the water availability of wetlands, 101 

resulting in vegetation loss and a decrease in water quality, affecting the entire wetland food 102 

web [17]. Wetlands store nearly 30% of global soil carbon [18]. However, climate change-103 

driven degradation may potentially alter their role from carbon sink to carbon source [19]. 104 

Agriculture accounts for nearly 70% of global freshwater withdrawals, and despite growing 105 

competition for water, agricultural withdrawals continue to increase [20]. Inland wetland 106 

degradation is primarily driven by water abstraction and drainage for agriculture, which 107 

disrupts natural hydrological cycles and leads to hydrological droughts [21]. Global food 108 

demand is expected to rise as the global population reaches 9.7 billion by 2050, leading to 109 

intensified fertiliser and pesticide use within or near wetlands, which results in nutrient 110 

enrichment, impacting the ecology, including eutrophication, invasive species proliferation, 111 

nutrient leaching, and shifts in species composition [22]. In Iran’s Amirkalayeh International 112 

Wetland, analyses of sediment and water revealed toxic element concentrations exceeding 113 

permissible limits in areas affected by agricultural surface runoff from intensive rice cultivation 114 

[23]. In Bihar’s Kabartal wetland, trace element concentrations exceed permissible limits, 115 

primarily due to the use of excessive fertilisers in agricultural practice in and around the 116 

wetlands, which disrupts the ecosystem [24]. 117 

Remote sensing, GIS, and large learning models/Machine Learning Models enable high-118 

resolution wetland ecosystem mapping for land cover classification and change detection [25]. 119 

Using remote sensing and geospatial techniques, Burullus wetland experienced significant 120 

ecological decline in 2016 and 2019 compared to 1984 and 1986, mainly due to LULC changes, 121 

human interventions, and resource overuse [26]. In the El-Burullus wetland, Egypt, remotely 122 

sensed data indicate that wetland and bare soil extents have diminished while vegetation cover 123 

has increased [27]. Multi-temporal remote sensing and geospatial techniques analysed that the 124 

area of the Tianjin wetland in China declined between 1990 and 2020, with a net loss of 655.64 125 

km² due to urbanisation [28]. Machine learning-based assessments of land use and land cover 126 



dynamics in the Long Xuyen Quadrangle of the Mekong Delta (Vietnam) reveal a substantial 127 

decline in wetlands, accompanied by an expansion of arable croplands and aquaculture, driven 128 

by increasing urbanisation and agricultural intensification [29]. NDWI and MNDWI analysis 129 

of Ropar wetland showed a slight decline in the water body [30], while NDVI and MNDWI 130 

assessment of Rasik Beel revealed alterations in shallow water areas [31]. In the Meyghan 131 

wetland, SPI and MNDWI analyses revealed an increasing trend in drought, driven by 132 

declining moisture content [32]. The extent of the Kabartal Wetland has been declining, as 133 

indicated by analyses using the MNDWI and NDVI indices [33]. The area of Lake Kabartal 134 

has reduced by 66% between 1986 and 2010 [34]. 135 

Wetland ecosystems are primarily composed of vegetation, which is vital for regulating 136 

hydrological and biogeochemical cycles and land-surface energy exchange [35], and contribute 137 

to climate change mitigation by sequestering atmospheric carbon [36]. There are numerous 138 

aquatic plant species in wetlands, including water hyacinth (Pontederia crassipes), water lily 139 

(Nymphaea), mosquito fern (Azolla pinnata), lotus (Nelumbo nucifera), and many others [37] 140 

which demonstrate phytoremediation potential by absorbing heavy metals and various 141 

pollutants from water, making them viable for cleaning polluted aquatic ecosystems [38]; [39]. 142 

Climate change and increasing human interference have led to a decline in the proportion of 143 

wetland vegetation worldwide [40]. Aquatic vegetation in India’s wetlands is highly dependent 144 

on precipitation and surface temperature and declines due to sedimentation, turbidity, and 145 

water-level alterations, thereby reducing light availability for plant growth [41]. In Baiyangdian 146 

Wetland, a freshwater ecosystem in China, extreme precipitation caused widespread mortality 147 

of dominant vegetation (reeds and lotus), thereby significantly reducing overall ecological 148 

quality [42]. Coral bleaching events are increasing due to rising sea temperatures [43], and 99 149 

per cent of corals could be lost with 2℃ of warming [44]. 150 

India, with its varied topography and climatic zones, comprises 24,90,584 wetlands (area 151 

greater than 0.1 hectares), covering 5.12 per cent of the country's geographic area [45], and 101 152 

Ramsar sites. Bihar, a hydrologically diverse and flood-prone state with a monsoonal climate, 153 

comprises 2,53,438 wetlands covering 476520.6 hectares, approximately 5 per cent of its 154 

geographic area [45]. This region lies within the Indo-Gangetic Plain, where seasonal flows 155 

feed numerous depressions forming natural wetlands [46]. In northern Bihar, wetlands are 156 

sustained primarily by monsoonal precipitation and annual streams such as the Adhwara group, 157 

Baghmati, Kosi, Gandak, and Budhi Gandak [47]. Bihar has six Ramsar sites. Lake Kabartal 158 

is a Ramsar site and one of India's largest natural oxbow lakes. North Bihar districts such as 159 



Darbhanga, Madhubani, Araria, Madhepura, Saharsa, Supaul, Purnea, Kishanganj, and Katihar 160 

are experiencing ecological imbalance and declining water bodies due to hydro-climatic stress, 161 

rising LST, and dense aquatic vegetation in shallow water systems [48]. The decreasing rainfall 162 

trend in Madhubani, Bihar, is significantly influencing the wetland water quality, productivity, 163 

biodiversity, and annual groundwater recharge [47]. The Ganga riparian wetlands in Patna are 164 

in crisis due to agricultural drainage, water system control, and urban development activities, 165 

including excavation, filling, and draining s[49]. An optimum balance between livelihood, 166 

conservation and utilisation will ensure the sustainability of the wetlands. 167 

This study aims to analyse spatiotemporal variation in eco-hydrological changes in the KWR. 168 

Comprehensive research is lacking, which is crucial for understanding wetland dynamics and 169 

mitigating their impacts on humans. Understanding the interrelationship between rainfall 170 

variability and ecological changes is essential, as this region lies between the Budhi Gandak 171 

and Baghmati Rivers and supports an agrarian economy highly dependent on rainfall. 172 

3. Study area 173 

The Kabartal Wetland Region (KWR) is located in the lower Indo-Gangetic Plains in the 174 

administrative state of Bihar, India, which is home to numerous wetlands of various sizes and 175 

configurations. Pedologically, it is one of India’s most fertile regions with substantial scope for 176 

agricultural development. It is a densely populated region where most people depend on 177 

agriculture for their livelihood, and the economy depends on the timely onset of rainfall, which 178 

affects agriculture and allied activities.  179 

The Kosi-Gandak interfan zone of the East Ganga Plains (EGP) is extensively dotted with 180 

numerous wetlands. This region is fluvially highly dynamic. The Budhi Gandak and Baghmati 181 

are the major rivers flowing through this interfluve, along with numerous seasonal and local 182 

streams. Owing to the flat terrain and aggradation regime, most rivers in this region exhibit 183 

decadal-scale avulsions and are termed ‘hyperavulsive’. The Budhi Gandak and Baghmati 184 

Rivers drain the Mithila plains and exhibit a meandering morphology (Fig. 1). The Budhi 185 

Gandak River in the west and the Baghmati River in the east form the boundaries of this region. 186 

This region encompasses Begusarai, Samastipur and Khagaria districts. The KWR contains 187 

numerous wetlands, including Lake Kabartal, one of the largest natural oxbow lakes in India. 188 

It formed from the meandering of the Budhi Gandak River, a tributary of the Ganga, in the 189 

geological past. The region's average elevation is 44 m above mean sea level. This region falls 190 

within the subtropical monsoon (Cwa) climatic zone, where the monsoon is the predominant 191 



season and significantly affects wetland dynamics and land use. The average annual rainfall in 192 

this region ranges between 1100 and 1200 mm, which is mainly contributed by the south-193 

westerly monsoon [50]. The Kabartal Wetland Region experiences high rainfall variability, 194 

resulting in recurrent floods and droughts that threaten the wetland's sustainability. 195 

 196 

Fig. 1: Study Area 197 

  Source: Based on SRTM DEM, USGS 198 

4. Objectives 199 

The study aims to analyse the ecohydrological changes in the wetlands of the Kabartal Wetland 200 

Region (KWR) by examining variations in hydrological and ecological conditions over time. 201 

It further seeks to assess seasonal and annual rainfall variability, interdependencies, and long-202 

term trends within the KWR to understand their implications for regional hydrological 203 

processes. The study also aims to project future rainfall trends to identify potential declines in 204 

precipitation and associated changes in water availability. Finally, it seeks to determine how 205 

rainfall variability affects the sustainability and ecological functioning of wetlands in the KWR, 206 

with particular emphasis on the implications of changing precipitation regimes for wetland 207 

persistence and resilience.  208 

5. Data Sources and Methodology 209 



The study integrates rainfall variability and satellite-based indicators to assess spatiotemporal 210 

ecohydrological changes in the KWR. Here, secondary data sources were utilised and grouped 211 

into two categories. The first group includes remotely sensed satellite data from the United 212 

States Geological Survey (USGS) Earth Explorer. The Digital Elevation Model (DEM) of the 213 

Kabartal Wetland Region was obtained from the USGS Shuttle Radar Topography Mission 214 

(SRTM) with a spatial resolution of 30 m. Satellite imagery from Landsat 8 OLI (Operational 215 

Land Imager) and Landsat 5 TM (Thematic Mapper) with a spatial resolution of 30 meters was 216 

collected for the period 1989 to 2024 for hydrological analysis. Here, Landsat Collection 2 217 

Level-2 datasets were utilised as these are analysis-ready surface reflectance and temperature 218 

data after removing atmospheric distortions and do not require further corrections. 219 

Long-term monthly rainfall data (1901-2024) were obtained from the India Meteorological 220 

Department (IMD) to examine rainfall variability, trends, and patterns. Here, district-wise 221 

rainfall data were utilised over gridded data as the study area is relatively small, incorporating 222 

few grid cells, which would yield a uniform value for the entire region, making them less 223 

effective for capturing microclimatic variations. We identified missing rainfall values and 224 

replaced them with the mean of previous years through an imputation method. Seasons were 225 

categorised as Winter (Jan-Feb), Pre-Monsoon (Mar-May), Monsoon (June Sept), and Post-226 

Monsoon (Oct-Dec). 227 

Evapotranspiration regulates moisture circulation and water evaporation, which are essential 228 

components of the hydrological cycle. Terra MODIS (MOD16A2GF product) datasets, a gap-229 

filled 8-day composite at 500 m resolution, were used to analyse the evapotranspiration 230 

dynamics in the KWR from 2002-2024. These values have been converted to actual 231 

evapotranspiration (mm per 8-day period) with a recommended scale factor of 0.1. Monthly, 232 

seasonal, and annual actual and potential evapotranspiration were evaluated to assess moisture 233 

demand in this region. The aridity index, water deficit, and standardized water deficit were 234 

computed to determine moisture availability and hydrological stress in the region. Correlation 235 

analysis was done to understand the relationship between rainfall, ET and PET. 236 

For ecological evaluation, indices such as the Modified Normalised Difference Water Index 237 

(MNDWI) and the Normalised Difference Vegetation Index (NDVI) were employed, and for 238 

hydrological assessment, the Seasonality Index, Rainfall Anomaly Index, Dependable Rainfall, 239 

and the Modified Mann-Kendall Test were utilised. Maps, graphs, and tables have been 240 

prepared using ArcGIS Pro, Python, and Microsoft Excel.  241 



 242 

Fig. 2: Data Sources and Methodology 243 

5.1 Modified Normalized Difference Water Index (MNDWI) 244 

MNDWI is a water-based index that identifies water-related features (wetness) of the 245 

landscapes using the green (GREEN) and short-wave infrared (SWIR) bands [51]. This index 246 

detects the presence of surface water in areas influenced by vegetation and soil moisture [30]. 247 

𝑀𝑁ܫܹܦ = 𝑁ܧܧܴܩ  − 𝑁ܧܧܴܩܴܫܹܵ +  248 ܴܫܹܵ

The MNDWI value ranges from -1 to +1, with positive values indicating wet areas and negative 249 

values indicating dry areas. MNDWI is preferred over NDWI (Normalized Difference Water 250 

Index) as it enhances the distinction between water bodies and built-up land by amplifying the 251 

reflectance response of water while suppressing that of built-up areas, soil, and vegetation, 252 

which generally have negative values. 253 

5.2 Normalized Difference Vegetation Index (NDVI) 254 

NDVI is a quantitative assessment of biomass, vegetation health, and growth that measures the 255 

difference between near-infrared (NIR) and red (RED) components of electromagnetic 256 

radiation. The NDVI value ranges between -1 and +1, with densely vegetated areas trending 257 



toward positive values and water and built-up areas having approximately zero or negative 258 

values. 259 

𝑁ܫܸܦ = 𝑁ܴܫ − ܴܫ𝑁ܦܧܴ +  260 ܦܧܴ

5.3 Seasonality Index (SI) 261 

The seasonality index assesses the degree of variability in rainfall regimes [52]. It helps to 262 

identify the rainfall regimes based on the monthly rainfall distribution and ideally, the values 263 

range between 0 (if all the months have equal rainfall) to 1.83 (if total annual precipitation 264 

occurs in one month only) [53]. The region exhibits a seasonal pattern only when SI exceeds 265 

0.6 (Fig. 3). The higher the seasonality index, the greater the variability in water resources and 266 

scarcity over time, making the area more sensitive to droughts. 267 

 268 

Fig. 3: Seasonality Index 269 

Source: Based on classification by [52] 270 

5.4 Rain Anomaly Index (RAI) 271 

The Rainfall Anomaly Index (RAI) measures the frequency and intensity of dry and wet years 272 

and identifies anomalies [54]. It uses a ranking system in long-term data to assign magnitudes 273 

to positive and negative precipitation anomalies (Table 1) using a normalization process. 274 

 275 

 276 

 277 

 278 

 279 

 280 

 281 

 282 

 Rainfall Regime RAI Categories 

A. Extremely wet ≥ 3 

Very wet 2 to 2.99 

Moderately wet 1 to 1.99 

Slightly wet 0.5 to 0.99 

B.  Near normal -0.49 to 0.49 

C. Slightly dry -0.99 to -0.5 

Moderately dry -1.99 to -1 

Very dry -2.99 to -2 

Extremely dry ≤ -3 

Table 1. Rainfall Anomaly Index 



Source: [55] 283 

5.5 Dependable Rainfall 284 

Rainfall expected to occur in a given period with a certain probability is defined as dependable 285 

rainfall [56]. Dependable rainfall is usually determined by long-term frequency analysis; it is 286 

the minimum rainfall required to sustain water resources and supports effective planning for 287 

irrigation, agricultural activities, and wetlands. 288 

5.6 Modified Mann-Kendall Test (MMK Test) 289 

The Mann-Kendall test is a non-parametric statistical method extensively used in numerous 290 

studies for analysing seasonal and annual trends of rainfall [2] . It detects monotonic trends in 291 

a time series and is suitable for analysing data with outliers, non-linear trends, and non-292 

normally distributed variables. The MMK test determines the significance of the change, while 293 

Sen's slope approach estimates the rate of change in rainfall indices [57]. Graphs of the MMK 294 

test have been prepared in MS Excel. 295 

6. Results and Discussions 296 

Ecohydrological changes are alterations in hydrological–ecological interactions driven by 297 

variation in rainfall, groundwater, climate, and anthropogenic activities, affecting 298 

vegetation, water availability, and ecosystems. This study highlights the dynamic 299 

interrelationship among rainfall variability, changing evapotranspiration mechanisms, water 300 

availability, vegetation responses, and the hydrological conditions of water bodies. 301 

6.1 Ecological Parameters 302 

Ecological parameters provide insights into the functioning and overall health of wetland 303 

ecosystems, as variations in moisture, water availability and vegetation cover can influence 304 

habitat, biodiversity, and ecosystem health. Wetness, the spatial extent of water bodies, and 305 

vegetative cover have been analysed using MNDWI and NDVI. These indices provide a 306 

comprehensive view of ecohydrological changes and their implications for wetland 307 

ecosystems.  308 

6.1.1 Spatial Distribution of Wetness using MNDWI 309 

MNDWI is a hydrological indicator that utilises the short-wave infrared (SWIR) and green 310 

(GREEN) spectral bands to enhance water body extraction by reducing the influence of built-311 

up land and vegetation. To understand the impact of monsoonal rainfall within a single climatic 312 



cycle, the pre-monsoon and post-monsoon variations in the Kabartal Wetland Region have been 313 

analysed between 1989 and 2024. After analysing the results, it is evident that the wetness and 314 

area of water bodies in the Kabartal Wetland Region have decreased over the years in both 315 

seasons.  316 

Lake Kabartal is centrally located within the KWR, while numerous other wetlands are 317 

distributed mainly in the northern and southeastern regions, where wetness remains relatively 318 

high. Areas surrounding rivers and wetlands also show higher wetness because of their 319 

proximity to water sources. The pre-monsoonal wetness conditions for 1989, 2005, and 2024 320 

are shown in Fig. 4a-4c, where the value of MNDWI ranges between 0.18 and -0.31, 0.09 and 321 

-0.34 and 0.09 and -0.292, respectively, which indicates that wetness levels were highest in 322 

1989, particularly within and around the wetlands and water bodies. Lake Kabartal exhibited 323 

the highest wetness (0.18) in 1989; however, a marked decline in 2005 and a drastic reduction 324 

(0.09) in 2024, along with an increase in vegetation, bare soil and built-up areas. A similar 325 

pattern is observed during the post-monsoonal season (Fig. 4d-4f), with values ranging from 326 

0.22 to -0.72, 0.2 to -0.32 and 0.15 to -0.46 for 1989, 2005 and 2024, respectively. In 1989, 327 

extensive wetlands of varying sizes were prominent in the northern and southeastern regions, 328 

but they had significantly decreased by 2005 and were severely reduced in 2024, with Lake 329 

Kabartal showing very little wetness in the latter years. 330 

In 1989, wetland areas during the pre-monsoon and post-monsoon seasons were 31 sq. km. and 331 

44 sq. km., respectively. By 2005, these areas had decreased substantially to 15 sq. km. during 332 

the pre-monsoon season and 22 sq. km. during the post-monsoon season. In 2024, they fell to 333 

14 sq. km. during the pre-monsoon season and 19 sq. km. during the post-monsoon season. 334 

Overall, wetlands declined by 54.83% during the pre-monsoon period and 56.81% during the 335 

post-monsoon period between 1989 and 2024 (Table 2). MNDWI analysis identifies a 336 

substantial temporal reduction in wetness and surface-water extent across both seasons in the 337 

Kabartal Wetland Region. 338 

 339 



 340 

                               Fig. 4: Spatial Distribution of Wetness using MNDWI 341 

                     Table 2: Area of Waterbodies calculated using MNDWI 342 

  

1989 2005 2024 
Change 

(1989-2024) 

Change % 

(1989-2024) 

Pre Monsoon 31 sq. km. 15 sq. km. 14 sq. km. 17 sq. km. 54.83 

Post Monsoon 44 sq. km. 22 sq. km. 19 sq. km. 25 sq. km. 56.81 

                        Source: Computed by the authors based on Landsat Data 343 

Year
s 

Season
s 



This reduction in wetland area is expected to be affected by both natural and anthropogenic 344 

factors. Climate change-induced variations in rainfall patterns and trends have adversely 345 

affected wetlands, most of which depend on seasonal precipitation for recharge. Increasing 346 

human encroachment for residential, commercial, and agricultural expansion (Fig. 5) has 347 

changed land use and land cover, accelerating wetland loss and degradation.  348 

 349 

                                                          Fig. 5: Land use changes in KWR 350 

(5a) Agricultural practices on dry wetland areas in KWR; (5b) Wetland water extraction for 351 

agricultural use; (5c) Transporting harvested crops by tractor from wetland farmland; (5d) 352 

Brick kiln in the vicinity of Lake Kabartal; (5e) Cultivated agricultural land in the wetland 353 

 354 

6.1.2 Analysing Vegetation Cover using NDVI 355 

The Normalized Difference Vegetation Index (NDVI) is an efficient indicator of vegetative 356 

growth and photosynthetic activity, exhibiting vegetation type and vegetative cover in 357 

ecological monitoring. Vegetation dynamics are associated with climatic variables such as 358 

rainfall and temperature, which impact growth patterns and phenological cycles. Vegetation 359 

impacts climate by regulating biogeochemical cycles, mitigating greenhouse gas accumulation 360 

and climate warming and modulating moisture and cloud formation via transpiration, hence 361 

influencing regional and global precipitation patterns. Some of the common aquatic vegetation 362 

in this region are Nymphaea nouchali (blue water lily), Nymphaea alba (white water lily), 363 

Nelumbo nucifera (lotus), Pontederia crassipes (water hyacinth), Ipomoea aquatica (water 364 



spinach), Limnophila indica, Gratiola officinalis and many more. Here, vegetative cover has 365 

been analysed using NDVI during the pre-monsoon and post-monsoon periods for 1989, 2005, 366 

and 2024. 367 

The spatiotemporal distribution indicates high vegetative cover in the water-rich region, 368 

particularly around water bodies. NDVI value for the pre-monsoon season ranges from 0.41 to 369 

-0.08, 0.38 to -0.04 and 0.43 to -0.03 in 1989, 2005 and 2024, respectively. In 1989, the pre-370 

monsoon regime exhibited higher vegetative cover in the northern and western parts of the 371 

KWR.  The higher vegetation density is evident in the southern part of Lake Kabartal. The 372 

green cover was reduced in 2005, with little vegetation in the northern region of the study area. 373 

The vegetative cover was significantly reduced in the pre-monsoon season of 2024 (Fig. 6a-374 

6c).  375 

In the post-monsoon season, NDVI values ranged from 0.47 to -0.12, 0.46 to -0.1 and 0.4 to -376 

0.01 in 1989, 2005 and 2024. The concentration of vegetation is highest in the post-monsoonal 377 

season of 1989, with dense vegetation in the northern part, whereas in 2005 it decreased 378 

substantially. In 2024, it decreased further, but there were patches of green cover in the 379 

northeastern part and in Lake Kabartal, mainly due to excessive nutrient concentrations that 380 

cause eutrophication. In the southeastern region, sand, water, and barren lands have replaced 381 

vegetative cover during the post-monsoonal period in 2024 (Fig. 6d-6f). The loss of vegetation 382 

is expected to be related to changing rainfall patterns, the decline of water bodies, and 383 

irresponsible human activities.  384 



 385 

                                   Fig. 6: Spatial Distribution of Vegetation using NDVI 386 

6.2 Hydrological Parameters 387 

Hydrological parameters are the primary drivers of changes and succession in wetland 388 

ecological processes and of the seral stages, succession, and extinction of wetlands. Rainfall 389 

variability, trends, and patterns have been evaluated under hydrological parameters using 390 

various indices. Variability, trends, and patterns influence ecological productivity, thereby 391 

affecting the livelihoods and food security of the dependent population.  392 

6.2.1 Evaluation of Rainfall Distribution using Seasonality Index (SI) 393 

The seasonality index quantifies intra-annual rainfall variability, useful for efficient water 394 

resource management in the KWR wetlands. It helps to evaluate the intensity of wet and dry 395 

phases, which directly influence water availability, flooding patterns, ecological processes, and 396 



overall wetland hydrology. The seasonality index was computed for the period 1901-2024 to 397 

analyse long-term variations in rainfall patterns over 124 years. SI has been computed for all 398 

three administrative districts, as the datasets were available on the district scale only. As shown 399 

in Fig. 3, lower seasonality index values indicate a more uniform distribution of monthly 400 

rainfall throughout the year, whereas higher values signify that rainfall occurs within one or 401 

two months. 402 

The results show variation in rainfall seasonality across the Kabartal Wetland Region. The 403 

range primarily falls between 0.8 and 1.4, indicating a strongly seasonal rainfall pattern, with 404 

long dry periods and most rainfall occurring within three months. Seasonality remained low 405 

with minimal variation until 1960. There is an upward trend in seasonality in Begusarai, while 406 

Samastipur and Khagaria display downward trends, though these are not statistically 407 

significant. 408 

In Begusarai (Fig. 7a), the SI value remains low throughout the first six decades, indicating a 409 

strongly seasonal pattern with a long dry season. After 1960, fluctuations in seasonality 410 

increase, with some values exceeding 1.3, signifying extreme conditions where all rainfall 411 

occurs within 1-2 months of the year. In the last two decades, seasonality has been rising, with 412 

more frequent spikes. The trend line is upward, suggesting that most rainfall will occur within 413 

three months of the year, thereby extending the dry season. Samastipur (Fig. 7b) shows highly 414 

variable seasonality indices. In 1905, the SI exceeded 1.20, indicating an extreme condition. 415 

Between 1920 and 1960, the SI fluctuated but mostly remained low. Over the next 20 years, 416 

values increased, then steadily decreased. The trend line indicates a decreasing trend, which is 417 

not significant. In Khagaria (Fig. 7c), the value was low during the first two decades. The SI 418 

increased in subsequent years, indicating that most rainfall occurs within 3 months, with some 419 

years exhibiting an extreme rainfall regime in which nearly all rainfall occurs within 1-2 420 

months of the year. This will cause dry conditions for most of the year. 421 



 422 

                                               Fig. 7: District-wise Seasonality Index 423 

The analysis shows that KWR receives most of its rainfall within a short period, particularly 424 

during the Southwest monsoon. Rainfall is unevenly distributed throughout the year. During 425 

the rainy months, heavy precipitation occurs in short intervals, resulting in flooding. 426 

Conversely, other months of the year, except rainy months, receive scant rainfall, resulting in 427 

reduced soil moisture and drought-like conditions that affect agriculture and allied activities, 428 

the main drivers of this region's economy. Therefore, in addition to drought-resistant crop 429 

varieties, rainwater harvesting techniques must be adopted. 430 

6.2.2 Assessment of Rainfall Variability through Rainfall Anomaly Index 431 

The Rainfall Anomaly Index is a meteorological index that quantifies variations in rainfall and 432 

helps to identify dry spells and extreme wet periods. An analysis of RAI for the period 1901-433 

2024 reveals significant variability in rainfall across the Kabartal Wetland Region (KWR). Wet 434 

years are more common in 1901- 1940, while a steady increase in dry years occurs in the last 435 

two decades throughout the KWR (Fig. 8). The trend line indicates an overall shift toward 436 

negative rainfall anomalies in the region (Fig. 8a-8c). Before 1960, wet years predominated, 437 

but thereafter, the rainfall regime shifted toward negative anomalies, leading to more frequent 438 

dry years. RAI shows that the rainfall regime is changing from moderately wet to moderately 439 

dry conditions. After 2000, the number of dry years increased sharply, indicating a notable 440 

change in rainfall patterns. In the last two decades, 2010 was the driest year at KWR, followed 441 

by 2018. This highlights an increase in rainfall variability in frequency and intensity, shifting 442 



toward negative anomalies and reflecting a significant change in rainfall patterns in the KWR. 443 

Declining rainfall and recurring dry years have stressed water bodies' extent, thus disrupting 444 

ecological balance. This hydrological stress has led to reduced vegetative growth and wetland 445 

shrinkage in recent years. 446 

 447 

                                           Fig. 8: District-wise Rainfall Anomaly in KWR 448 



                                 449 

6.2.3 Minimum Expected Rainfall using Dependable Rainfall 450 

Dependable rainfall is another important hydroclimatic index used to estimate the minimum 451 

assured water requirement for water resource assessment and planning in a region. This study 452 

depicts the expected rainfall from 1901 to 2024. It was computed at the 10th percentile, 453 

corresponding to 90% dependable rainfall. This indicates that in 90% of years, rainfall will be 454 

equal to or greater than the estimated dependable rainfall value, whereas only 10% of years 455 

will have rainfall below this threshold. This is the minimum rainfall required to fulfil the 456 

region's water needs and is suitable for assessing drought risk, water resource management, 457 

and agricultural planning.  458 

                  459 

                  Fig. 9: Analysis of Rainfall Dependability and Seasonal Variability in KWR 460 

 The box plots (Fig. 9b, 9d, and 9f) indicate that annual and seasonal rainfall exceed the 461 

dependable rainfall value, indicating that KWR receives sufficient rainfall to sustain its water 462 

activities. The Kabartal Wetland Region receives most of its rainfall during the monsoon 463 

season, with minimal rainfall in winter, summer, and post-monsoon seasons. 464 



Table 3: Patterns of Dependable Rainfall in KWR 465 

Dependable Rainfall (in mm) 

(1901-2024)  

Begusarai Samastipur Khagaria 

Winter 0 0.29 0 

Summer 17.83 20.24 23.4 

Monsoon 666.67 625.2 683.2 

Post Monsoon 12.79 8.69 8.14 

Annual 805.03 752.5 813.34 

Source: Computed by the authors based on IMD Rainfall data 466 

The annual dependable rainfall values for Begusarai (Fig.9a), Samastipur (Fig.9c) and 467 

Khagaria (Fig.9e) were 805.03 mm, 752.50 mm, and 813.34 mm, respectively; however, the 468 

mean annual rainfall (Begusarai≈1100 mm, Samastipur≈1180 mm and Khagaria≈1150 mm) is 469 

significantly higher than the dependable rainfall in all districts.  470 

In Begusarai, the mean annual rainfall is about 1100 mm, exceeding the annual dependable 471 

rainfall, with substantial interannual variability ranging from approximately 500 mm to 1800 472 

mm. A few years received less than 300 mm of rainfall, indicating marked dry spells, while 473 

some years recorded extremely high rainfall. During the monsoon season, the mean value 474 

ranges between 900 mm and 1000 mm, accounting for the largest share of annual rainfall; 475 

observed values range from 400 mm to 1600 mm, representing weak to prolonged monsoon 476 

years. Winter rainfall is low, with a mean of around 20 mm, though outliers of around 60-80 477 

mm indicate occasional rainfall from western disturbances. Although summer rainfall is 478 

generally low, a few outliers of 250-300 mm are associated with convective thunderstorms. 479 

Post-monsoonal rainfall is generally mild to moderate, averaging approximately 200 mm, with 480 

outliers ranging from 300 to 500 mm due to cyclonic events.  Across all seasons, mean rainfall 481 

exceeds dependable rainfall, indicating adequate overall rainfall but uneven distribution. 482 

In Samastipur, the annual mean rainfall is approximately 1200 mm, again exceeding the 483 

dependable rainfall value, with observed values ranging from approximately 500 mm to 1900 484 

mm. The monsoon season dominates the annual rainfall pattern, with a mean value of 485 

approximately 1000 mm; observed rainfall ranges from 400 mm to 1700 mm, indicating weak 486 

or strong monsoons. Winter precipitation has a mean of approximately 20 mm, with occasional 487 

outliers exceeding 200 mm due to western disturbances. Summer rainfall is low, with a mean 488 

of approximately 50 mm; some outliers exceed 250 mm due to pre-monsoon thunderstorm 489 

events. Post-monsoon rainfall is generally around 200 mm, with extreme values of 300-400 490 

mm associated with cyclonic influences. As observed in Begusarai, mean rainfall exceeds 491 



dependable rainfall across all seasons, indicating sufficient rainfall but an irregular seasonal 492 

distribution. 493 

In Khagaria, annual mean rainfall is approximately 1150 mm, exceeding the dependable 494 

rainfall value, with annual variability ranging from 500 mm to 1850 mm; outliers at 200 mm 495 

and 1950 mm indicate extreme drought and flood events. Monsoonal rainfall remains the chief 496 

contributor, with a mean of approximately 950 mm and values ranging from 400 mm to 1650 497 

mm, indicating weak or prolonged monsoons. Winter rainfall is low, with a mean near 20 mm, 498 

although some outliers up to 100 mm occur due to western disturbances. Summer rainfall has 499 

a mean of approximately 50 mm, with outliers of up to 250 mm associated with convective and 500 

pre-monsoon activity.  The post-monsoon season experiences mild to moderate rainfall of 501 

approximately 200 mm, with occasional outliers exceeding 400 mm due to cyclonic events. As 502 

in other districts, the mean rainfall across all seasons exceeds the dependable rainfall, indicating 503 

adequate overall precipitation but uneven seasonal distribution.  504 

The mean annual rainfall for KWR is substantially higher than the corresponding 90% 505 

dependable rainfall, indicating rainfall dependability in the region. This region requires an 506 

effective water management plan to retain monsoon rainfall for use during dry spells. Robust 507 

flood management infrastructure and drought-mitigation measures are needed to support 508 

effective development in this region. 509 

6.2.4 Analysis of Seasonal and Annual Rainfall Trends Using MMK Test 510 

The Modified Mann–Kendall (MMK) test is a non- parametric test used to detect significant 511 

trends (increasing or decreasing) in rainfall time-series data. Alterations in the region's 512 

precipitation patterns can adversely affect wetlands, agricultural productivity, food security, 513 

land utilisation, land cover, biodiversity, and the area's overall climate and livelihoods. 514 

Therefore, understanding long-term historical rainfall trends is essential. 515 

The results of the MMK test and Sen’s Slope are presented in Table 4, where the Zₛ score values 516 

from 1901 to 2024 show the trend of rainfall, while the value of Sen’s Slope indicates a 517 

decreasing rate of rainfall per annum. Annual rainfall declined significantly from 1901 to 2024 518 

across the Kabartal Wetland Region. The Sen’s Slope value for all three districts, Begusarai, 519 

Samastipur and Khagaria (highest), revealed a decreasing rainfall rate of 1.54 mm, 1.72 mm 520 

and 2.34 mm per year.  521 

 522 



Table 4: Seasonal and Annual MMK Trend Analysis in KWR 523 

District
s 

Begusarai Samastipur Khagaria 

Season
s 

Zₛ-
Scor
e 

Sen 
Slop
e 

Interpre
tation 

Zₛ-
Score 

Sen 
Slope 

Interpretat
ion 

Zₛ-
Scor
e 

Sen 
Slop
e 

Interpretat
ion 

Winter 
-

3.78 

-

0.18 

Significa

nt 

Decreasi

ng 

-2.58 -0.11 
Significant 

Decreasing 

-

4.05 

-

0.18 

Significant 

Decreasing 

Summe
r 

-

0.46 

-

0.05 

Non-

significa

nt 

Decreasi

ng 

1.73 0.23 

Non-

significant 

Increasing 

0.44 0.05 

Non-

significant 

Increasing 

Monso
on 

-

2.69 

-

1.35 

Significa

nt 

Decreasi

ng 

-2.87 -1.91 
Significant 

Decreasing 

-

3.46 

-

2.21 

Significant 

Decreasing 

Post-
Monso
on 

0.56 0.05 

Non-

significa

nt 

Increasin

g 

0.60 

0.06 

  

Non-

significant 

Increasing 

2.13 

0.18 

  

Significant 

Increasing 

Annual 
-

2.38 

-

1.54 

Significa

nt 

Decreasi

ng 

-2.29 -1.72 
Significant 

Decreasing 

-

2.61 

-

2.34 

Significant 

Decreasing 

Source: Computed by the authors based on IMD Rainfall data 524 



Seasonal analyses of rainfall data collected for the winter, summer, monsoon, and post-525 

monsoon seasons were executed independently for each district (Table 4).  Rainfall shows a 526 

significant decreasing trend across all districts of the study area during the winter season. In 527 

summer, Begusarai showed a non-significant decreasing trend, whereas Samastipur and 528 

Khagaria showed a non-significant increasing trend. Increasing summer rainfall weakens the 529 

monsoon. This rainfall is of little use as much of the available water is lost due to high 530 

evapotranspiration. The results showed a significant decrease in monsoon rainfall across all 531 

districts in the Kabartal Wetland Region. Decreasing rainfall in the region indicates an erratic 532 

monsoonal pattern and a weakened Bay of Bengal branch of the monsoon in recent years. 533 

Rainfall during the post-monsoon season has been increasing; Begusarai and Samastipur 534 

showed insignificant increases, whereas Khagaria showed a significant increase. This increase 535 

in post-monsoon rainfall is attributable to delayed monsoon onset and cyclonic activity. 536 

Overall, annual rainfall is decreasing significantly during the monsoon and winter seasons in 537 

KWR. Rainfall does not increase significantly throughout the summer and post-monsoon 538 

seasons, except in summer in the Begusarai district. This increase in summer rainfall will 539 

negatively affect groundwater recharge and soil moisture, reducing agricultural output and 540 

creating water shortages for daily needs, as evaporation remains high during summer and 541 

reduces rainwater absorption.  542 



              543 

                                            Fig. 10: Rainfall Trend Analysis in KWR 544 



Rainfall trend has been projected for the next 20 years (2024-2044). The annual Zₛ-scores are 545 

-2.38, -2.29, and -2.61 for Begusarai, Samastipur, and Khagaria, respectively, indicating a 546 

significant decrease in rainfall across all districts of the Kabartal Wetland Region. According 547 

to the study, the average annual rainfall in Begusarai during 1901–2024 was 1,131 mm. Over 548 

the next two decades, annual rainfall is projected to decline to approximately 1,025 mm, 549 

indicating a decline of about 100 mm by 2044 (Fig. 10a). Similarly, the average annual rainfall 550 

in Samastipur and Khagaria during 1901–2024 was 1,170 mm and 1,154 mm, respectively. By 551 

2044, rainfall in these districts is projected to decline to approximately 1,054 mm in Samastipur 552 

(Fig.10b) and 985 mm in Khagaria (Fig.10c). This corresponds to a decrease of about 100 mm 553 

in Samastipur and 160 mm in Khagaria. Overall, the projected rainfall estimates indicate a 554 

downward shift in both the trend and pattern of precipitation in the coming decades. This 555 

projected decline in precipitation emphasises proper adaptation measures to address potential 556 

effects on water availability and agriculture.                                                               557 

6.3 Multi-Temporal Analysis of Evapotranspiration Dynamics 558 

The relationship between actual evapotranspiration (ET) and potential evapotranspiration 559 

(PET) in KWR illustrates a hydrological linkage between water availability and atmospheric 560 

demand, integrating climate energy conditions with soil moisture and overall water balance. 561 

Estimating evapotranspiration is crucial for understanding Earth’s energy and water budget, 562 

ecosystem dynamics, and effective water resource management [58] which is influenced by 563 

factors like radiation, vapour pressure deficit, air temperature, soil moisture, wind speed and 564 

vegetation coverage. To assess the spatial and temporal variations in ET and PET, Terra MODIS 565 

(MOD16A2GF) datasets for 2002–2024 were used. Variations in ET and PET in the wetlands 566 

have a notable impact on the hydrological conditions, influencing wetland health, spatial 567 

extent, water level, and ecological balance.  568 

 569 



 570 

                             Fig. 11: Annual Actual & Potential Evapotranspiration 571 

The annual trends of ET and PET in the Kabartal Wetland Region from 2002 to 2024 depict a 572 

dynamic coupling between climatic conditions and the availability of water. The discrepancy 573 

between actual water loss from the surface and the atmospheric demand for moisture is 574 

illustrated by comparing the annual ET and PET of KWR (Fig.11). The annual PET value 575 

ranges between 1950 mm/year and 2450 mm/year, indicating high atmospheric demand for 576 

moisture, while the annual ET value shows significant fluctuations, ranging between 350 577 

mm/year and 650 mm/year, reflecting a limited amount of moisture available for evaporation 578 

and transpiration. High PET values coincide with low ET and vice versa, suggesting that water 579 

availability is a limiting factor for evapotranspiration. The gap between ET and PET has 580 

increased after 2018, indicating a growing imbalance between actual water availability and 581 

water demand. The persistent gap between PET and ET throughout the study period indicates 582 

that the atmospheric demand is not entirely fulfilled, indicating periodic water stress. PET has 583 

increased in recent years while ET has shown a decreasing trend, with substantial variation. 584 

This decline in ET indicates inadequate water availability and may be linked to the decreasing 585 

pattern of rainfall in KWR.  586 



 587 

 588 

                           Fig. 12: Average Actual & Potential Evapotranspiration 589 

Fig. 12 illustrates the average monthly ET and PET of KWR from 2002 to 2024, with the blue 590 

and orange bars representing actual ET and PET, respectively. It shows a clear contrast between 591 

ET and PET in KWR, with PET remaining consistently high throughout the years. The bar 592 

graph shows that PET is higher from March to June, peaking in May, indicating a significant 593 

need for moisture during the pre-monsoon season. During the summer months, especially from 594 

March to June, PET peaks due to high temperatures, but ET stays relatively low because of 595 

insufficient moisture. After the onset of the monsoon, PET declines due to the effects of 596 

monsoon rain and low temperatures. In the post- monsoonal season, PET is at its minimum due 597 

to sufficient water availability and soil moisture. There’s a little increase in PET in the winter 598 

season. ET is lowest during the pre-monsoonal season, with the minimum value in May due to 599 

low availability of water. ET is at its highest during the monsoon season, with a peak in August 600 

due to adequate seasonal rainfall. 601 

The highest gap between ET and PET is observed during April and May, indicating a notable 602 

water-stress period in the pre-monsoon season. This is due to long daylight hours, high solar 603 

insolation, rising temperatures, and low humidity, which altogether raise atmospheric 604 

evaporative demand, but limited water availability limits actual evapotranspiration, resulting 605 

in a pronounced ET–PET disparity. In contrast, during August and September, the difference 606 

between ET and PET becomes relatively low, indicating a comparatively water-balanced 607 



condition. The monsoonal rain during this period maintains adequate soil moisture and 608 

provides sufficient water for evapotranspiration, reducing water stress in the wetland region. 609 

 610 

                                         Fig. 13: Seasonal Evapotranspiration 611 

Seasonal analysis of actual ET and PET is important for understanding the hydrological 612 

dynamics and water-stress conditions of wetlands, as these parameters reflect the balance 613 

between atmospheric water demand and available moisture. Fig. 13 presents the seasonal ET 614 

of KWR from 2002 to 2024 across four seasons: pre-monsoon, monsoon, post-monsoon and 615 

winter. ET ranges between 22 and 50 mm of water/season in monsoon, the highest among all 616 

the seasons, indicating substantial water availability and enhanced vegetation due to sufficient 617 

monsoonal rainfall. Contrary to this, ET values during the other three seasons remained 618 

comparatively low and relatively stable, with post-monsoon ET varying between 6-19 mm of 619 

water/season, winter ET ranging between 6-12 mm of water/season and pre-monsoon ET, being 620 

the lowest one, fluctuating only between 1-9 mm of water/season. This reflects moisture 621 

deficiency, limited surface water availability, and sparse vegetation cover during the dry 622 

season. There is pronounced variability in monsoonal ET observed after 2011, indicating 623 

changing rainfall patterns, climate anomalies and changing hydrological conditions in KWR. 624 

The prevalence of high ET during the monsoon season implies that wetland replenishment is 625 

primarily seasonal and temporary, while persistently low ET throughout the other seasons 626 

indicates prolonged water deficit and hydrological stress within the wetland ecosystem. 627 



The interannual seasonal trends of PET in KWR for the years 2002–2024 are illustrated in Fig.  628 

14. The seasonal analysis indicates that PET peaks during the monsoon season, varying 629 

between 82 and 118 mm of water per season, while the pre-monsoon season also exhibits 630 

relatively high PET values ranging from 90 to 102 mm of water per season. Conversely, lower 631 

PET values are evident during the post-monsoon season (38–60 mm of water per season) and 632 

the winter season (24–40 mm of water per season). The monsoon season shows substantial 633 

variability in PET, indicating variable rainfall patterns, whereas pre-monsoon PET remains 634 

relatively stable. 635 

 636 

                                  Fig. 14: Seasonal Potential Evapotranspiration 637 

During the pre-monsoon season, wetland area (from MNDWI analysis) in KWR declined due 638 

to high PET values, driven by increased water loss. In contrast, the post-monsoon season 639 

showed increased wetland extent driven by adequate monsoonal rainfall and relatively mild 640 

temperatures, resulting in lower ET and PET and indicating the role of seasonal rainfall in 641 

sustaining and replenishing these water bodies. 642 

The analysis of evapotranspiration dynamics in the Kabartal Wetland Region indicates that 643 

both ET and PET play a crucial role in hydrological variability and wetland functioning. PET 644 

is higher than ET across all seasons and months, reflecting insufficient water to meet 645 

atmospheric demand and indicating hydrological stress associated with insufficient rainfall, 646 

reduced soil moisture, and seasonal water scarcity in KWR. The coexistence of water surplus 647 



during wetter periods and water deficit during drier periods highlights variability in the regional 648 

water balance, directly affecting wetland extent, ecological stability, agricultural productivity, 649 

and irrigation requirements.  650 

To address these issues, KWR wetlands should be reconnected to rivers, and feeder channels 651 

should be opened and kept obstruction-free to allow seasonal flooding that refills the wetlands. 652 

Planning and constructing embankments and dams along the Budhi Gandak and Baghmati 653 

rivers should not disrupt wetland connectivity and should consider wetland conservation. 654 

Excessive water extraction for irrigation from KWR wetlands must be regulated, while 655 

rainwater harvesting should be promoted to maintain adequate water levels. Agricultural 656 

expansion and settlements around the region's wetlands are reducing the catchment area by 657 

altering surface runoff and disrupting hydrological connectivity, reducing wetland recharge. 658 

Therefore, establishing buffer zones around Lake Kabartal and other KWR wetlands is 659 

essential to protect them from adverse land-use and land-cover changes. 660 

6.4 Correlation Assessment of Hydro-Climatic Indicators in the KWR 661 

Correlation analysis determined the associations among rainfall, ET (evapotranspiration), PET 662 

(Potential evapotranspiration) and LE (Latent heat flux) (Fig. 15a) across multiple temporal 663 

scales from 2002 to 2024 in the Kabartal Wetland Region. The findings revealed positive 664 

correlations between rainfall and ET (0.5), and between rainfall and LE (0.5). A moderate 665 

negative correlation between rainfall and PET (-0.5) indicated an inverse relationship, with 666 

lower rainfall corresponding to higher PET. The elasticity of ET with respect to rainfall and 667 

PET showed that evapotranspiration increases by about 0.65% and decreases sharply by about 668 

2.4% with a 1% rise in rainfall and PET, respectively (Fig. 15b), indicating that ET is sensitive 669 

towards rainfall and PET in the KWR. Correspondingly, the relationship between rainfall and 670 

ET (Fig. 15c) shows a little positive trend, indicating ET increases with rainfall. The lag 671 

correlation indicates time-shifted relationships between rainfall and ET. In the lag correlation 672 

plot, values are scattered without showing any trend or pattern, which is mainly due to the high 673 

variability of rainfall in this KWR (Fig. 15d).  The analysis found that the previous year’s 674 

rainfall does not regulate ET; rather, it is controlled by the same year's water availability, 675 

indicative of less water storage or trapping in the region. 676 



                677 

                                        Fig. 15: Hydro Climatic Variables in KWR 678 

Hydro-climatic variables are highly dynamic in the KWR (Fig. 15e). Rainfall showed high 679 

variability with a consistent decrease in the recent period. Rainfall trends are decreasing in this 680 

region, with extreme wet and dry years. ET increases or decreases with rainfall fluctuations. 681 

The increase in ET is less proportional to rainfall because it is controlled not only by 682 

precipitation but also by multiple factors, such as temperature, PET, land cover, soil moisture, 683 

and rainfall seasonality. PET is inversely related to rainfall and ET. Here, PET is high, and ET 684 

is low, indicating a shortage of water and soil moisture. The analysis of the aridity index 685 



revealed that KWR is humid in nature, as most years cluster between 1.25 and 1.75 (Fig. 15f). 686 

Between 2002 and 2024, 16 years had a water surplus (P>PET), supporting wetland recharge 687 

and expansion, while 7 years had a water deficit (P<PET), leading to wetland shrinkage. The 688 

aridity index showed a non-significant declining trend, with recent years (2021-2024) being 689 

drier than average. KWR is a water surplus area, except in some years. However, overall water 690 

availability decreased in recent years from 1000 mm in 2002 to 200 mm in 2024 (Fig. 15g) and 691 

is expected to decline further in the near future. Despite being a water surplus region, ET 692 

remains low. This is due to the erratic and uneven distribution of rainfall, which leads to 693 

increased surface runoff rather than infiltration, limiting soil moisture storage and reducing 694 

water available for evapotranspiration. The standardised water deficit plot (Fig. 15h) indicates 695 

a highly variable region with extreme drought and wet years. Values range from 0.2 in 2002 to 696 

-0.6 in 2024, indicating wet to dry anomalies, with a slight tendency toward drier conditions. 697 

Overall, the Kabartal Wetland Region is a water-surplus region; however, it faces limited water 698 

availability for evapotranspiration. The declining rainfall trend imposes future water stress in 699 

this region, making the wetlands vulnerable to dry conditions.  700 

7. Ecosystem resilience at the crossroads of climate change, development, and 701 

governance 702 

Ecosystem resilience refers to an ecosystem's capacity to absorb disturbances and persist while 703 

maintaining its fundamental structures, processes, and functions under changing environmental 704 

conditions [59]. Accelerating climate change and intensifying human interventions are driving 705 

rapid shifts and increased uncertainty in ecosystems worldwide, affecting freshwater, marine, 706 

and terrestrial systems both structurally and functionally, and altering key environmental 707 

processes [60]. Wetlands, which exist at the interface of land, water, and human development, 708 

are particularly vulnerable due to their complex biological, physical, and socio-economic 709 

composition. The long-term health and resilience of wetlands depend on the capacity of 710 

hydrological cycles, vegetation structure, and land-use patterns to regulate material transport, 711 

energy flows, and ecological interactions [61]. 712 

Random precipitation regimes, rising temperatures, and widespread vegetation loss are 713 

intensifying wetland vulnerability and undermining their structural integrity and functional 714 

resilience. In India, these climate-induced stresses are compounded by extensive anthropogenic 715 

pressures, including land conversion for infrastructure, real estate expansion, road networks, 716 

and altered catchment dynamics. Hydrological modifications through dams, embankments, 717 



river channelisation, sand mining, and excessive groundwater extraction disrupt natural flow 718 

regimes, erode wetland connectivity, and diminish their capacity to buffer floods and sustain 719 

dry-season water availability. Embankment on the River Budhi Gandak in KWR disrupted its 720 

connectivity with Lake Kabartal, reducing natural recharge and lowering water levels, 721 

increasing flood and drought risks, causing ecological imbalance and impacting the dependent 722 

communities' livelihoods. Riparian wetlands, such as Lake Kabartal, and floodplains are 723 

particularly at risk because they are often treated as vacant land rather than as integral 724 

components of active river systems. The extent of wetlands and vegetative cover in KWR has 725 

significantly reduced due to rising temperatures and diminishing rainfall trends and patterns, 726 

impacting the ecological and hydrological integrity of the wetlands. KWR receives most of its 727 

annual rainfall in a short span, leading to flooding and dry spells in the region. 728 

Enhancing wetland resilience warrants hydrological rejuvenation by restoring natural 729 

connectivity among rivers, floodplains, feeder channels, and associated wetlands. Regulating 730 

water inflows and outflows to maintain seasonal flooding and drying cycles is essential for 731 

sustaining ecological processes, nutrient exchange, and habitat diversity. Protecting wetland 732 

catchments and preventing physical blockages caused by roads and embankments are critical 733 

to restore natural hydrological functionality. In the Kusheshwarsthan Wetland of Darbhanga, 734 

construction of embankments and a railway route through the wetland is impacting its 735 

resilience capacity.  736 

Vegetation in KWR plays a central role in wetland resilience by stabilising soils, regulating 737 

evapotranspiration, and supporting biodiversity. PET is considerably greater than ET across all 738 

seasons and months in KWR, indicating an insufficient amount of water available to meet 739 

atmospheric demand. Conserving and enhancing vegetative cover through the protection of 740 

native plant species such as Barringtonia acutangula, Syzygium cumini, Salix tetrasperma, 741 

Ficus glomerata (Ficus racemosa), and Bambusa bambos. Control of invasive species, such as 742 

water hyacinth (Eichhornia crassipes), bush weed (Ipomoea carnea), Xanthium strumarium 743 

and restoration of degraded habitats are vital for maintaining ecosystem stability. Establishing 744 

vegetative buffer zones around wetlands, such as around Lake Kabartal, can further reduce 745 

external disturbances, filter pollutants, and limit encroachment from surrounding land uses. 746 

The KWR's economy is reliant on agriculture, and farming methods are entirely dependent on 747 

seasonal rainfall. Staple crops such as wheat and rice are significantly affected by variations in 748 

monsoon rainfall [57]. This reduction in rainfall will affect agricultural output, worsen the 749 



economy and lead to unemployment and migration. The highest migration trend is concentrated 750 

towards metropolitan areas such as Delhi, Mumbai, Surat, and Kolkata, owing to the higher 751 

density of industrial units, which provide greater employment opportunities across various 752 

sectors, including construction, manufacturing, and textiles [62]. Industrial growth in 753 

neighbouring states such as Jharkhand, Haryana, Punjab, Delhi, and Maharashtra also attracts 754 

farmers to work as labourers [63]. A reduction in rainfall is adversely affecting the region's 755 

livelihoods, thereby increasing the push factor for seasonal migration.  756 

Community participation is a cornerstone of resilient wetland management. Wetland-757 

dependent communities, such as the Nishad community, have historically coexisted with and 758 

managed these ecosystems and are actively engaged in conservation and restoration efforts. 759 

Nishaad community is a major riverine and fishing group which includes Sahnis, Mallah, 760 

Kewat, and more, who reside near the rivers and wetlands and work as fishermen, boatmen, 761 

net makers, and river farmers. Providing alternative, sustainable livelihood opportunities can 762 

reduce excessive dependency pressures and empower communities to serve as long-term 763 

stewards of wetland ecosystems. Public awareness and capacity-building initiatives like 764 

Mission Sahbhagita and the Wetland Mitra scheme are essential to enhance understanding of 765 

the ecological, hydrological, cultural, and economic value of wetlands and to encourage 766 

responsible resource use. 767 

Institutional and governance reforms are equally critical for strengthening wetland resilience. 768 

Wetlands authorities in Bihar, like the Bihar State Wetland Authority (BSWA), often face 769 

constraints stemming from inadequate staffing, limited financial resources, and competing 770 

administrative mandates, resulting in weak planning and implementation. NGO’S bridge the 771 

gap between government bodies and locals through self-help groups, community participation 772 

and capacity-building initiatives. Bridging capacity gaps and engaging academic researchers 773 

through interdisciplinary training in hydrology, ecology, GIS and remote sensing, 774 

environmental law, and community-based governance is imperative. Ultimately, wetlands of 775 

KWR must be managed not as isolated entities or aesthetic landscapes, but as functional 776 

components of broader basin and catchment systems. An integrated approach can ensure that 777 

wetlands continue to function as lebensraum, adaptive ecosystems supporting biodiversity, 778 

water security, and climate resilience for both present and future generations. 779 

 780 

 781 



8. Conclusion and Way Forward 782 

The study aimed to investigate the rainfall-driven ecohydrological changes in the Kabartal 783 

Wetland Region. The study used MNDWI and NDVI to evaluate ecological changes, while the 784 

Seasonality Index, Rainfall Anomaly Index, Dependent Rainfall, and Modified Mann-Kendall 785 

Tests were used to analyse hydrological changes. 786 

MNDWI and NDVI showed that wetland and vegetative cover in KWR decreased between 787 

1989 and 2024. This shrinkage of wetlands and reduction in vegetative cover are attributable 788 

to declining rainfall. Wetness and vegetation were relatively low during the pre-monsoon 789 

season due to low rainfall, while both increased during the post-monsoon season as a result of 790 

higher rainfall and moisture availability. 791 

The seasonality index indicates that most rainfall occurs within three months, with long dry 792 

seasons. Similarly, rainfall exceeded the dependable rainfall value, but most occurred during 793 

the monsoon season. The Rainfall Anomaly Index indicates that the rainfall pattern is shifting 794 

toward a negative anomaly, from moderately wet to moderately dry, in the Kabartal Wetland 795 

Region. The annual and seasonal rainfall trends in the Kabartal Wetland Region were 796 

determined using the Sen slope index and the modified Mann-Kendall test. The annual rainfall 797 

pattern is gradually declining in the study area. Projected rainfall statistics for the next 20 years 798 

also indicate that precipitation will continue to decline. 799 

Overall, the study found that the Kabartal Wetland Region is experiencing decreasing rainfall, 800 

with most occurring during the monsoonal period or in short-duration events. This will cause 801 

frequent and short-period meteorological drought-like conditions in the study area, adversely 802 

affecting the region's water resources, particularly the wetlands. The wetlands surrounding 803 

agricultural farms will face greater stress, as during the dry season water from the wetlands 804 

will be used for irrigation, reducing water levels and affecting vegetation, aquatic species, and 805 

water quality. Additionally, during the rainy months, heavy rainfall can cause flooding and 806 

degrade the wetland ecosystem. That’s why a better water resource management strategy must 807 

be framed and implemented to conserve and store water during the wet period and utilize it 808 

during the dry period. 809 

Wetlands are ecologically and economically significant and play an important role in 810 

biodiversity conservation, groundwater recharge, flood control, water purification, carbon 811 

sequestration, livelihoods, and food production. Based on these results, the impact of climate 812 

change is evident in the wetlands of KWR. Decreasing annual rainfall, as well as erratic rainfall 813 



(i.e., early or late monsoon arrival), is negatively affecting the health of KWR wetlands. 814 

Wetland shrinkage will affect flora and wildlife, including nesting grounds for birds, habitats 815 

for numerous organisms, and migratory birds. Lake Kabartal has also shrunk, affecting water 816 

quality, nutrient cycling, and ecological stability, reducing the number of migratory birds and 817 

forcing dependent communities to migrate owing to a lack of economic prospects. Wetland loss 818 

will eventually result in flooding since they act as a buffer zone for excess water. Because the 819 

region’s economy depends heavily on agriculture and allied activities, wetland loss would 820 

reduce employment opportunities and drive population migration. Migration of dependent 821 

communities like the Nishaad communities will eventually degrade wetlands, as these 822 

communities are the primary conservers of these ecosystems in their natural form.  823 

Wetlands are being degraded by both natural and anthropogenic factors. An awareness-raising 824 

effort should be undertaken to inform people about the importance of wetlands. Otherwise, it 825 

will adversely affect Sustainable Development Goals (SDGs) 1 (no poverty), 2 (zero hunger), 826 

6 (clean water and sanitation), and 14 (life below water), which must be achieved by 2040. A 827 

sustainable, effective wetland management strategy should be developed to conserve these 828 

ecosystems.  829 
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