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Abstract

:

Increasing evidence of changing climate patterns is being observed, and the impact of this change on groundwater has a direct impact on the livelihood and economy of the region. The research focuses on the impacts of global temperature increase and changing precipitation on the groundwater resources of part of the Himalayan river system. The spatial and temporal variations of the hydro-meteorological data of the Kankai River Basin in East Nepal were analyzed using non-parametric Mann–Kendall tests and Sen’s Slope methods, whereas CanESM2 was used to predict the future precipitation scenarios, and an attempt has been made to evaluate the possible impacts on groundwater systems in the region. The temperature shows a significant warming trend (0.14–0.64 °C/decade); however, the precipitation trends suggest remarkable variation mostly at higher elevation. The average annual precipitation suggests a decrease of 1.82 mm/year and a similar decrement has been projected for the future. The groundwater in the region has been influenced by the changing climate and the condition may further be exaggerated by reduced recharge and increased evapotranspiration. This understanding of the impacts and climate scenarios will help the planners with better adaptation strategies, plans, and programs for a better society.
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1. Introduction


Global warming due to the enhanced greenhouse effect is likely to have significant effects on the hydrologic cycle [1], which plays an important role in global water balance. Recently, scientific research has been aimed at exploring the response of water resources to climate change, but the dominant research is focused on surface water [2,3,4,5,6,7]. However, concern has arisen for the water resource management that recognizes groundwater as an integral part, due to its ability to cope with water scarcity, because of its large storage capacity and lower sensitivity to short-term variability in climatic conditions [8]. Meanwhile, groundwater has responded and will continue to respond to changes in climate, and is critical as the changes are not directly visible or easily replenishable [9].



The spatial and temporal variation in the magnitude and intensity of temperature and precipitation over different regions of the world has been observed as a result of climate change [10]. Apart from the global scenarios, studies also claim that the Himalayan region is the most sensitive among the regions of the same latitude [11], and is experiencing a warming trend higher than the average global rate [12]. The climate and hydrological cycles in the region are driven by the summer monsoon [13]. Studies suggest that the summer monsoon in the region is getting weaker, whereas western weather is active [14]. The Himalayan Region, also known as the Water Tower of Asia, has a direct role in the circulation of monsoon during summer, and has direct influence on the regional climate [15]. Within this water tower, Nepal lies in the central extension of the Great Himalayan Belt and is characterized by its unique physiographic and topographic variations within the short North–South span of about 130–260 Km. These spatial variations are responsible for varied climatic conditions within a short range of distance [13]. Similarly, the Intergovernmental Panel on Climate Change (IPCC) has identified the Himalayan Region as an area devoid of long-term quality data on the climate, and the information of its impact. The rugged topography and diverse physiography have been the major problems in establishing and maintaining the networks of meteorological stations. Many stations in Nepal have huge gaps in their data series that lead to questionable assessments, which could not be well-justified [16]. The projection of future climate along the Himalayas suggests an increase in the temperature and extreme precipitation events. Furthermore, in some studies, both temperature and precipitation are predicted to increase in future [5,7,17,18,19], and a considerable shift in the monthly pattern of temperature and precipitation is evident in many regions [19,20,21,22].



Climate change’s effect on groundwater is complex and unique, as the direct and indirect impacts have not been effectively explored [23]. Data limitation has limited the exploration regarding the magnitude and direction of change in groundwater due to climate change only [24,25]. The complexity further exacerbates as the predicted trend of precipitation varies spatio-temporally, and is less certain than the predicted temperature pattern. The climate variability, largely the precipitation, has considerably contribution to the vulnerable water resources of the semi-arid and arid region [24]. A human dependency on groundwater is inevitable, and projected to increase because the water supplies become over-stressed due to increasing demands made by over-population and climate change [9]. One study projected that there will be an increase in water scarcity by 20% due to climate change [26].



The Kankai River Basin (KRB) is a rain-fed perennial river system, and climatic variability is expected to influence the water resources of the region. A change in the trend of water availability is expected to affect the future economy of the region critically. Previously, numerous studies have focused on the impacts of climate change on hydrological and other perspectives [6,17,18,27], while the impacts on hydrogeological regime with regard to changing climatic conditions still remain under-addressed at the regional as well as the local scale. Therefore, the impact studies of climate change on groundwater resources (which have the ability to fulfil the water demand even during the driest period) must be prioritized before the planning of any long-term sustainable developmental goal. This study aims to evaluate the hydro-climatic variability and its possible impacts on groundwater in the KRB, Eastern Nepal. This article presents the result of a trend analysis of hydro-meteorological data (temperature, precipitation, and discharge) for the available time, along with a future projection of the precipitation for different scenarios in order to evaluate the climate change scenarios. The results thus obtained are further validated with the social survey data on climate change and the variability in spring discharge (for the northern hilly areas), as well as water level monitoring data from observation wells along with their projection (for the southern plains). The discussion is further extended with the evaluation of temporal land use/land cover change. The result of the analysis has made it possible to evaluate the impact of climate change on the groundwater regime of the region. The understanding of the impacts can help in identifying needs and guide future research, as well as provide a better strategy for integrated water resource management for agriculture, hydropower generation, and other industrial purposes, along with water-related hazards, which ultimately helps in building resilience to the possible impacts.



Study Area


The study area “the KRB”, is located between 27°06′–26°28′ N and 87°41′–88°08′ E in the easternmost part of the Nepalese Himalayas, and is the rain-fed perennial river system originating from the Mahabharat range, excluding the snow-covered zone. The basin has a total area of 1497 sq. km., of which about 40% lies below 600 m and only 12% lies above 2000 m. The elevation varies from 73 m in the south to 3603 m in the north (Figure 1). Administratively, the study area covers the most part of the Ilam district and the western part of the Jhapa District. The Kankai River is also the tributary of the Mahananda River Basin of India, which ultimately mixes up with the Ganges. The climate in the study area is predominantly governed by the summer monsoon, extending from June to September. The altitudinal variation within the basin causes the climate to be cold tropical in the northern hills to subtropical in the southern lowlands. The river plays an important role in the production of hydropower and the supply of water for irrigation in the downstream southern plains as well. The study area is most popular for its agriculture and husbandry purpose, and supports the lives of the majority of the community. The groundwater from the mountain aquifer in the form of springs serves as the principal source of water in the northern hilly areas, whereas the shallow and deep tube wells drilled in the unconsolidated quaternary sediments serve as the major source of water in the southern plains.





2. Materials and Methods


2.1. Observed Hydro-Meteorological Data


The study uses the observed hydro-meteorological data from the archives of the Department of Hydrology and Meteorology (DHM), Nepal, which is solely responsible for the acquisition, storage, and distribution of this information. Daily hydro-meteorological data within and adjacent to the KRB have been collected for the available period (Table 1, Figure 1).



The quality of data is the most considerable factor for efficient and accurate analysis, and it sometimes may have bad implications resulting in biased results and analyses [28]. However, it often carries uncertainties, because of the temporal and spatial variability of rainfall measurement, faulty or erroneous instrumentation, the relocation of stations, and sometimes negligence during the measurement of precipitation [29]. The effort of filling up the discontinuous series has been the concern of many studies. The normal ratio method [30] has been used for estimating the missing data for precipitation. The daily observed minimum and maximum temperature also consist of the voids in the series, and have been filled up using the multiple imputation algorithm [31] in XLSTAT 2014. The annual and seasonal data series has been described as mean, standard deviation (SD), coefficient of variation (CV), skewness, and kurtosis.



The seasonal and annual precipitation, temperature, and discharge have been investigated for trend analysis using non-parametric Mann–Kendall tests [32,33] and the Sen’s Slope Estimator method [34], which has been widely used in the trend analysis of climate data [4,35,36]. Prior to the application of the MK test, the data were tested for Lag 1 autocorrelation. For the Lag 1 autocorrelated data, modification has been applied using XLSTAT 2014 [37] (when there is both a trend and an autocorrelation).




2.2. Climate Change Projection


The study used the second generation Canadian Earth System Model (CanESM2) for the projection of future precipitation scenarios, and this has been used effectively in many studies [18,38]. It is a fourth generation Coupled Global Climate Model (CGCM4) developed by the Canadian Center for Climate Modelling and Analysis (CCCma), under the framework of Climate Model Inter-Comparison Project Phase 5 (CMIP5), and it represents the Canadian contribution to the Fifth Assessment Report (AR5) of IPCC.



The General Circulation Model (GCM) in general is unable to resolve the sub-grid and regional climate scenarios, and fails to take into account important regional features such as topography, vegetation, and cloudiness that govern the local climate. As such, it is important to downscale the GCM data from global scale to local scale [18]. The GCM outputs at a global scale, has been statistically downscaled to a point scale using the Statistical Downscaling Model (SDSM version 4.2) [39], and has been used efficiently [5,17,18,20,40].



The observed data from 1961 to 1990 have been used for the calibration, and from 1991 to 2005 for the validation. Future climate change projection is divided into three periods, namely 2030s (2011–2040), 2060s (2041–2070), and 2090s (2071–2100). For the comparison of observed and downscaled data during calibration and validation, the statistical measures of mean (μ), standard deviation (SD) and coefficient of determination (R2) are used. For this study, 20 ensembles were generated using the model and used to examine the precipitation change in the KRB.



To remove any systematic bias in the downscaled precipitation projection data, bias correction using a long-term monthly mean has been applied (Equation (1)) [41].


PBC = PSCEN (POBS/PCONT)



(1)




where, PBC is bias-corrected daily precipitation, and PSCEN is daily precipitation downscaled using SDSM. POBS is the long-term monthly mean of observed precipitation, while PCONT is long-term monthly mean of precipitation simulated using SDSM for the observed period.




2.3. Groundwater Impact Assessment


The rocky aquifer from the northern mountain of the study area lacks monitoring data regarding the spring discharge. The gap created by the missing information that is useful to access the change in the mountain’s hydrogeological condition was filled by collecting the information through the focus group discussions (FGDs) and the key Informant Interviews (KIIs). A simple questionnaire was used and the survey was conducted in 13 different localities (Figure 2) representing the different sub basins and the ecological regions (the upper, middle and lower reaches) of the KRB. In these localities, the spring water has been used for domestic purposes in the past. The people of the age group 45–65 years, who had been living in the area for at least three decades, were identified as the key informants and interviewed. To observe the monthly variation in water level in the southern plain, the groundwater level monitoring data from different monitoring wells in and adjacent to the area (Figure 2) were collected from the Groundwater Resource Development Board (GWRDB), which is the government authority responsible for groundwater investigation, monitoring and management in Nepal. In addition, the future water level has been projected on the basis of monthly observed data by using the excel function for the forecast of future water level in the different RCPs with respect to the projected annual precipitation. Further, the impact of climate change on groundwater has been compared with the land use/land cover change through the map published by ICIMOD [42,43].





3. Results


3.1. Temperature Trend Analysis


The minimum and maximum temperature record of the three stations for different times has been analyzed for the average annual and seasonal trends, along with the statistical significance at the 95% confidence level. The average seasonal and annual statistics from the maximum and minimum temperature (Table 2) show that the coefficient of variation (CV) ranges between 0.02 and 0.08, and 0.06 and 0.18, respectively, indicating very low variability in maximum temperature as compared to minimum, which is well justified by the standard deviation (SD).



The trend analysis suggests the changes range from 0.014 to 0.064 for seasonal and annual maximum temperature, and are mostly significant in stations at high elevation (1407 and 1416), whereas the minimum temperature for the same stations shows an insignificant declining trend. Station 1421 witnessed the increasing trend in maximum temperature and is significant only for annual and summer. However, the minimum temperature shows trends that are insignificant with decreases only in autumn and spring. The result depicts that there is a statistically significant increase in annual and most seasonal maximum temperatures, whereas the decreasing trend in minimum temperature is not significant statistically, except for spring at station 1416 (Table 2). The negative trend for minimum temperature can be attributed to the increasing trend of rainfall in other seasons [44].



The comparison between the observed trends in the maximum and minimum temperatures indicates a stronger warming trend (Figure 3). A similar trend has been observed in study of the Karnali River Basin [4], the Marsyangdi River Basin [18], Nepal [45], and the Bagmati River Basin [46]. The trend is positive at lower elevations and negative at higher elevations [45], and something similar has been observed in the present study. The significant positive and insignificant negative trend for the maximum and minimum temperatures, respectively, suggests the possible sensitivity of the area to climate change.




3.2. Precipitation and Discharge Trend Analysis


The precipitation records of seven stations for the period 1961–2018 have been assessed in order to delineate the annual and seasonal trends with a 95% of confidence level, in which the average annual precipitation ranges from 1535 mm to 2970 mm (Table 3). The stations at higher elevations show remarkable variation compared to stations at lower elevations (Figure 4). The minimum annual rainfall is received by the station (1407) within the basin that lies in the topographic shadow (Figure 1), causing the local orographic effect resulting in a unique spatial pattern of precipitation as compared with the two other stations. The study also suggests that the higher mountains of Eastern Nepal show significant local relief effects upon precipitation [13,47]. The seasonal pattern of rainfall at different stations shows that the summer rainfall is maximum and highly variable, and is found to be associated with monsoon, whereas the precipitation received in winter is expected to be associated with western weather patterns [48]. The CV for the seasonal and annual precipitation ranges from 0.17 to 1.16 and 0.15 to 0.22, respectively. This indicates that the seasonal rainfall has remarkable variation in comparison with the annual precipitation. Among the seasons, the precipitation variation is highest in winter (0.82–1.16) and lowest in summer (0.17–0.26). These results are further validated by the obtained values of SD.



The trend analysis of station 1409 only shows the increasing trend for all seasons and the annual precipitation change (6.20 mm/yr) is highest among other stations, whereas station 1410 also shows an overall increasing trend except for winter (−0.10 mm/yr), which is insignificant. The result matches the findings of [45], which suggest the changes in winter and autumn precipitation are insignificant in the majority of the districts in Nepal. The records for spring of stations 1408, 1409, 1410 and 1415 display increasing trends and are the only values that are statistically significant. The summer, autumn and annual precipitation trends of stations 1409 and 1410, autumn and annual of 1415, and autumn of 1407 exhibit increasing trends. The analysis of the remaining interpreted data demonstrates the decreasing trend of precipitation (Table 3). The results signify the decreasing summer rainfall and increasing rainfall in other seasons, and can be attributed to the weakening summer monsoon [49] and the strengthening of western weather [50], which is well discussed in [14].



The precipitation trend for the individual stations is not uniform across the study area, however the averages of the annual precipitation show a decreasing trend (Figure 5), and a similar result is observed in the precipitation pattern in all parts of Nepal [45] and in the Karnali River Basin [4]. The change in precipitation resembles the heterogeneity of both the increasing and the decreasing trend. Very few results are statistically significant and the case is similar to that of Koshi Basin [3]. The insignificant results for most of the stations have been discussed as associated with the short-term variability in atmospheric pattern, and suggest that it is still unclear [45].



The discharge record at the outlet of the Kankai River Basin (Mainachuli station, 795) with a catchment area of 1148 sq. km has been collected for the available period and analyzed for the trend, along with the relation with precipitation pattern at station 1407. Some data from the series have been discarded due to their discontinuous and erroneous nature, and data from 1972–2003 have been taken for analysis. The average monthly discharge suggests the month of September has the highest runoff, followed by August, October, November, December, and so on, until April, where it reaches the minimum. The seasonal and annual mean average discharge suggest that the summer is characterized by peak discharge followed by autumn, winter and spring. The CV ranges from 0.26 to 0.38, which suggests the variability is not very much. The variability is maximum in spring and minimum in summer. The trend analysis for seasonal and annual average runoff (Table 4) shows insignificant trends for all seasons with increasing trends, except for the summer with the negative trend of −0.23.



Only precipitation station 1407 lies within and well represents the catchment of the basin, and so the relation between the annual precipitation and discharge has been assessed. The precipitation and discharge, when compared for the same period, both show similar increasing trends (Figure 6). This also reveals that the discharge in the river complies with the precipitation. In addition, the peaks for monthly discharge (September) shows a lag by 2 months with precipitation (July) (Figure 7). A similar lag of 1 month is observed in the Karnali River Basin [4]. The figure depicts the contribution of precipitation to groundwater recharge, which eventually serves as a base flow after the monsoon. The runoff is lower in spring than in winter with minimum rainfall. This suggests that the recharge to groundwater is high during summer and autumn, which provides sufficient runoff through groundwater discharge during winter. This also indicates that the water availability for the downstream area is at a minimum during spring.




3.3. Future Precipitation Projection


The sets of the 26 predictor variables available from the GCM were screened using a combination of partial correlation and p-value at a significance level of 0.05. The predictor’s variables with minimum p-value and maximum correlation coefficient have been selected as the predictant variables and used for the calibration of the model. The NCEP/NCAR simulated data for the period 1961–2005 have been used for statistical comparison with the observed data.



The summary of the statistical comparison of the observed and simulated monthly precipitations for the calibration period (1961–1990) and the validation period (1991–2005) is presented in Table 5. The coefficient of determination (R2) for the calibration period ranges from 0.974 to 0.997, whereas for the validation period it ranges for from 0.92 to 0.98. This suggests that the simulated data show strong agreement with the observed data. However, the SD is higher, but is close to that of the observed and the reasonable R2, thus the model can be considered significant.



The projected annual average precipitation for the basin (Figure 8) indicates a slight to notable decrease between the representative concentration pathways (RCPs) 2.6 and 4.5, with 0.81 mm/yr to 2.06 mm/yr, respectively, whereas under RCP 8.5 the annual rainfall is expected to rise remarkably, to 2.41 mm/yr. The change in annual and seasonal precipitation pattern compared to the baseline period (1961–2005) can be visualized from Figure 9. The winter precipitation is expected to increase under all RCPs for all periods. The increase is even the maximum for the RCP 2.6. The spring precipitation is expected to increase progressively under all RCPs, reaching about 50% at around the 2090s. Meanwhile, the precipitation in autumn can be expected to increase and subsequently decrease up to the 2090s. The summer precipitation, which is the major contributor to annual rainfall, is found to decrease subsequently under RCPs 2.6 and 4.5, whereas for RCP 8.5 the decrement will progressively be minimized until the 2090s. The seasonal rainfall trend cohered well with the projected seasonal changes. The projected annual precipitation, when considered with the elevation, shows a significant decrease in areas with low elevation. The area with elevation higher than 1500 m shows a minor decrease under RCP 4.5, whereas under RCPs 2.6 and 8.5 the precipitation is expected to increase slightly.




3.4. Impact on Groundwater Resources


The result from the social surveys in 13 different localities in the northern hilly region (Figure 2) indicate that the precipitation pattern in the area is changing in terms of intensity and duration. The majority of the respondents reported that the low-intensity and long-duration precipitation during the monsoon has changed to high-intensity and shorter-duration precipitation. In addition to the present characteristics of heavy rainfall for short duration, the overall duration of the monsoon is shortening every year. The respondents also emphasized the uncertain but minor rainfall increase during the winter and spring seasons. The impact of the changed precipitation pattern is visibly observed on the groundwater resources, which are the major lifeline for the people residing in the study area. The springs that the communities have been using for decades are gradually depleting, and many of these springs and ponds are reported to be vanishing. Most of the localities are facing the acute problem of water shortages during the spring season, causing the change in water usage behavior. This scenario is found to be even more critical in the lower reaches of the basin with higher numbers of drying springs. The people of this region are compelled to use the water from the minor rivulets for enhancing the capabilities of water supply to the community. There are several drilled wells in the southern plain area in and around the study area. The water level in and around the study area has been assessed via the monitoring data from the observation wells. The observation of water level at different observation wells (Figure 2), including a deep well and three shallow wells, shows the depleting water level for the month of May, the driest period of the year (Figure 10), and this is statistically significant only at STW2 and DTW1 (Figure 2) with a 95% confidence level. Similar trends can be observed during other months of the pre-monsoon seasons. In addition, the future projection of water level shows a significant decrease except, for the Scenarios 2.6 and 4.5 in tube well STW2, which shows an increase in water level (Figure 11). The change is significant at the 95% confidence level for scenario 4.5 for all wells, while the trends for other scenarios are insignificant. The depleting water table, especially during the dry season, can be attributed to the depleting groundwater recharge due to the changed precipitation pattern, increasing the exploitation of groundwater for domestic and household purposes and other anthropogenic factors. In addition, the increasing abstraction of groundwater for the fulfilment of water demands during the dry season can also be related to the scarcity caused by the prolonged dry period, which ultimately increases evapotranspiration and demands more water. Thus, climate change is expected to exert more pressure on the groundwater resources.



The evolution of land use/land cover in the basin from 1990 to 2010 shows the decline in the forest area, barren land and shrub land, which is accompanied by a major increase in agricultural land and a minor increase in grassland and settlement (Figure 12). The increase in the water body can be attributed to the impact of the irrigation system developed later, causing the accumulation of sediment and water in the upstream river channels. The declination of natural recharge area (forest, barren land, and shrub land) and the increment of water-consuming land cover elements (agriculture and settlement) seems to create the scenario of increasing water demand and decreasing supply. The scenario is further expected to be worsening with the decreasing water supply caused by the drying sources and changing climate scenarios.





4. Discussion


The present analysis reveals that the climate pattern in the region is changing significantly. The climatic variability can be defined as the increase in maximum temperature and decrease in minimum, while the annual precipitation trend shows heterogeneous trends. The trend of annual average discharge well resembles the trend of annual rainfall in the basin. The projected precipitation using CanESM2 indicates that the annual and summer precipitation will decrease in future, whereas the precipitation in other seasons is projected to rise. The limited data on temperature restricts the future projection of temperature; however, the observed trend and predicted temperature do not show much variation in different basins in the region [15]. Hence the temperature trend is supposed to be increasing, as similar to the projection elsewhere [15,17,18].



The impact of climate change on groundwater is complex and unique, as still more has to be understood regarding the direct and indirect response of this valuable water resource. The complexities increase along with the uncertainties in the models used for the predictions and spatiotemporally varying precipitation trends, which are also not significant. However, the temperature trend is significant and is considered critical for shallow aquifers [24]. The change in precipitation and evapotranspiration (induced by the increasing temperature) has a direct impact on recharge and an indirect impact on the discharge or abstraction of groundwater by humans. However, a small change can have larger cumulative effects on recharge, especially in areas with low rainfall [51]. Similar conditions apply in the Kankai River Basin, which has relatively lower rainfall than the surrounding regions. The precipitation trends show high spatial and temporal variability, making it challenging to understand the pattern. This variable pattern can have significant impact on the recharge of groundwater. However, the average annual rainfall in the region shows a decreasing trend (Figure 5), and this can reduce the recharge as well as the runoff, thus limiting the availability of water in dry seasons. The projected increasing precipitation in the spring and winter, when evaluated with the discharge pattern of the KRB, indicates that the water availability in the downstream locality may increase. The driest season will see some increases in precipitation to accommodate the scarcity. However, there still exists the chance for rainfall to be absorbed by the soil rather than contributing to runoff. On the other hand, the significant increasing trend in the maximum temperature can increase the evapotranspiration and reduce the runoff [52], and also enhances the loss of soil moisture, creating intense droughts and the depletion of shallow aquifers. The changing climate scenario suggests that the groundwater regime of the region will be highly influenced, and these impacts will have a direct impact on the economy and livelihood of the people of the region. This is also evident from the observation of the declining water level in the southern plains, along with the projected water level for the future and that experienced by the community residing on the northern hilly regions. Further, the change in land cover over time also signifies the changing climatic and groundwater condition. The major impact will be the scarcity of water, creating many social and economic issues. The overexploitation of groundwater to supply the increasing demand will further worsen the condition, making it unmanageable.




5. Conclusions


From the above analysis and discussions of the findings of previous studies, the following conclusions are drawn:




	
The maximum temperature in the region is increasing and the minimum temperature is decreasing. The declining trend of minimum temperature is associated with the increasing trend of rainfall in those seasons.



	
The precipitation pattern in the region is unique and is influenced by the orographic effect. The spring precipitation is increasing and the summer is decreasing in most of the stations. The summer monsoon is getting weaker and will continue until the 2050s, when it eventually starts to increase until the 2090s, whereas the rainfall in other seasons shows varying trends but will increase in the future. The average annual rainfall is decreasing and will continue to decrease in future.



	
The water availability in the region will be highly variable and at a minimum during spring, creating the condition of drought. The discharge will decrease with the decrease in annual precipitation.



	
The groundwater in the Kankai River Basin is likely to be highly influenced by climate change. The impacts could be on the decrease in recharge and runoff and increase in evapotranspiration, and this has been made evident by the observed and projected decrease in water level along with the drying of ponds and springs in the northern hilly region. These impacts will eventually influence the groundwater regime of the region and could further worsen the situation.








This study reveals that the impact of climate change in KRB has already taken place in terms of changing temperature and precipitation. The effect will be pronounced, with changes in climatic and hydrological pattern, which will continue with varying degrees of severity in the future. This will certainly have impacts on the water availability in the downstream region. The impacts could be addressed through adaptation practices, and changes in water usage behavior and cropping patterns.
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Figure 1. Location map of Kankai River Basin with elevation and distribution of hydrological and meteorological stations (the number 1 and 2 indicates the Province No.). 
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Figure 2. Map showing the distribution of localities for social survey in the northern hilly region and the observation wells (DTW: Deep tube well; STW: Shallow tube well) in the southern plains. 
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Figure 3. Average annual maximum and minimum temperature for stations (a) 1407, (b) 1416, and (c) 1421. The dotted line shows the trend by linear regression method. 
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Figure 4. Comparison of annual average rainfall with the elevation of stations. 
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Figure 5. Five-year moving average annual precipitation at different stations and average for the KRB (the dotted line represents the trend line for the average precipitation of the basin). 
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Figure 6. Seasonal and annual average discharge at Mainachuli Station, Kankai River Basin, along with the annual rainfall at station 1407. 
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Figure 7. Monthly distribution of precipitaion and average discharge in Kankai River Basin. 
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Figure 8. Projected average annual precipitation for the basin under three RCPs. 
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Figure 9. Seasonal change in projected precipitation for the basin compared to the baseline period (1961–2005). 
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Figure 10. Water level in meters below ground level (mbgl) for the month of May (driest month) in different observation wells around the study area: (a) STW1, (b) STW2, (c) STW3, and (d) DTW1. 
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Figure 11. Water level projection with respect to the RCPs for the observation wells (a) STW1, (b) STW2, (c) STW3, and (d) DTW1. 
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Figure 12. Evolutions in land cover in the basin from 1990 to 2010. 
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Table 1. Details of the stations and data used for the analysis (P is Precipitation, T is Temperature and D is the Discharge).
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	S. No.
	Name
	Type
	Latitude

(Deg_Min)
	Longitude (Deg_Min)
	Elevation

(m)





	1
	Ilam Tea Estate (1407)
	P, T
	26_55
	87_54
	1300



	2
	Damak (1408)
	P
	26_40
	87_42
	163



	3
	Anarmani Birta (1409)
	P
	26_38
	87_59
	122



	4
	Himali Gaun (1410)
	P
	26_53
	88_02
	1654



	5
	Sanischare (1415)
	P
	26_41
	87_58
	168



	6
	Kanyam Tea Estate (1416)
	P, T
	26_52
	88_04
	1678



	7
	Gaida (Kankai) (1421)
	P, T
	26_35
	87_54
	143



	8
	Mainachuli (795)
	D
	26_41
	87_52
	125
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Table 2. Statistical analysis for the maximum (Tmax) and minimum temperature (Tmin) for different stations (1407: 1967–2018, 1416: 1973–2018, and 1421: 1984–2018) (CV: Coefficient of variation and SD: Standard deviation).
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Mean

	
CV

	
SD

	
Skewness

	
Kurtosis

	
Kendall’s Tau

	
p-Value

	
Sen’s Slope






	
1407 Tmax

	
Winter

	
18.1

	
0.07

	
1.29

	
1.04

	
0.55

	
0.385

	
0.02 *

	
0.047




	
Spring

	
24.2

	
0.05

	
1.12

	
0.50

	
0.56

	
0.110

	
0.25

	
0.014




	
Summer

	
25.2

	
0.04

	
1.07

	
0.54

	
1.74

	
0.452

	
0.00 *

	
0.036




	
Autumn

	
22.9

	
0.05

	
1.21

	
0.71

	
0.43

	
0.531

	
0.00 *

	
0.053




	
Annual

	
22.6

	
0.04

	
0.86

	
0.95

	
0.55

	
0.486

	
0.00 *

	
0.038




	
1416 Tmax

	
Winter

	
14.5

	
0.08

	
1.10

	
0.77

	
0.28

	
0.546

	
0.00 *

	
0.054




	
Spring

	
21.1

	
0.05

	
1.13

	
−0.12

	
−0.79

	
0.416

	
0.01 *

	
0.052




	
Summer

	
22.3

	
0.05

	
1.05

	
−0.60

	
−0.24

	
0.382

	
0.01 *

	
0.042




	
Autumn

	
19.8

	
0.06

	
1.28

	
−0.12

	
−1.03

	
0.451

	
0.00 *

	
0.064




	
Annual

	
19.4

	
0.04

	
0.88

	
0.06

	
−1.27

	
0.544

	
0.00 *

	
0.052




	
1421 Tmax

	
Winter

	
25.7

	
0.04

	
1.09

	
0.85

	
0.38

	
0.146

	
0.22

	
0.026




	
Spring

	
32.6

	
0.02

	
0.79

	
−0.49

	
0.47

	
0.116

	
0.34

	
0.014




	
Summer

	
33.0

	
0.02

	
0.66

	
−0.48

	
−0.36

	
0.550

	
0.00 *

	
0.047




	
Autumn

	
31.0

	
0.03

	
0.80

	
−0.34

	
−0.19

	
0.291

	
0.11

	
0.033




	
Annual

	
30.8

	
0.02

	
0.55

	
0.08

	
−0.64

	
0.365

	
0.04 *

	
0.030




	
1407 Tmin

	
Winter

	
9.8

	
0.09

	
0.84

	
−0.88

	
2.02

	
−0.051

	
0.59

	
−0.003




	
Spring

	
15.2

	
0.14

	
2.21

	
−1.29

	
0.46

	
−0.173

	
0.28

	
−0.026




	
Summer

	
17.8

	
0.18

	
3.15

	
−1.60

	
1.23

	
−0.113

	
0.49

	
−0.015




	
Autumn

	
14.1

	
0.17

	
2.36

	
−0.94

	
−0.12

	
0.000

	
1.00

	
0.000




	
Annual

	
14.2

	
0.13

	
1.80

	
−1.21

	
0.15

	
−0.101

	
0.55

	
−0.013




	
1416 Tmin

	
Winter

	
6.1

	
0.13

	
0.83

	
0.42

	
−0.15

	
0.020

	
0.90

	
0.002




	
Spring

	
11.8

	
0.12

	
1.42

	
−1.16

	
2.22

	
−0.208

	
0.04 *

	
−0.031




	
Summer

	
16.2

	
0.12

	
1.94

	
−3.02

	
11.42

	
−0.061

	
0.70

	
−0.012




	
Autumn

	
10.8

	
0.12

	
1.36

	
−0.45

	
0.67

	
0.067

	
0.52

	
0.010




	
Annual

	
11.2

	
0.09

	
0.98

	
−0.87

	
1.63

	
−0.065

	
0.69

	
−0.006




	
1421 Tmin

	
Winter

	
9.7

	
0.14

	
1.39

	
−1.38

	
2.19

	
0.092

	
0.45

	
0.011




	
Spring

	
18.2

	
0.11

	
2.05

	
−1.70

	
2.53

	
−0.055

	
0.65

	
−0.007




	
Summer

	
23.5

	
0.06

	
1.49

	
−2.15

	
4.07

	
0.022

	
0.87

	
0.002




	
Autumn

	
16.9

	
0.10

	
1.79

	
−1.51

	
1.75

	
−0.066

	
0.59

	
−0.010




	
Annual

	
17.7

	
0.08

	
1.36

	
−1.32

	
3.52

	
0.002

	
1.00

	
0.000








* Significant at 95% confidence interval.
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Table 3. Statistical description and trend analysis of seasonal and annual rainfall for time period (1961–2018).
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Statistic

	
Mean

	
CV

	
SD

	
Skewness

	
Kurtosis

	
Kendall’s Tau

	
p-Value

	
Sen’s Slope






	
1407

	
Winter

	
28.93

	
0.90

	
26.23

	
0.91

	
−0.04

	
−0.06

	
0.52

	
−0.10




	
Spring

	
217.49

	
0.34

	
74.12

	
0.32

	
−0.62

	
0.02

	
0.80

	
0.22




	
Summer

	
1211.86

	
0.26

	
312.27

	
0.29

	
−0.49

	
−0.12

	
0.42

	
−3.52




	
Autumn

	
76.92

	
0.95

	
74.01

	
1.75

	
3.12

	
0.03

	
0.76

	
0.09




	
Annual

	
1535.36

	
0.22

	
336.33

	
0.47

	
0.16

	
−0.13

	
0.15

	
−3.91




	
1408

	
Winter

	
32.12

	
1.07

	
34.71

	
1.64

	
2.97

	
−0.07

	
0.46

	
−0.10




	
Spring

	
274.43

	
0.51

	
141.11

	
2.71

	
13.10

	
0.25

	
0.01 *

	
2.08




	
Summer

	
1972.32

	
0.23

	
452.06

	
0.45

	
−0.82

	
−0.15

	
0.09

	
−5.30




	
Autumn

	
132.46

	
0.86

	
114.93

	
1.47

	
2.27

	
−0.08

	
0.53

	
−0.63




	
Annual

	
2411.32

	
0.22

	
534.86

	
0.96

	
1.80

	
−0.09

	
0.31

	
−4.13




	
1409

	
Winter

	
24.97

	
1.16

	
29.26

	
1.84

	
4.24

	
−0.03

	
0.77

	
0.00




	
Spring

	
259.33

	
0.45

	
117.45

	
0.31

	
−0.08

	
0.27

	
0.00 *

	
2.74




	
Summer

	
2034.78

	
0.21

	
420.98

	
0.46

	
−0.60

	
0.07

	
0.43

	
2.93




	
Autumn

	
129.83

	
0.84

	
110.37

	
1.63

	
3.35

	
0.04

	
0.65

	
0.26




	
Annual

	
2448.91

	
0.20

	
498.04

	
0.47

	
−0.59

	
0.11

	
0.20

	
6.20




	
1410

	
Winter

	
38.06

	
0.82

	
31.41

	
0.91

	
0.21

	
−0.04

	
0.67

	
−0.10




	
Spring

	
285.37

	
0.42

	
120.83

	
0.77

	
0.73

	
0.19

	
0.03 *

	
1.89




	
Summer

	
1857.71

	
0.17

	
313.39

	
0.16

	
−0.90

	
0.00

	
0.97

	
0.08




	
Autumn

	
104.71

	
0.86

	
91.16

	
1.36

	
1.38

	
0.00

	
0.97

	
0.03




	
Annual

	
2286.15

	
0.15

	
338.19

	
0.07

	
−0.29

	
0.09

	
0.30

	
2.84




	
1415

	
Winter

	
29.18

	
1.06

	
31.27

	
1.82

	
4.57

	
−0.11

	
0.21

	
−0.19




	
Spring

	
300.18

	
0.40

	
120.22

	
1.13

	
1.33

	
0.20

	
0.03 *

	
1.72




	
Summer

	
2244.78

	
0.19

	
421.48

	
−0.18

	
−0.30

	
−0.03

	
0.74

	
−1.13




	
Autumn

	
144.91

	
0.81

	
118.37

	
1.71

	
3.88

	
0.02

	
0.84

	
0.12




	
Annual

	
2719.16

	
0.17

	
471.25

	
−0.22

	
−0.38

	
0.01

	
0.89

	
0.64




	
1416

	
Winter

	
47.43

	
0.92

	
44.15

	
1.96

	
5.14

	
−0.15

	
0.11

	
−0.42




	
Spring

	
360.66

	
0.39

	
142.97

	
0.99

	
0.86

	
0.04

	
0.65

	
0.59




	
Summer

	
2418.30

	
0.17

	
415.86

	
0.45

	
−0.12

	
−0.12

	
0.43

	
−4.40




	
Autumn

	
143.61

	
0.88

	
127.21

	
1.68

	
3.14

	
−0.06

	
0.54

	
−0.36




	
Annual

	
2970.21

	
0.16

	
469.63

	
0.39

	
0.17

	
−0.12

	
0.43

	
−5.53




	
1421

	
Winter

	
30.48

	
0.96

	
29.49

	
1.31

	
1.33

	
−0.05

	
0.55

	
−0.08




	
Spring

	
287.97

	
0.41

	
117.81

	
1.37

	
2.93

	
0.16

	
0.08

	
1.40




	
Summer

	
2174.08

	
0.20

	
445.83

	
0.57

	
0.20

	
−0.12

	
0.17

	
−4.67




	
Autumn

	
143.29

	
0.76

	
109.19

	
1.13

	
1.01

	
−0.07

	
0.46

	
−0.65




	
Annual

	
2635.91

	
0.19

	
506.35

	
0.56

	
0.04

	
−0.08

	
0.37

	
−3.65








* Significant at 95% confidence interval.
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Table 4. Statistical analysis for seasonal and annual discharge record of Mainachuli stations (795) Kankai River (1972–2003).
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	Mean
	SD
	CV
	Skewness
	Kurtosis
	Kendall’s Tau
	p-Value
	Sen’s Slope





	Winter
	18.39
	5.65
	0.30
	0.88
	0.00
	0.02
	0.89
	0.01



	Spring
	10.09
	2.70
	0.26
	0.39
	−1.03
	0.22
	0.09
	0.10



	Summer
	105.69
	41.06
	0.38
	0.36
	−0.77
	−0.01
	0.95
	−0.23



	Autumn
	94.20
	34.27
	0.36
	0.73
	1.01
	0.04
	0.79
	0.17



	Annual
	58.12
	17.03
	0.29
	0.36
	−0.51
	0.04
	0.76
	0.16
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Table 5. Statistical comparison between the observed and simulated monthly precipitation for calibration period (1961–1990) and validation period (1991–2005).






Table 5. Statistical comparison between the observed and simulated monthly precipitation for calibration period (1961–1990) and validation period (1991–2005).





	
Stations

	
Calibration Period

	
Validation Period




	
Mean

	
SD

	
R2

	
Mean

	
SD

	
R2






	
1407

	
Observed

	
132.55

	
147.77

	
0.997

	
139.01

	
156.89

	
0.92




	
Simulated

	
129.28

	
140.56

	

	
124.38

	
127.84

	




	
1408

	
Observed

	
209.53

	
245.84

	
0.997

	
191.24

	
218.21

	
0.96




	
Simulated

	
208.80

	
240.12

	

	
179.49

	
201.25

	




	
1409

	
Observed

	
194.11

	
236.70

	
0.997

	
216.11

	
261.51

	
0.92




	
Simulated

	
195.40

	
230.39

	

	
173.19

	
202.58

	




	
1410

	
Observed

	
190.67

	
219.99

	
0.998

	
192.39

	
223.76

	
0.98




	
Simulated

	
188.70

	
211.79

	

	
162.57

	
178.78

	




	
1415

	
Observed

	
226.92

	
272.53

	
0.998

	
231.63

	
274.52

	
0.98




	
Simulated

	
226.84

	
264.35

	

	
209.62

	
244.00

	




	
1416

	
Observed

	
256.97

	
293.94

	
0.998

	
251.44

	
290.62

	
0.98




	
Simulated

	
251.53

	
288.55

	

	
212.11

	
236.91

	




	
1421

	
Observed

	
226.93

	
268.65

	
0.974

	
219.21

	
260.83

	
0.94




	
Simulated

	
272.38

	
261.54

	

	
227.10

	
227.46
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