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Abstract

:

Drought hazard mapping and its trend analysis has become indispensable due to the aggravated impact of drought in the era of climate change. Sparse observational networks with minimal maintenance limit the spatio-temporal coverage of precipitation data, which has been a major constraint in the effective drought monitoring. In this study, high-resolution satellite-derived Climate Hazards Group Infrared Precipitation with Station (CHIRPS) data has been used for computation of Standardized Precipitation Index (SPI). The study was carried out in Bundelkhand region of Uttar Pradesh, India, known for its substantial drought occurrences with poor drought management plans and lack of effective preparedness. Very limited studies have been carried out in assessing the spatio-temporal drought in this region. This study aims to identify district-wide drought and its trend characterization from 1981 to 2018. The run theory was applied for quantitative drought assessment; whereas, the Mann-Kendall (MK) test was performed for trend analysis at seasonal and annual time steps. Results indicated an average of nine severe drought events in all the districts in the last 38 years, and the most intense drought was recorded for the Jalaun district (1983–1985). A significant decreasing trend is observed for the SPI1 (at 95% confidence level) during the post-monsoon season, with the magnitude varying from −0.16 to −0.33 mm/month. This indicates the increasing severity of meteorological drought in the area. Moreover, a non-significant falling trend for short-term drought (SPI1 and SPI3) annually and short- and medium-term drought (SPI1, SPI3, and SPI6) in winter months have been also observed for all the districts. The output of the current study would be utilized in better understanding of the drought condition through elaborate trend analysis of the SPI pattern and thus helps the policy makers to devise a drought management plan to handle the water crisis, food security, and in turn the betterment of the inhabitants.
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1. Introduction


Climate change imposes severe threats on water regimes by altering the seasonal and inter-annual precipitation patterns. The trend analysis of the precipitation performed by several studies has highlighted that climate change may transform the arid regions to more arid and wet regions to wetter [1,2]. Climate change is anticipated to increase the intensity, duration, and severity of droughts and other hydrological extremes that have become a heuristic area for the process research and water resource management practices [3,4]. Droughts have a distinct impact on the wellbeing of society and the environment by reducing gross primary productivity and estimated to affects about 55 million people globally [5]. Unlike other natural hazards, drought is a slow phenomenon that has long-lasting impacts on food security and welfare. It is characterized as a stochastic process, initiated by below-average precipitation that reduces soil moisture, groundwater, streamflow, and other water storage, which has become more threatening and persistent in association with global warming [6].



The prevalent and recurrent droughts are widespread in arid and semi-arid regions due to an insufficient amount of precipitation that refers to meteorological drought. Meteorological drought is defined as a deficit in precipitation over a region for an extended period [7,8]. Generally, it is defined in terms of the magnitude of precipitation deficiency and its duration. India is amongst the most vulnerable drought-prone countries in the world. Almost 28% of the total geographical area in India inhabited with 12% of the total population, is facing prolonged and extreme droughts [9]. The major concern is its increasing frequency, where at least one drought is reported every three years since the last five decades [10]. Liu and Chen [11] highlighted that India is one of the ten countries which is at high socioeconomic risk due to increasing drought in the climate change scenarios. Studies reported that the regions with recurrent drought episodes are at high risk of projected droughts, indicating the increased spatial extent due to climate change [12,13]. Repeated drought is the characteristic of the Uttar Pradesh (UP) state located in the Indo-Gangetic plain that has fertile cropland with huge potential. The Bundelkhand is one of the worst affected regions of UP that experiences recurring drought episodes which led to huge economic losses and thus results in massive migration [14,15]. Singh, et al. [16] reported that this region experienced increased drought frequency (threefold) during the period 1968–1992. Previous studies have identified that this region suffered from recurrent drought during the year 2002–2014, which significantly impacted the agricultural practices and livelihoods [17,18,19]. The rational mitigation of drought is possible by its cause identification and monitoring, characterization, and trend behaviors for attaining water security through different suitable drought-proofing systems.



The meteorological drought is characterized by its duration, distribution, severity, and intensity. The conventional drought monitoring includes analysis of the rain gauge network-based observations; which is reliable with long-term records. However, this method has several limitations such as spatial contiguity, data unavailability for remote areas, high-cost maintenance, and near real-time data inaccessibility to the common users, etc. Alternatively, the spatially contiguous precipitation data allows a better assessment of the drought events. In India, the precipitation data facilitated by the Indian Meteorological Department (IMD) data at 0.25 degree resolution is commonly used in various studies. Additionally, the high-resolution satellite data are widely used in recent times for spatio-temporal characterization of the drought events [20,21,22]. The Climate Hazards Group Infrared Precipitation with Station (CHIRPS) data is a newly developed satellite data derived high-resolution precipitation product merged with the rain-gauge observations, and has proven its great potential in various hydrological studies including drought monitoring for more than 35 years [23,24]. Many parts of Asia are conforming to the applicability of CHIRPS datasets for real-time retrospective analysis of drought. Prakash [25] evaluated various satellite-data derived precipitation products for the Indian subcontinent and reported better performance of CHIRPS dataset over other datasets for long-term hydrological studies. Shrestha, et al. [22] employed the CHIRPS precipitation data for drought monitoring over the Koshi River basin, Nepal and recommended the utility of CHIRPS data for such studies. CHIRPS data also has shown its reasonably better performance for capturing drought events over various parts of China [20,26,27]. Pandey, et al. [28] evaluated the performance of high-resolution satellite precipitation datasets, i.e., TRMM, PERSIANN-CDR, and CHIRPS to verify the drought monitoring utility of these products and observed the highest accuracy for CHIRPS data when compared with the gridded gauge dataset over the Bundelkhand region.



Several indices have been developed to estimate and monitor meteorological drought intensity at different temporal and spatial scales. The SPI is one of the commonly used indexes because of its versatile nature, suitability for various climatic conditions, flexibility in time scale, and dependency on precipitation data alone [29,30]. SPI has the potential to identify the beginning and end of a drought event and evaluate the drought impact at various temporal scales (monthly to annual). SPI has been employed in numerous studies as it uses only precipitation to identify the different dimensions of drought, such as duration, intensity, severity, and frequency [31,32]. Very limited studies have been carried out in assessing the spatio-temporal drought characteristics in the adversely drought-affected region as Bundelkhand. Thomas, et al. [33] evaluated spatio-temporal characteristics of meteorological drought and estimated the trend using SPI at multiple time scales (3, 6, and 12-month) in the Bundelkhand region. However, they primarily relied on the point-based gauge station precipitation data, which had limitations of spatio-temporal contiguity and data accessibility. Out of several techniques, the Mann-Kendall (MK) test is widely used for the significance test in trend analysis in various studies due to its monotonic (either increasing or decreasing trend) characteristics [34]. The drought trends and its spatio-temporal variability analysis in changing climate have become indispensable to investigate the climate-induced changes and recommend policymakers to implement adequate intervention strategies for water resource management, agriculture, and pastoral plans. The main objectives of the study include: the quantitative evaluation of spatio-temporal characteristics of meteorological drought with the high-resolution CHIRPS data derived SPI using the run theory, and investigation of monotonic change signals using trend analysis of SPI by the MK test at annual, seasonal, and monthly time scale.




2. Materials and Methods


2.1. Study Area and Datasets


The study was carried out in the Bundelkhand-UP region, which is located in the central part of India. It extends between 24°18′ N and 26°45′ N and 78°16′ E and 81°56′ E, covering 29,485.34 km2 area distributed in seven districts (Figure 1). The elevation of the area ranges from 619 m above mean sea level (AMSL) in the southern part to 58 m AMSL in the northeastern region. The region comprises gently sloping uplands with the highly undulating landscape which includes rocky outcrops and plateaus as well as fertile plains, rivers, and ravines [35]. The climatic condition of the region is semi-arid to sub-tropical with four distinctive seasons i.e., winter (January-February: JF), pre-monsoon (March-May: MAM), monsoon (June-September: JJAS), and post-monsoon (October-December; OND). The minimum and maximum temperature ranges between 5–10 °C and 35–48 °C respectively. This region encounters a repetitive uncertain and erratic precipitation pattern. The average annual precipitation ranges between approximately 665 and 1035 mm; where about 90% of the total precipitation occurs during the monsoon season [36]. Due to the inadequacy of groundwater resources in the region, agriculture is mostly rainfed. Commonly, the monsoonal rainfall variation is unpredictable and sporadic that affects the crop productivity in this region. In Bundelkhand, unlike other agricultural growing area, Rabi crops (69%) is predominant in comparison to Kharif (31%) crops. The main Rabi season (October–February) crops are Wheat and Gram and October rainfall is crucial for their sowing. The recurrent and continuous drought in Bundelkhand disrupts agricultural livelihood and escalating food crisis, surface and groundwater depletion, and poverty [37]. Understanding the nature of the trend in precipitation patterns and drought conditions in the area is extremely important to devise a drought management plan for securing food and water crisis and thereby improve the wellbeing of the inhabitants.



The CHIRPS satellite precipitation data is developed by the U.S. Geological Survey (USGS) and the Climate Hazards Group of University of California with the prime focus on improving land modeling activities, especially drought monitoring and forecasting. It is IR-based blended climatic precipitation product of global climatology, gauge observation, and satellite estimation. It has long-term records (1981-present) at very high spatial resolution (0.05° × 0.05°), and three different temporal resolutions, pentadal, decadal, and monthly scale. In the present study, the monthly CHIRPS version 2.0 from 1981 to 2018 is used for drought characterization and trend analysis. The validation of this product for the study site has been previously carried out in detail by Pandey, et al. [28].




2.2. Methodology


2.2.1. Standardized Precipitation Index (SPI) Calculation


In this study, we have calculated SPI at 1-, 3-, 6-, and 12-months scale for evaluation of meteorological drought using R package “precintcon” [39]. In agreement with previous studies, gamma distribution was found to be fitted well to long-term precipitation records [30,40,41,42]. It is defined in terms of frequency or probability density function, as follows:


  g ( x ) =  1   β α  Γ ( α )    x  α − 1    e  − x / β   ,   f o r   X > 0  



(1)




where   Γ ( α )   is the gamma function; x is the precipitation; and α and β are the shape and scale parameters respectively. The maximum probability for a multiyear dataset, α, and β vary according to the following equation:


  α =  1  4 A     1 +   1 +   4 A  3      , β =    x ¯   α  ,   where   A = ln (  x ¯  ) −    ∑  ln ( x )    n   



(2)




where    x ¯    represents the precipitation mean and n number of observations. Since the gamma function is undefined for X = 0 and a precipitation distribution may contain zeros, the cumulative probability becomes:


  H ( x ) = q + ( 1 − q ) G ( x )  



(3)







The probability of no precipitation (q) is calculated by the division of m and n, as   q =  m n   . Here m is the number of the zero-precipitation amount in a temporal sequence of data. The H (x) is then transformed into z score value with mean zero and unit variance, which denotes the value of the SPI [20,43]. The SPI drought ranges are presented in Table 1.




2.2.2. Drought Identification and Characterization Using Run Theory


The run theory is proposed by Yevjevich [45] for drought parameter identification and investigation of their statistical properties in terms of run-length (drought duration), sun-sum (drought severity), and intensity. The primary element for parameter derivation is the threshold level, which may be constant and/or time-dependent. In this study, the value of −1.0 was selected as the threshold level and the filled blue and red areas represent the positive and negative average monthly SPI values, respectively. The drought event is considered when SPI is continuously below zero and reaches a value of −1.0 or less and persisted at least two months continuously. Drought events start when the SPI follows the above said condition and ends when the SPI value becomes positive (SPI > 0) [42]. Once the drought events are recognized, the quantification of their four important characteristics as duration, intensity, severity, and frequency are measured using the run theory (Figure 2) [45]. The drought duration (DD) is the period (number of months) between the initiation and termination of a drought event. The absolute sum of all drought index values during a drought event is measured as drought severity (DS), and the ratio of severity and the drought duration is termed as drought intensity (DI) [46,47,48]. The formulas are given below in which, e denotes a drought event, j is a month, Indexj is the SPI value in a month j.


  D S =       ∑  j = 1   D D    I n d e  x j       e   



(4)






  D I =   D S   D D    



(5)








2.2.3. Trend Analysis


In this study, trend analysis has been performed using SPI values for 38 years (1981–2018). The rank-based nonparametric test or trend analysis by MK test was used to detect the significant trends in SPI, the intensity of dry and wet periods, and drought characteristics. The MK test statistics S is computed as:


  S =   ∑  i = 1   n − 1      ∑  j = i + 1  n   s g n (  x j      −  x i  )   w h e r e ,   sgn (  x j  −  x i  ) =       + 1      x j  >  x i       0     x j  =  x i        − 1      x j  <  x i          a n d   n   i s   t h e   s a m p l e   s i z e .  



(6)




when n ≥ 8, S is approximately normally distributed with the mean and the variance as:


  E ( S ) = 0  



(7)






  V ( S ) =   n ( n − 1 ) ( 2 n + 5 ) −   ∑  i = 1  n    t i  i ( i − 1 ) ( 2 i + 5 )     18    



(8)




where ti represents the number of ties up to sample i. The standardized test statistics (Z) is computed as:


  Z =         S − 1     V a r ( S )         S > 0      0    S = 0         S + 1     V a r ( S )         S < 0        



(9)







Here, the Z statistics follow the normal distribution. The positive and negative value of Z values shows an upward and downward trend, respectively. The absolute Z value as |Z| > 1.96 and |Z| > 2.57 indicates a significant and extremely significant trend, respectively (at a significant level of α = 0.05 and α = 0.01, respectively).



The magnitude of the trend in time is estimated by the non-parametric sen’s slope estimator test [49]. The slope is calculated as;


   S i  =    x j  −  x k    j − k   i = 1 , 2 . . . . . N  



(10)




where xj and xk is the time series value at time j and k (j > k), respectively. The median of these N values of Si represents the sen’s slope estimator. The positive value of this slope indicates an upward trend and negative values downward trends with magnitude.






3. Results and Discussion


The long-term annual average precipitation of the Bundelkhand-UP region ranged from 840.97 mm to 940.01 mm. The maximum annual precipitation (1507.24 mm) was measured in Lalitpur in the year 2013. Annual rainfall patterns were nearly similar across all the seven districts except Lalitpur. The difference in the means among the districts varies from about 1 mm to 100 mm. Banda, Mahoba, and Chitrakoot were showing similar patterns with the mean rainfall difference measured between 3 mm to 11 mm, alike Jalaun, Hamirpur, and Jhansi showed a similar pattern with the mean difference ranged from 1mm to 15mm. The annual precipitation variability (>18) and deviation (>165) were high (Table 2).



The precipitation data for the period of 1981 to 2018 was used for the spatio-temporal evaluation of SPI at four different monthly scales (1, 3, 6, and 12) for all the seven districts of the Bundelkhand region. The time series of SPI for the Bundelkhand-UP region at 1, 3, 6, and 12 monthly scales are shown in Figure 3, and the filled positive blue and negative red areas represent the average monthly SPI for wet and dry periods, respectively. The SPI1 very well illustrates the monthly fluctuation of precipitation deficit. A similar pattern in seasonal scale with smoother curves was also observed for the average time series of SPI3 and SPI6. Mainly, the shorter time scales of SPI values (1, 3, and 6) accurately describe the early warning of meteorological drought along with interim soil moisture and crop yield deficit (agricultural drought) [29,44,50]. In SPI12, due to cumulative duration, the identification of wet and dry periods becomes much evident and reflects long-term drought pattern (hydrological drought). Though drought was severe before the year 2000, the frequency increased after the year 2000. According to the SPI12, nine distinct drought events were clearly identified in the whole region in the year 1981–1982, 1983–1985, 1986–1988, 1991–1994, 2001–2003, 2004–2006, 2007–2008, 2009–2011, and 2014–2016 with intermittently normal and wet periods. The previous studies [18,51] have widely reported the widespread drought of 2002–2003 and 2007–2008 that is well captured in the present study. For example, Padhee, et al. [52], reported a significant deficiency in soil moisture (23% to 84%) and thereby yield during the Rabi cropping season for 2007–2008 drought event. The drought events were observed almost similar in the pattern based on the SPI12 time series in all the seven districts, indicated spatial autocorrelation (Figure A1, Figure A2 and Figure A3) [53].



3.1. Drought Identification and Characterization


The SPI12 values were used to define drought event characteristics and performing run theory for identification of drought duration, severity, and intensity in all the seven districts of the area during the study period. The results indicated that all the districts experienced nearly similar drought events in almost common drought years (Figure 4). The majority of the districts encountered 9 drought events; while, Mahoba district experienced the highest number of droughts events as 10, and Chitrakoot district experienced the lowest drought events 7 times during the entire study period. Although, Jhansi and Lalitpur districts experienced 8- and 9-times drought events respectively, remarkably two long-term continuous drought events with two consequent drought event spans were observed for these two districts (shown in Figure 5a–c).



Figure 5 illustrated the occurrence of 10 drought events in the study regions. According to drought duration (DD), drought intensity (DI), and drought severity (DS), the 1991–1994 (5th) drought event was the longest and the most severe one with a high average DD of 31, DI (1.09), and DS (34.15). Moreover, the drought duration in Jhansi (1986–1990: 3rd and 4th and 2004–2008: 7th and 8th) and Lalitpur (1986–1990; 3rd and 4th) that were interestingly merges two drought events, have the highest DD (46 for both the districts) and DS (39.19 and 37.56 for Jhansi, and 44.02 for Lalitpur); however, intensity (DI) varies between 0.82 and 0.95. The fourth drought event that occurred in 1989–1990 is not seen in the majority of the districts, while in Lalitpur and Jhansi it coincided with the third event. It was evident only in Mahoba district with medium severity and intensity. Thomas, et al. [33] reported the most severe drought occurrence in 2007 over the whole Bundelkhand is well depicted in this study as the 8th drought event in Figure 5. The 8th drought event is observed in all the districts while in Jhansi it is found associated with the 7th (2004–07) drought event.



Table 3 summarizes the district-wide descriptive statistics of the drought events in the study region. Overall, 9 major drought events were recorded in most of the districts. Exceptionally Jhansi (drought events 3 & 4 and 7 & 8) and Lalitpur (drought events 3 & 4) merge two drought events as a single event, while Mahoba district experienced 10 distinct drought events. Comparatively less but severe drought events are observed for Chitrakoot. The longest drought duration was observed as 46 consequent months observed for both Lalitpur and Jhansi districts with the severity of 44.02 and 39.19 and intensity of 1.27 and 1.52, respectively. Overall, the drought duration varied between 8 and 46 months, the severity varied between 3.43 and 44.02, and the intensity ranged between 0.40 and 1.81. These drought characteristics indicate an erratic meteorological drought condition in this region.



Figure 6 shows the average duration, severity, and intensity for all the seven districts in the Bundelkhand region during the years 1981–2018. The average DD identified by SPI12 was 20 months, where, the maximum DD was identified for Jhansi and Chitrakoot as 25 and 23 months, respectively. The average DI of drought events for all the districts was greater than 0.8, and the regional average DI value was estimated as 0.96. Severe drought was observed in all the districts with DS >17 and the regional average DS for the entire Bundelkhand region was estimated as 19.41.



The spatial representation of SPI for different drought events that occurred from 1981 to 2018 over the Bundelkhand region is shown in Figure 7. The spatial pattern of SPI12 for different drought events show consistency with the temporal pattern. Events 3 and 8 recorded the severe to extreme drought in most of the districts except Chitrakoot in both the events and Banda in event 3 shows moderate drought. Event 5, 6, 9, and 10 show the moderate to severe drought. In these events, Banda and Chitrakoot in event 5 and 10 and Lalitpur in event 6 were severely affected. Chitrakoot shows some strange patterns in events 7 and 9 with the normal and extreme conditions while other districts show moderate to severe and mild drought conditions respectively. Event 2 shows a completely moderate drought in the whole Bundelkhand while events 1 and 4 exhibit assorted drought patterns varying from normal to severe drought. The increased rate of deforestation and groundwater exploration in the area greatly affected the water availability scenario in most of the water bodies and land use patterns [54]. The existing water structures used to be perennial and now recurs during the monsoon season [55,56]. This supports the increasing frequency of drought episodes and patterns over the last few decades [33]. Drought characteristics depend on the geographic location and existing climatic condition of an area, since the regional topography and the moisture availability play important roles in the zonal precipitation. The topography of South Asia (especially the Tibetan Plateau) provides the thermal and mechanical topographic forcing and regulates the South Asian Summer Monsoon (SASM). Whereas, the moisture supply through local recycling and the tropospheric diabatic warming through atmospheric latent heating induces positive feedbacks by the precipitation [57].




3.2. Drought Trend Analysis: Mann–Kendall Test


The district-wide MK test of trends for the Bundelkhand region at annual and seasonal scales during 1981–2018 are shown in Table 4. The negative trends were observed for the winter season at 1, 3, and 6 SPI time scale except for SPI12, and post-monsoon exhibits a negative trend for SPI1 and SPI3 for all the districts. The decreasing trend in SPI for post-monsoon and winter seasons is attributed to the precipitation deficit over the Bundelkhand region leading to the increased irrigation in the past few decades. Moreover, irrigation has been identified as one of the major factors controlling the meteorological variables (Precipitation, temperature, evapotranspiration, etc.) in the Indian subcontinent (Central/Western regions) at the local scale [58]. Almazroui, et al. [59] studied the climate projections under the Coupled Model Intercomparison Project Phase 6 (CMIP6) and reported increased warming in the winter season, which indicates repercussions for Rabi cropping over South Asia.



While in monsoon and pre-monsoon season, a positive trend is observed for all time scales of SPI except SPI 6 for pre-monsoon in all the 7 districts. A similar result was also found by Jana, et al. [60], in which they reported a positive trend of rainfall over the northern part of Bundelkhand (i.e., Bundelkhand-UP) though the time period was different. Overall, no significant trend was found at annual, and other inter-seasonal scales (pre-monsoon, monsoon, and winter). However, the post-monsoon SPI at a one-month scale (SPI1) showed significant decreasing trends at a 95% confidence level in all the seven districts. This falling trend indicates the increase of dry spells and thus the severity of meteorological drought in this region during the post-monsoon season, in which the rainfall deficit has its crucial impact on the maturity of Kharif crops and sowing of Rabi crops. Whereas, for the Jhansi district, a significant increasing trend is observed in the pre-monsoon season with a magnitude of 0.017 mm. This indicates an increase in pre-monsoon precipitation and a decrease in SPI value; however, the amount of precipitation received may not be sufficient to meet agricultural water demand.



Result of the trend pattern revealed that the magnitude of negative SPI trends is high in the short-term SPI scale (SPI1, and SPI3), which indicates the increasing trend of meteorological drought that could lead to the soil moisture deficit and crop yield failure. For instance, Pandey, et al. [61] investigated the overall maximum percentage deviation from the average crop productivity is negative or below average since the last decade, indicates the decrease in crop productivity in the Bundelkhand-UP region. Therefore, efforts are required towards minimizing the loss of soil moisture during the post-monsoon season when lands are fallow for sowing the dominant rabi crops. The selection of an effective irrigation system may also help to diminish the risk of crop failure in the drought-affected area and season. Garg, et al. [62], established a mesoscale watershed monitoring scheme to intensified rainfed agriculture in the Jhansi district of the Bundelkhand-UP region. They renovate the traditional water harvesting structures such as haveli, building check dams, field bunding, and farmers’ involvements in crop demonstration and recharge the shallow groundwater aquifer that can build resilience in two subsequent dry years. The different deficit irrigation levels at different crop stages over two growing stages on maize crop was evaluated by Zou, et al. [63]. They find that regulated deficit irrigation reduces the effective water demand and made possible to cope with the decline in water availability amid drought periods. Thomas, et al. [64], carried out supplemental irrigation requirement analysis for a dry spell, which underlines the selection of crop calendar and crop varieties during imminent drought scenarios. Moreover, early warning with the use of real-time, high-resolution satellite rainfall products gives a better option for early information of drought onset for the different growing seasons [28]. To minimize economic loss, fewer crops should be grown with proper irrigation scheduling during the early warning of short rainfall or drought conditions.





4. Conclusions


The point-based observation data limits spatio-temporal analysis of precipitation, and therefore constraints the effective drought monitoring. Alternatively, the high-resolution satellite precipitation (integrated with the in-situ measurements) data products have been proven as an effective alternative data source for spatio-temporal drought analysis. The open source CHIRPS data products are available at various temporal scales offering high potential for near real-time drought identification and assessment. Using the CHIRPS data derived SPI, this study has analyzed the district-wide meteorological drought characteristics for the Bundelkhand-UP region during the period of 1981–2018 (38 years). The study concludes that all the seven districts of the Bundelkhand region experience recurrent drought events. All 7 districts have experienced an average of nine severe drought events during the study period except Chitrakoot that exhibits the lowest 7 drought events. The highest intensity was observed for Jalaun (1.81) and severity for Lalitpur (44.02) district. Overall, Jhansi and Chitrakoot exhibit long and severe drought, whereas intense drought was found in Jalaun. The maximum duration was observed for Jhansi and Lalitpur (46). Moreover, the remarkable longest and severe drought spell was observed with two consequent drought events during 1986–1990 in Lalitpur and Jhansi district, and again during drought years 2004–2008 in Jhansi district only. A significant decreasing trend is observed for the SPI1 (at 95% confidence level) during the post-monsoon season in all the seven districts. Moreover, a non-significant falling trend for short-term drought (SPI1 and SPI3) at annual and short- and medium-term drought (SPI1, SPI3, and SPI6) in winter months have been also observed for all the districts. The falling trend indicates the increasing severity of meteorological drought in the region. In the face of climate change, it could be possible that drought severity hit stronger, which requires effective and contingency planning. The current study will be helpful in prescribing the irrigation facilities during the crop growing periods, identifying the appropriate regions for water harvesting structure construction, suitable crop selection, etc. The outcomes of the present study have immense scope for improved water resource management and policy development in the Bundelkhand region and the adopted approach could be used as a reference to develop an economical drought-proofing system in alike regions. The Regional Climate Models (RCMs) projected climate data can be employed to assess the SPI-based drought conditions under the various Representative Concentration Pathway (RCP) climate change scenarios. This will help in the drought contingency planning, projecting the upcoming scenarios, climate adaptive mitigation planning, and policy development.
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Appendix A


This section provides the temporal evaluation map of SPI (−1, −3, and −6) averaged over the seven different districts of the Bundelkhand-UP region.
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Figure A1. The temporal evaluation of SPI1 averaged over the different districts (a–g) of Bundelkhand. 
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Figure A2. The temporal evaluation of SPI3 averaged over the different districts (a–g) of Bundelkhand. 






Figure A2. The temporal evaluation of SPI3 averaged over the different districts (a–g) of Bundelkhand.
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Figure A3. The temporal evaluation of SPI6 averaged over the different districts (a–g) of Bundelkhand. 






Figure A3. The temporal evaluation of SPI6 averaged over the different districts (a–g) of Bundelkhand.
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Figure 1. The Study area map showing (a) long-term CHIRPS data derived annual average precipitation map, and (b) the land use land cover [38]. 
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Figure 2. A conceptual run theory map for the drought characterization. 
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Figure 3. The temporal evaluation of SPI averaged over the Bundelkhand-UP region at different time scales: (a) SPI1; (b); SPI3; (c) SPI6; and (d) SPI12. 
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Figure 4. The temporal evaluation of SPI12 averaged over the different districts (a–g) of Bundelkhand for drought events identification. 
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Figure 5. District-wide duration, intensity, and severity of drought events by SPI12. (a–c) represents the drought event span. 
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Figure 6. Average drought duration (a), severity (b), and intensity (c) calculated from SPI12 for 7 districts during the years 1981–2018 in Bundelkhand. 
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Figure 7. Spatial representation of SPI for different drought events occurred for the study period (1981–2018) over Bundelkhand region of Uttar Pradesh. 
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Table 1. Drought classification based on SPI range [44].
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	Level
	Drought Category
	SPI Range





	1
	Mild drought
	0 to −1.0



	2
	Moderate drought
	−1.1 to −1.5



	3
	Severe drought
	−1.6 to −2



	4
	Extreme drought
	<−2
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Table 2. The annual rainfall characteristics of different districts of Bundelkhand between the years 1981 and 2018.
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Districts

	

	
Rainfall (mm)

	




	
Min

	
Max

	
Mean

	
SD

	
CV






	
Banda

	
657.25

	
1246.14

	
894.24

	
170.27

	
19.04




	
Jalaun

	
531.12

	
1189.97

	
841.46

	
168.34

	
20.01




	
Hamirpur

	
590.50

	
1202.67

	
856.33

	
173.15

	
20.22




	
Lalitpur

	
682.11

	
1507.24

	
940.01

	
208.17

	
22.15




	
Mahoba

	
649.91

	
1273.33

	
905.84

	
180.54

	
19.93




	
Jhansi

	
548.48

	
1237.24

	
840.97

	
172.21

	
20.48




	
Chitrakoot

	
604.33

	
1261.21

	
897.49

	
168.35

	
18.76
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Table 3. District-wide descriptive statistics of drought characteristics obtained from SPI at a 12-month time scale for the study period.
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	SPI 12
	Banda
	Jalaun
	Hamirpur
	Lalitpur
	Mahoba
	Jhansi
	Chitrakoot





	Number of drought events
	9
	9
	9
	9
	10
	8
	7



	Maximum drought severity
	43.53
	33.08
	34.92
	44.02
	34.03
	39.19
	40.59



	Maximum drought duration
	36
	26
	35
	46
	35
	46
	36



	Maximum drought intensity
	1.21
	1.81
	1.32
	1.27
	1.40
	1.52
	1.43



	Average drought severity
	18.61
	18.23
	18.54
	18.57
	17.06
	22.07
	22.77



	Average drought duration
	20
	17
	21
	20
	18
	25
	23



	Average drought intensity
	0.87
	1.08
	0.89
	0.96
	0.97
	0.94
	0.94



	Minimum drought severity
	3.70
	5.07
	3.43
	8.34
	6.28
	8.30
	7.90



	Minimum drought duration
	8
	8
	8
	8
	8
	13
	13



	Minimum drought intensity
	0.46
	0.60
	0.40
	0.70
	0.50
	0.50
	0.60
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Table 4. MK trend Z-statistics and Sen’s Slope of SPI at annual and seasonal scale (C.I. = 95%, p-value < 0.05).
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Seasons




	
Districts

	
SPI

	
MK

	
Annual

	
Pre−Monsoon

	
Monsoon

	
Post−Monsoon

	
Winter






	
Banda

	
1

	
Z

	
−1.53

	
0.6

	
0.43

	
−2.69

	
−1.31




	
Slope

	
−0.017

	
0.005

	
0.005

	
−0.029

	
−0.014




	
3

	
Z

	
−0.22

	
0.3

	
0.84

	
−0.75

	
−1.88




	
Slope

	
−0.002

	
0.005

	
0.014

	
−0.007

	
−0.028




	
6

	
Z

	
−0.01

	
−0.46

	
0.93

	
0.8

	
−0.56




	
Slope

	
0

	
−0.010

	
0.015

	
0.013

	
−0.009




	
12

	
Z

	
1.03

	
0.64

	
0.61

	
0.67

	
0.46




	
Slope

	
0.008

	
0.011

	
0.012

	
0.011

	
0.01




	
Jalaun

	
1

	
Z

	
−0.04

	
1.28

	
1.13

	
−2.13

	
−0.80




	
Slope

	
−0.002

	
0.012

	
0.009

	
−0.032

	
−0.009




	
3

	
Z

	
0.04

	
0.22

	
1.24

	
−0.38

	
−0.40




	
Slope

	
0

	
0.002

	
0.02

	
−0.007

	
−0.020




	
6

	
Z

	
0.43

	
−0.41

	
1.37

	
0.77

	
−0.59




	
Slope

	
0.003

	
−0.005

	
0.021

	
0.016

	
−0.006




	
12

	
Z

	
1.06

	
0.59

	
1.43

	
0.88

	
0.61




	
Slope

	
0.013

	
0.012

	
0.014

	
0.015

	
0.012




	
Hamirpur

	
1

	
Z

	
−0.51

	
1.08

	
0.78

	
−2.42

	
−0.80




	
Slope

	
−0.003

	
0.014

	
0.008

	
−0.033

	
−0.012




	
3

	
Z

	
−0.30

	
0

	
1.22

	
−0.61

	
−0.50




	
Slope

	
−0.002

	
0

	
0.018

	
−0.009

	
−0.027




	
6

	
Z

	
0.43

	
−0.80

	
1.45

	
0.9

	
−0.48




	
Slope

	
0.003

	
−0.014

	
0.022

	
0.016

	
−0.008




	
12

	
Z

	
1.03

	
0.69

	
1.11

	
0.98

	
0.59




	
Slope

	
0.013

	
0.013

	
0.014

	
0.015

	
0.01




	
Lalitpur

	
1

	
Z

	
−0.28

	
0.75

	
1.23

	
−2.04

	
−0.48




	
Slope

	
−0.001

	
0.004

	
0.009

	
−0.016

	
−0.006




	
3

	
Z

	
−0.09

	
0.33

	
1.22

	
−0.17

	
−0.61




	
Slope

	
0

	
0.005

	
0.018

	
−0.003

	
−0.021




	
6

	
Z

	
0.27

	
−0.43

	
1.43

	
0.8

	
−0.01




	
Slope

	
0.003

	
−0.006

	
0.018

	
0.011

	
0




	
12

	
Z

	
0.013

	
1.03

	
1.03

	
0.012

	
1.01




	
Slope

	
0.014

	
0.015

	
0.012

	
0.013

	
0.015




	
Mahoba

	
1

	
Z

	
−0.72

	
0.72

	
0.72

	
−2.34

	
−1.48




	
Slope

	
−0.004

	
0.008

	
0.007

	
−0.026

	
−0.022




	
3

	
Z

	
−0.41

	
0.33

	
1.11

	
−0.35

	
−0.99




	
Slope

	
−0.003

	
0.004

	
0.018

	
−0.007

	
−0.036




	
6

	
Z

	
−0.50

	
−0.85

	
−1.14

	
0.69

	
−0.35




	
Slope

	
−0.004

	
−0.012

	
−0.018

	
0.015

	
−0.008




	
12

	
Z

	
1.01

	
0.9

	
0.98

	
0.64

	
0.75




	
Slope

	
0.011

	
0.017

	
0.013

	
0.013

	
0.013




	
Jhansi

	
1

	
Z

	
−0.30

	
2.24

	
0.83

	
−2.37

	
−0.88




	
Slope

	
−0.001

	
0.017

	
0.009

	
−0.027

	
−0.012




	
3

	
Z

	
−0.20

	
0.67

	
1.35

	
−0.56

	
−0.64




	
Slope

	
−0.001

	
0.009

	
0.017

	
−0.010

	
−0.022




	
6

	
Z

	
0.38

	
−0.54

	
1.19

	
0.61

	
−0.35




	
Slope

	
0.004

	
−0.007

	
0.017

	
0.01

	
−0.007




	
12

	
Z

	
1.09

	
0.72

	
0.9

	
0.77

	
0.69




	
Slope

	
0.013

	
0.014

	
0.012

	
0.013

	
0.012




	
Chitrakoot

	
1

	
Z

	
−1.13

	
0.5

	
0.58

	
−2.59

	
−1.11




	
Slope

	
−0.004

	
0.006

	
0.005

	
−0.023

	
−0.011




	
3

	
Z

	
−0.48

	
0.2

	
0.88

	
−0.67

	
−1.50




	
Slope

	
−0.003

	
0.003

	
0.015

	
−0.009

	
−0.021




	
6

	
Z

	
−0.43

	
−0.46

	
0.75

	
0.67

	
−0.54




	
Slope

	
−0.002

	
−0.008

	
0.014

	
0.013

	
−0.011




	
12

	
Z

	
0.54

	
0.64

	
0.64

	
0.75

	
0.46




	
Slope

	
0.006

	
0.013

	
0.008

	
0.013

	
0.009








Bold values indicate a significant trend at 95% confidence level.
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