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In recent decades, water scarcity is a significant constraint for socioeconomic development and threatens livelihood in an agriculture-based developing country like Pakistan. The water crisis in the country is projected to exacerbate in the coming years, especially in the southern parts. This dire situation calls for an investigation of major droughts, associated water scarcity, and changes in teleconnection patterns over Southern Pakistan. Moderate to low Southeastern monsoon (SEM) precipitation triggered the extreme drought episode (2017–2020) over Southern Pakistan and intensified the water scarcity. This study explored the severity of the respective drought event, underlying mechanisms, and changes in water scarcity over Southern Pakistan. To investigate the future changes (1980–2050) in water scarcity, coupling models (global hydrological models (GHMs)-global climate models (GCMs)) have been used to achieve the interannual performance of water availability and total water consumption. Besides, future scenarios used in this study are the combinations of SSPs and RCPs, including middle-of-the-road (SSP1-RCP4.5) and fossil-fueled development (SSP2-RCP8.5). The findings indicated a precipitation deficit of 45% during the 4-year (2017–2020), depicting the worst events in the past 50 years. South Pakistan observed the worst SEM droughts over the last 50 years, as 2000–2005 was the worst drought (precipitation deficit of 75%), followed by 2017–2020 with a 49% of precipitation deficit. Water scarcity was exacerbated by the extreme dry spells that developed over most of southern Pakistan between 2017 and 2020 as a result of moderate-to-exceptionally low SEM precipitation. Furthermore, this drought episode was accompanied by the cool phase in the Pacific and equatorial Indian Oceans. The future changes in water scarcity over the southern regions of Pakistan present a sharp increase under the SSP2-RCP8.5 scenario and are anticipated to be intensified in already stressed regions. This research is essential for environmentalists, and water resources managers, and provided crucial information to identify the hot spot areas in the target region so that water scarcity problems could be reduced in the future.
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1 INTRODUCTION
Climate change is one of the most serious challenges that human-being faces in the twenty-first century, as global mean temperatures and carbon dioxide (CO2) levels rise (Kumar et al., 2021a). However, climatic disasters have amplified threefold in the last four decades (Wetter et al., 2014). Climate change agreements have highlighted the need for urgency on these worldwide natural phenomena (Mátyás et al., 2018). Droughts, floods, cyclones, and heatwaves are examples of climate-related extreme events that have a negative influence on water availability, morbidity and mortality, ecosystems, settlements, and infrastructure (Ali et al., 2019; Dahri et al., 2021).
Globally, about ∼1.7 billion individuals were afflicted only by droughts, and about 718 million were affected by storms in the last three decades (Reay et al., 2007; IPCC, 2021). Other than extreme disasters, increasing climate change is causing migrations (Warner et al., 2010). Natural disasters caused a migration of about 19 million individuals from 100 countries around the globe in 2014 and are expected to displace billions of refugees by 2050 (Neumann et al., 2015). Developing countries (e.g., India and China) are among the most affected and are likely to be the most at risk of the consequences of changing climate (Kumar et al., 2021a; 2021b).
Pakistan is a fast-growing world population and is highly susceptible to climate change impacts (Ahmed et al., 2016; Ullah et al., 2021a). Despite its minor contribution (0.8%) to global greenhouse gas (GHG) emissions, Pakistan is ranked 5th among the countries most affected by climate change (Eckstein and Kreft, 2020). Overpopulation, poor urban planning, and less technological development stress environmental sustainability (Ullah et al., 2022a). Over the past decades, several studies presented precipitation variability (Ullah et al., 2022b) and warming trend (0.1°C per decade) in Pakistan (Mahmood and Babel, 2014; Khan et al., 2019; Sajjad et al., 2022). Changes in precipitation patterns result in flash floods and flash droughts, causing human and economic loss together with many social and political effects (Xing et al., 2022). Future climatic changes in Pakistan, projected by different global climate models, highlighted the significant impacts on water availability that will subsequently influence food security, health, and the economy (Ullah et al., 2022a). These issues will most likely occur in the regions where water resources were previously under stress and possibly intensified by the abnormalities in the supply or demand related to changing climate (Ullah et al., 2022e; Iyakaremye et al., 2022; Lu et al., 2022).
Droughts are among the most serious threats, predominantly in Pakistan’s arid regions. Southern Pakistan is enormously prone to the effects of climate change (Ashraf & Routray, 2015a; Ahmed et al., 2016; Naz et al., 2020). Most of the country’s southern region has been greatly hit by droughts with a decrease in precipitation. Fluctuations in rainfall patterns caused by large-scale drivers (South Asian summer monsoon and ENSO) have caused severe dry/warm conditions in Pakistan as a result of the warmer climate (Ullah et al., 2022c). Over Pakistan, the monsoon currents flow divide into two branches: the Southeastern monsoon (SEM) and the Northeastern monsoon (NEM). NEM, on the other hand, refers to the glanced monsoon fluxes that originate in the Bay of Bengal (BoB) and travel along the Himalayans, causing precipitation in the country’s northeastern regions. Thus, the precipitation is lower in SEM-dominated southeastern regions, whereas NEM-dominated northern areas receive higher precipitation (Ahmed et al., 2018).
It is worth noting that there has been a declining trend in summer monsoon rainfall over southern Pakistan and an increasing trend over northern Pakistan in recent decades. This trend pattern may be caused by increased moisture transport together with warmer SSTs, southwesterly/southerly tide over the Arabian Sea (AS), and a westward movement of the South Asian monsoon trough (Preethi et al., 2017). As a result, the monsoon rainfall has augmented considerably in the northern regions of Pakistan, whereas a substantial decrease was noticed from western to southern areas that are declared drought-prone regions of the country (Hina et al., 2021; Ullah et al., 2022c). The drought episode of 1999–2002 is considered the most devastating that affected about 2,200,000 individuals across the country and in human and animal losses, crop failures, and large-scale migrations (Ahmad et al., 2018).
Droughts occur approximately four times every 10 years in Pakistan, with the southern region being the most exposed to hydrological threats due to its arid climatic conditions (Jamro et al., 2019). About 80% of the region’s orchards were devastated by these prolonged droughts, which also reduced food output and killed about 2 million animals (Ahmed et al., 2018). Furthermore, recurrent droughts and increased water withdrawal led to a substantial decline in the water table (Neumann et al., 2015). With the increase in evapotranspiration, decrease in precipitation, and surface water resources, Pakistan will be a water-scarce country soon will threaten the food security, job market, and economic state (Khan et al., 2019; Sein et al., 2022a).
Despite the severe influences of the droughts in Southern Pakistan, their links to water scarcity, and drivers remain unknown. This study emphasized the 2017–2020 drought, compute its severity, explore its associations with regional and global ocean-atmosphere variability, and calculate the water scarcity under historical and future scenarios. The current study is unprecedented in Pakistan and one of a kind. Therefore, this study is paramount for researchers and policymakers in water resource management.
2 STUDY AREA
South Pakistan is predominantly situated in the SEM region. The region, which comprises approximately 44% of Pakistan’s landmass and is home to about 8.5 million people, where one-fourth of the country’s total population, and spans an area of 348,000 km2 (Ahmed et al., 2018). Over 85% of the rural population in South Pakistan relies on crop growing for livelihood, making it the region’s agricultural heartland (Ahmed et al., 2016; Naz & Ansari, 2020). Therefore, the population largely depends on the dominant SEM for agriculture production and livestock. The diverse variation in climate severely pretentious the agriculture of the region in the recent past (Hussain et al., 2017). The precipitation fluctuates from <30 mm/year in the desert part (southwest) to >400 mm/year in the mountainous region. Since the region is largely categorized by an arid, hyper-arid, and semi-arid climate, most regions have less than 100 mm precipitation during both agricultural seasons (i.e., Rabi season: starting from November to April and Kharif season: starting from May to October) (Ullah et al., 2022d). The detailed in situ stations and selected target regions (South Pakistan) are presented in Figure 1.
[image: Figure 1]FIGURE 1 | Study area map along with elevation and 75 meteorological stations obtained from Pakistan Meteorological Department (PMD).
3 DATA AND METHODS
3.1 Datasets
The present study uses a daily precipitation dataset of 75 meteorological stations obtained from the Pakistan Meteorological Department (PMD) from 1980 to 2020. The density of these in situ observatories changes from one region to another across the country; however, the datasets are reliable and used for many climate studies. These 75 meteorological stations are distributed across Pakistan, where 35 stations cover South Pakistan. The daily in situ observation dataset has been quality controlled and will be used in future PMD operations. A widely used statistical technique, the standardized normalized homogeneity test (SNHT) is used to ensure quality, consistency, homogeneity, and robust results. Ullah et al. (2021a) used station observations from PMD to evaluate the gridded precipitation and temperature datasets with reanalysis products for drought investigation over Pakistan. More details can be obtained from previous studies using in situ observation from PMD for different climatological and meteorological studies (Naz & Ansari, 2020; Sein et al., 2021; Ullah et al., 2022).
Total Water Storage (TWS) products from the Gravity Recovery and Climate Experiment (GRACE) and GRACE follow-on (GRACE-FO) missions between the years 2002 and 2020 were used in the study. GRACE satellite provides the TWS dataset from 2002 to 2017 (April-June), while the GRACE-FO mission has onward from June 2018 to till-date. Therefore, this study used the TWS dataset from both the GRACE and GRACE-FO missions. Note that, from 2017 to 2018 (July-May), the TWS data is not available. The GRACE mascon dataset (RL06-V2) consists of (at 0.5° spatial resolution) monthly gridded water storage anomalies relative to the mean. The seasonal cycle and monthly mean of each month were subtracted from the TWS dataset in this study using scale factors.
Following that, we used monthly data from the Extended Reconstructed SST dataset version-5 (with a spatial resolution of 0.1°) from 1980 to 2020 to explore the effect of sea surface temperatures (SSTs) on the recent past drought (2017–2020). We retrieved the monthly 2 m surface air temperature (SAT), sea level pressure (SLP), and wind speed (u; v) at 850 hPa for the 1980–2020 time period from the latest version of ERA–5, so that better understand the physical mechanism of the SEM. We brought all datasets into a common [image: image] spatial resolution for further processing and robust results.
The current study employs an ensemble of four integrated global hydrological models (GHMs) and four global climate models (GCMs) to achieve the decadal performance of water availability and total water consumption products from 1890 to 2050 to investigate future changes in water scarcity. The future scenarios are obtained considering different shared socioeconomic pathways (SSPs) corresponding to the global representative concentration pathways (RCPs) radiative forcing (Eyring et al., 2016; Meehl et al., 2020). Future scenarios used in the present study are the combinations of SSPs and RCPs, which include middle-of-the-road (SSP1-RCP4.5) and fossil-fueled development (SSP2-RCP8.5) (Jones and O’Neill, 2016), respectively. This study adopted different sources for collecting data due to the varied output of the models, i.e., Inter-sectoral Impact Model Inter-comparison Project (ISIMIP) and ISIMIP-2b fast-track for water availability and irrigation purposes (Frieler et al., 2017; Munia et al., 2020). SIMIP includes a broad range of GHMs that are aimed to record both human water use and water availability (Warszawski et al., 2014). The model’s data is available at [image: image] spatial resolution, but later bring it to the desired resolution. All models are thoroughly checked alongside time series from several regional streamflow data for calibration and validation. In the present study, four GHMs simulations from H08, LPJmL, PCR-GLOBWB, and Water-GAP are being used as they provide irrigation water consumption; however, the four GCMs delivered for those GHMs include GFDL-ESM-2M, HadGEM2-ES, IPSL-CM5A-LR, and MIROC-ESM-CHEM, (see Supplementary Table S1) respectively. To ensure consistency of climate variability, we used both historical and future water availability from GCMs. However, water availability estimates from ISIMIP-2b provide more robust and accurate historical estimates rather than a reanalysis of climate data, which could not be comparable to GCMs results (McSweeney and Jones, 2016). In that case, the consistency of capturing changes over time in each scenario is more important than the reliability of historical conditions; therefore, GCMs results could be directly used instead of attempting some corrections (i.e., delta change method).
3.2 Methods
The present study uses a standarized precipitation index (SPI) to explore the drought events in the respective two epochs over the region. SPI makes it easier to analyze droughts over time by comparing the precipitation totals from a specific period to the recorded years (McKee et al., 1993). During SPI computation, monthly precipitation data of each station (in situ observation) were fitted with distribution functions. In the recent past, various drought indices have been developed for drought assessment and identification along with drought propagation tracking. The SPI (McKee et al., 1993) and the Standardized Precipitation Evapotranspiration Index (SPEI) are two widely used multi-timescale attributes of meteorological drought indices (Vicente-Serrano et al., 2010). Though the SPEI combines potential evapotranspiration and precipitation using SPI calculation methodology, the outcomes need to be more carefully and rigorously examined (Ullah et al., 2021b). The widely used SPI calculation; is indeed, endorsed by the World Meteorological Organization, as it is one of the most robust drought indices for monitoring meteorological drought worldwide.
Furthermore, the Kolmogorov-Smirnov (KS) test was used to assess the goodness of fit to a specific distribution. SPI provides positive/negative values, with positive/negative values defining wet/dry conditions. The SPI values in the final month of a season were used to calculate the season’s rainfall deficit. To compute droughts in late winter (October-December), for example, a 3-month SPI in December was used because it signifies the precipitation deficit from October to December. Thus, we prefer to use 3-month SPI values at each grid cell for the span of the corresponding SEM dominant region and the target period.
To comprehend the root causes of rainfall deficits, we employed SSTs and SAT to investigate the impacts of anomalous temperature conditions over SEM unprecedented droughts from 1980 to 2020, covering the worst drought events over South Pakistan, i.e., 2000–2005 and 2017–2020, respectively. Given that the SST product has a strong warming trend, the EEMD (ensemble empirical mode decomposition) method was adopted to exclude the secular tendency from the SST time series (Wu and Huang, 2009; Wu et al., 2011). Many previous studies adopted the EEMD approach (Mishra et al., 2021) to eliminate linear and non-linear trends over traditional de-trending. First, we assessed precipitation and SST anomalies for the SEM to explore the possible association between SST and precipitation. After that, we applied the MCA (maximum covariance analysis) technique to quantify the coupled variability of SST and precipitation across the SEM droughts target region (Bretherton et al., 1992). Additionally, when SST was not used, the secular EOF (empirical orthogonal function) was employed to determine the predominant modes of rainfall variability (Hannachi et al., 2007). At the same time, the performance of the MCA together on precipitation and SST, both leading modes of variability, appeared with a strong coupling of both fields’ variations (Mishra et al., 2021b). Therefore, to explore the possible atmospheric drivers during SEM droughts, the SLP and wind speed at 850 hPa anomalies are used from 1980 to 2020.
Next, the secular univariate and multivariate approaches to overcome the predictability of SEM precipitation were used in this study. Hence, we employ the lagged associated anomalies between precipitation and SST over the South Asia (SAS) sub-continent during the SEM to predict October–December (OND) precipitation. The Niño3.4 region SST anomaly was used over the Northern Indian Ocean (Northern IO; 6o–24oN, 40o–100oE) to predict monthly SEM precipitation. The mathematical equations are expressed as:
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whereas [image: image] indicates the precipitation during OND, while [image: image] is the SST anomalies during April–June (AMJ) over South Pakistan. Similarly, [image: image] is the SST anomalies over NIO during OND, where [image: image] and [image: image] represent the regression coefficient and residual. Supplementary Table S2 provides a complete summary of the six large-scale climatic indices that were employed in this study from 1980 to 2020.
Finally, the present study uses total water consumption (TWC) under the SSP1-RCP4.5 and SSP2-RCP8.5 scenarios to estimate the future changes in water scarcity over the target region. The TWC domestic and irrigation sectors are summed up separately, and then the decadal ensemble median is obtained for GHMs and GCMs. The same process was adopted for water availability (combined GHMs and GCMs) by taking the decadal ensemble median across Pakistan. The water availability for South Pakistan was gained by adding the local water availability and water discharge rate and then deducting the discharge water consumption (Kummu et al., 2014; Munia et al., 2020). Further, we compute the water scarcity by using the ratio of local water consumption [image: image] to the water availability [image: image] of the target region (South Pakistan) employing the following equation:
[image: image]
To calculate the historical and future changes in water scarcity, we adopt a simple way by subtracting one time period from another for historical and future scenarios. The present study uses the 1980–2050 time period to investigate the change in water scarcity over the study region, just to compare historical and future changes. It can be noted that we look over historical change from 1980 to 2020 (i.e., past (1980–2000) and present (2001–2020)) and future change period 2021–2050 under both SSP1-RCP4.5 and SSP2-RCP8.5 scenarios, respectively. Thus, the below equation represents the change in water scarcity in two consecutive time steps:
[image: image]
4 RESULTS
4.1 Monsoon precipitation variability and unprecedented drought events
Anomalies in area-averaged precipitation linked to SEM show that most of Southern Pakistan witnessed exceptionally low precipitation (>40%) from 2000 to 2005 and from 2017 to 2020 (Figure 2). Besides, annual spatial patterns exhibit higher precipitation during OND over northern foot-hills Hamalyan around 70%, while low annual precipitation at the rate of 25% appeared over SEM dominated region of Southern Pakistan (Supplementary Figure S1). Precipitation anomalies in the SEM from 1980 to 2020 have been calculated to estimate the anomalous deficit years in the historical record (Figures 2, 3 and Supplementary Figures S2, S3). Results showed six pronounced droughts (precipitation anomalies −40 to −60 mm) for the years 1987, 2000, 2001, 2002, 2003, and 2005 in the historical record (see Supplementary Figure S2). In contrast, four severe drought years (i.e., 2017, 2018, 2019, and 2020) have been spotted with precipitation anomalies ranging from −60 to −90 mm during the recent past (Supplementary Figure S3). Similar drought years in Pakistan had also been presented in previous studies (Ullah et al., 2021a; Mie Sein Z. et al., 2021; Hina et al., 2021). The Asian regions observed a long-term drought episode from 1999 to 2002 (Ummenhofer et al., 2013; Miyan, 2015; Shahzaman et al., 2021a; Liu et al., 2021). The strong multivariate ENSO triggered a five-year-long drought episode from 1998 to 2002 in Pakistan, which is categorized as the most devastating drought of the last few decades (Hina et al., 2021; Ullah et al., 2022d).
[image: Figure 2]FIGURE 2 | Spatial and temporal changes of four-year aggregated precipitation anomalies (mm) during the SEM (October–December; OND). The spatial distribution of 4-year aggregated precipitation anomalies during the recent past (A), 2000–2005) and present (B), 2017–2020) period, respectively, whereas South Pakistan, is represented by the light grey boxes (for the detailed study area and synoptic stations see Figure 1). Similarly, (C, D) represent the drought events using SPI in the respective two epochs over the region. (E) indicated the area-averaged (shown in light grey boxes) of South Pakistan’s 4-year moving mean of the precipitation anomalies (%) spanning from 1981 to 2020. Red circles in (E) delineate the target study region with an interest in two periods of the worst drought in the last 40 years in Pakistan, whereas 2000–2005 was the 1st and 2017–2020 was the 2nd worst drought epoch.
[image: Figure 3]FIGURE 3 | Spatial and temporal anomalies of the Total Water Storage (TWS) for the recent-past period 2017–2020 (OND) over Southern Pakistan, i.e., (A) 2017 TWS anomaly, (B) 2018 TWS anomaly, (C) 2019 TWS anomaly, and (D) 2020 TWS anomaly, respectively. The monthly accumulated TWS (12-month moving average precipitation) anomalies presented with an orange bar (blue line) over South Pakistan are shown in (E). The blank space between July 2017 and May 2018 in TWS data indicates missing values, as the GRACE-FO product is available after June 2018.
Results indicate that the drought during 2000–2005 and 2017–2020 are the gravest (see Figures 2A, B). During 2017–2020, South Pakistan experienced the worst SEM droughts, as 2000–2005 was the worst drought (precipitation deficit of 75%) and 2017–2020 was also worse (precipitation deficit of 49%) (Table 1). It should be noted that the eastern and southern parts captured the largest increase in drought severity from −0.8 to −0.6 over a few dominant stations situated in arid and semi-arid areas (Figure 2C). However, most stations exhibit a noteworthy upsurge in drought severity (Figure 2D), excluding the stations positioned in the northern, while larger stations show a substantial decline in SPI with a rate of −0.6 to −0.4, respectively. Additionally, annual precipitation anomalies show dry conditions in 2016 and 2020 (Supplementary Figure S3). Hence, we determine that the 2017–2020 drought episode affected by the catastrophe of SEM shows an enormous precipitation deficit in Southern Pakistan. Overall, the four-year SEM drought of 2017–2020 is more severe than the infamous drought episode of 2000–2005 that gave rise to famine and triggered millions of people deaths. The outcomes suggest that drought severity will upsurge in the target area as a result of recent global warming, with arid and semiarid regions bearing the greatest risk. The more recent 2017–2020 SEM droughts were unprecedented in the previous 50 years, significantly impacted water availability across the study region, and triggered a water calamity in two provinces (Sindh and Baluchistan) in Pakistan.
TABLE 1 | Illustrates the top four-present and five-past driest years for one, two, and 5-year cumulative SEM (OND).
[image: Table 1]Figure 3 depicts the spatial and temporal anomalies of TWS for the recent past period 2017–2020 (OND). The results showed a considerable decline in both of the provinces (Sindh and Balochistan) in the Southern region of Pakistan. The 12-month moving average precipitation anomalies present the inception of South Pakistan’s drought during March 2017 and sustained till December 2020 (Figure 3E). Though there was a slow reclamation from the drought for a few months, the precipitation totals were insufficient to negate the overall impact of the event (2017–2020). They can only be a lesson learned from stronger SEM precipitation later than that year. It is also observed that TWS anomalies and 12-month precipitation anomalies (r = 0.60) are well correlated, indicating that precipitation is the primary contributor to TWS (Mishra et al., 2021b). As a result, we aspect the tendency in regional TWS to a four-year drought, which was exacerbated by a deficiency of SEM precipitation.
The 2017–2020 drought triggered a substantial loss in TWS, leading to significant groundwater depletion across the Southern region. It is worth mentioning that we have not estimated the overall groundwater loss while considering the ambiguity in soil moisture (Warner et al., 2010). While this estimate is beyond the range of this study, we are unsure that groundwater reduction was caused by both the drought and amplified groundwater withdrawal (Lehner et al., 2017). Notwithstanding the ambiguity in assessing total water loss by GRACE satellites, the combined effect of surface and groundwater depletion during this event was directed toward anomalous water scarcity in the study region.
4.2 Physical mechanism deficit during southeast monsoon
To better understand the mechanisms behind SEM precipitation variability, we examined the circulation patterns (wind fields at 850 hPa) together with the SAT, SST, and SLP during the OND season for both of the drought phases (2000–2005 and 2017–2020) presented in Figures 4, 5. The annual mean climatology of SAT pattern shows a warm pool (increasing trend) all over Pakistan except in northern areas (see Figure 4A). The warming tendency is also evident in the AS and the BoB. This proposes that the enlargement of convection in the AS might be responsible for the precipitation deficit over the study region (Preethi et al., 2017). The anomalous pattern of SATs reported here also agrees with other studies (Almazroui et al., 2021; Hina et al., 2021). The spatial distribution of annually averaged sea level pressure depicts a high-pressure system (anticyclonic pattern) over northern Pakistan (Himalayan region) whereas a low-pressure system (cyclonic pattern) over southern Pakistan (Figure 4B). The substantial increase in SLP from southwest India up to the BoB and the AS indicates a failure of the monsoon, resulting in passive precipitation in the region (Preethi et al., 2017; Sein et al., 2022b). Moreover, it is anticipated that the circulation patterns may also play an essential role in weakening the processes that ought to yield reduced SEM precipitation.
[image: Figure 4]FIGURE 4 | Composite anomalies patterns for surface air temperature (SAT, oC), mean sea level pressure (SLP, Pa), and wind speed at 850 hPa during the recent past (2017–2020) drought in South Pakistan. (A) Indicates the climatological mean of SST and SAT, while (B) represents SLP and wind. From Figs. c–j, SAT, SST, SLP, and wind are the associated anomalies with the SEM during the OND season (i.e., 2017(C,D), 2018(E,F), 2019(G,H), and 2020 (I,J), respectively.
[image: Figure 5]FIGURE 5 | Spatial distribution of SAT, SSTs (i.e., (A) 2000, (C) 2001, (E) 2002, (G) 2003, (I) 2005), and the same as for precipitation anomalies for the past six worst droughts that occurred in South Pakistan during the SEM monsoon for 1980–2020 period.
To better understand the reasons for precipitation deficits, we have examined the anomalous patterns of SAT and SLP during SEM for the 4 years (2017, 2018, 2019, and 2020) of the recent drought phase (Figures 4C–J). Cooler SST anomalies were linked with La Niña in the central Pacific and negative IOD in the IO from 2016 to 2019 (Figures 4C–H). These 3 years, however, have seen cooling SST trends in the eastern tropical IO and western tropical Pacific, along with warming SST distributions in the western IO and central Pacific (Supplementary Figure S4). Together with SLP and SAT patterns, such trends produce unusual westerlies in the IO, reducing moisture carrying from the AS and BoB during the SEM season (Figures 4C–H). During the SEM season, weaker winds developed over southern Pakistan. Stronger converging winds can be seen over the AS, indicating enlarged moisture fluxes from the AS to the study area. The enhanced SLP further clarifies the role of the sub-tropical and Somali jet streams, suggesting that the primary drivers of oceanic water transport to continental landmasses exaggerate the precipitation pattern across the SEM dominant regions. Nevertheless, higher temperatures with no/fewer changes in precipitation and increased SLP further highlight the drier conditions over the target area. According to Van Oldenborgh et al. (2018), recent changes in SST may alter cyclone activity over the target region. Our results support the finding of a previous study using a similar theory, claiming that ENSO influences cyclone frequency in the various oceanic basins (Barbero et al., 2019). It can be concluded that the convergence of the SLP contents and increase in relative SAT from both south-westerlies and easterlies altogether results in drier composites, which are increased when the easterlies through the BoB are stronger.
Furthermore, abnormally low SLP and SAT were observed across the Indian subcontinent and BoB during these 3 years and associated with anticyclonic patterns that inhibited the moisture transport to the Southern regions of Pakistan. Precipitation deficits were slightly reduced in 2020 as a result of favorable warming in the western tropical IO and a cooling trend in the eastern part, as well as the change phase of El-Niño in the Pacific (Figures 4I, J). Nonetheless, warming in the western IO was not noticeable in that year (2020), and cooler temperatures in the northern IO caused an overall SEM precipitation deficit in that year (Supplementary Figure S5). The large-scale oceanic indicators have less/non-significant influence on precipitation variability over southern Pakistan. Thus, the observed relationships are somewhat weaker and cannot be related to precipitation variability in the target region. Nonetheless, as a result of regional precipitation reliance on moisture/mass water vapor contents for precipitation, it was noted that the anomalous wind pattern is leading to precipitation variability during the composite analysis.
We have also analyzed the SAT, SSTs, and precipitation anomalies for the past six worst drought years in South Pakistan during the SEM monsoon for the 1980–2020 period (Figure 5). According to the severity, the major drought years in Southern Pakistan occurred in 1987, 2000, 2001, 2002, 2003, and 2005, respectively. All of these six drought years were under the effect of ENSO conditions. Literature reported that the variations in SST anomalies could change the forte and positioning of Walker circulation, which consequently alters the spatial patterns of precipitation anomalies over Southeast Asia (Roxy et al., 2015; Mishra et al., 2021b). However, the most severely dry and wet SEM years’ SAT and SLP anomaly composites show a trend toward cooler SSTs in the Indo-Pacific, which is linked to a precipitation deficit over South Pakistan (Supplementary Figures S5, S6). In contrast, the warming pattern in the central Pacific and IOs is allied with a strong SEM and increased precipitation. Cooling in the central Pacific and the IOs caused lower SLP and weak wind fields, resulting in a precipitation deficit in South Pakistan.
4.3 Changes in SST during southeast monsoon
Possible linkages between SST and South Pakistan precipitation during the SEM (OND) were also investigated. Figures 6A, B depict the spatial patterns of the correlation estimated from the first leading mode of MCA between South Pakistan precipitation and SSTs (OND season) from 1980 to 2020. The above (c) and (d) panels show a similar pattern when using the second leading mode of MCA.
[image: Figure 6]FIGURE 6 | Possible linkages between SST and South Pakistan precipitation during the SEM (OND). (A,B) show the spatial patterns of the correlation attained from the first leading mode of MCA estimated between South Pakistan precipitation and SSTs (OND season) during 1980–2020. A similar pattern can be seen for the above (C,D) panels, but using the second leading mode of MCA.
To highlight the association between precipitation anomalies and SST during SEM, a Maximum covariance analysis has been carried out that defines the patterns of co-variability among SSTs and southeastern SEM precipitation. The first leading mode depicts the ENSO pattern of variance and presents 62% of the total variance (Figure 6A). MCA confirms that negative SST anomalies over the central Pacific (La Niña) cause below-normal SEM precipitation over South Pakistan (Figure 6B), which is consistent with the distributions of the aforementioned major droughts in Figure 5. The second leading mode during the SEM shows a relatively weak relationship between SST and precipitation anomalies (Figures 6C, D). The second mode depicts SST warming in the AS and BoB as a physical driver of SEM precipitation in Southern Pakistan (Hina et al., 2021), with an apparent contradiction between northern and southern parts of the country where SEM precipitation is strongly linked with ENSO (Figure 6). Precipitation variability and SST mode during SEM show that Indo-Pacific SST anomalies cause drought conditions in South Pakistan.
In addition to the MCA, we have also accomplished the EOF analysis to detect the leading patterns of SEM precipitation in Southern Pakistan (Figure 7). The first leading mode of EOF detected precipitation variability throughout south Pakistan, accounting for 62% of the total variance (Figure 7A). The second mode explained 48% of the total variance and depicted a dipolar pattern of SEM precipitation over the study region’s southern and northern parts (Figure 7B). It is worth noting that the precipitation variability characteristics obtained from the EOF analysis (the first and second modes) agree with the leading modes of MCA (Figure 6).
[image: Figure 7]FIGURE 7 | The two leading modes were estimated by using Empirical Orthogonal Function (EOF-1 and EOF-2) analysis of precipitation during the SEM from 1980 to 2020. The EOF-1 of SEM (A) shows 62% of the total variance in SEM precipitation for South Pakistan. The corresponding lagged correlation (B) between the first leading principal component (PC-1) and SST (3-month mean) anomalies presented over distinct regions, which include Northern Indian Ocean (NIO), Niño3.4, Pacific Decadal Oscillation (PDO), North Atlantic Ocean (NAO), multivariate El Niño Southern Oscillation (ENSO), and Southern Oscillation Index (SOI), respectively. Same pattern as for (C,D), but using EOF-2 and PC-2. In addition, Year −1, Year +0, and Year +1 indicate the past, present, and next year of the SEM, respectively.
To summarize, the principal component analysis has been conducted to examine the SEM precipitation predictability using SST anomalies (Supplementary Figure S6). Additionally, the link between PC1 and SST anomalies and oceanic indices has been calculated. From the results, it is inferred that PC1 is strongly correlated with SST in OND (r= 0.53) to NAO (Figure 7C). However, the PC2 is more defined by (r =0.46) OND SST anomalies with PDO and ENSO (Figure 7D). We created a predictive model for SEM precipitation using the lag between SST and oceanic indices anomalies with PCs (Chen et al., 2019). Overall, our findings show that SST anomalies at Nino3.4 and over IO can be used to forecast precipitation over South Pakistan during the SEM, albeit with limited accuracy (see Supplementary Figure S7).
4.4 Future changes in water scarcity over south Pakistan
At present, almost one-third of the human population faces water scarcity around the globe (Omer et al., 2020a). Like many other developing countries, Pakistan’s agricultural economy has also been threatened by water scarcity in the recent past. As a result, the current study focuses on water stress as well as water-use and availability ratio. It is a widely used indicator that captures a simple perception of how water use, and availability relate (Omer et al., 2020a). Total water consumption (TWC) was used to estimate future changes in water scarcity over the target region under the SSP1-RCP4.5 and SSP2-RCP8.5 scenarios.
Figure 8 shows the changes in water scarcity over the Southern region of Pakistan for the past (1980–2000), present (2001–2020), and the future (2021–2050) under the SSP1-RCP4.5 and SSP2-RCP8.5 scenarios. Our findings showed moderate to extreme stress in some parts of Southern Pakistan under the past scenario (1980–2000), and this water stress is amplified in the present scenario (Figures 8A, B). Moreover, under future scenarios, water scarcity is projected to be intensified in areas already under stress. The changes in future water scarcity over the southern regions of Pakistan depict a higher increase in water scarcity with an amount of 0.6–0.8 under the SSP1-RCP4.5 scenario, whereas a bit decrease in water scarcity appeared at the rate of 0.4–0.6 under the SSP2-RCP8.5 scenario (Figures 8C, D). Reduced water use (population stabilization or efficiency gains) and increased water availability (wet climate, more storage in water reservoirs) may play an important role in decreasing stress levels. For the historical and future SSP1-RCP4.5 scenarios, changes in stress levels (increase or decrease) are mostly observed in the southeastern parts of the region (Figures 8E–G).
[image: Figure 8]FIGURE 8 | Changes in future water scarcity over the Southern region of Pakistan during the SEM (OND) for past (1980–2000) (A), present (2001–2020) (B), and future (2021–2050) (C,D) under the RCP4.5 and RCP8.5 scenarios. Relative changes in historical water scarcity levels from 1980 to 2020 are shown in (E), and future changes from 2021 to 2050 are presented in (F,G), respectively.
5 DISCUSSION
In the wake of rapid climate change, extreme events like droughts have intensified globally. The recent decade witnessed many extreme events, including droughts, floods, heatwaves, and cyclones of different intensities in Asia–Pacific (Ashraf and Routray, 2015). Generally, most South Asian countries are categorized as developing and have an agriculture-based economy (Bandara & Cai, 2014; Liu et al., 2021; Ma & Yuan, 2021). Therefore, abrupt changes in climatic conditions threaten their social and economic security (Ahmed Nomman & Schmitz, 2011).
Droughts in SAS are predominantly driven by the summer monsoon precipitation deficit that provides almost 80% of total precipitation in the region (Aadhar, et al., 2021). The monsoon precipitation variability over SAS is connected to the large-scale oceanic and atmospheric phenomenon, predominantly multivariate ENSO and IOD (Mishra & Singh, 2010; Roxy et al., 2015; Aadhar, et al., 2021). As a result, SAS has witnessed numerous major droughts during the past decades that led to devastating famines of the 19th and 20th centuries (Mishra et al., 2021b; Hina et al., 2021; Ullah et al., 2022a). Furthermore, the temperature increase in the post-monsoon months (October to December) poses further challenges by depleting the soil moisture next to the dry monsoon season (Mishra et al., 2021b). In addition, anthropogenic warming has also contributed to the occurrence, frequency, and severity of recent droughts (Omer et al., 2020a), which were amplified by variations in the water and energy budgets governed by land-atmospheric interactions (Trenberth et al., 2014).
In this study, first, we estimated the anomalous deficit years by calculating the SEM Precipitation anomalies from 1980 to 2020 (Figures 1, 2 and Supplementary Figures S3, S4) and the two most severe drought episodes (2001–2005 and 2017–2020) have been spotted in historical records with a precipitation deficit of −47% and −75%, respectively. Previous studies have also identified many of these drought years in Pakistan (Adnan et al., 2015; Hina et al., 2021; Ullah et al., 2022d). However, in the present study, we focused on the most recent and severe drought episode of 2017–2020. Hence, calculated spatial and temporal anomalies of the TWS from the GRACE and GRACE-FO satellites for the recent-past period 2017–2020 are presented in Figure 2. The results showed a considerable decline in TWS over Southern Pakistan.
The spatial pattern of annual averaged SLP depicts a high-pressure system in northern Pakistan whereas a low-pressure system over southern Pakistan. From 2016 to 2019, the La Niña conditions across the central Pacific and the negative IOD in the IO were associated with the cooler SST anomalies. In the past 3 years, there have been increasing SST trends in the western IO and central Pacific as well as cooling SST trends in the eastern tropical IO and western tropical Pacific (Aadhar, et al., 2021). Afterward, the association between precipitation anomalies and SST during SEM has been highlighted by calculating the MCA. The first leading mode presented 62% of the total variance and depicts the ENSO pattern of variance. Similar to the patterns of above mentioned key droughts, MCA also confirms that the negative SST anomalies over the central Pacific (La Niña) result in below-normal SEM precipitation over South Pakistan. Collectively, precipitation variability and the mode of SST during SEM display that the SST anomalies over the Indo-Pacific cause dry conditions over Southern Pakistan (Thirumalai, et al., 2021; Ullah et al., 2022).
In addition to the MCA, the EOF analysis has also been carried out to detect the trends of SEM precipitation in Southern Pakistan. The first mode of EOF spotted the precipitation variability across south Pakistan and presented 62% of the total variance. In contrast, the second mode revealed 48% of the total variance and depicted a bipolar pattern of SEM precipitation over the southern and northern parts of the study region. We used this lagged relationship to make a predictive model for SEM precipitation (Gong et al., 2018; Zhou et al., 2021). Our results show that SST anomalies over Nino3.4 and NIO can predict precipitation patterns during the SEM over South Pakistan.
Finally, to estimate the future changes in water scarcity over the target region, we used TWC under the SSP1-RCP4.5 and SSP2-RCP8.5 scenarios. Our findings showed moderate to extreme stress in some parts of Southern Pakistan under the past scenario (1980–2000), and this water stress is amplified in the present scenario. The previous studies suggest that most of the basins are overused in Baluchistan (southwestern province). Henceforth, the water table is declining rapidly (Hussain et al., 2017). With the current water usage rate for the coming 50 years, the southern province will utilize more than 90% of all available water resources together with the province’s share of Indus water and the groundwater reserves (Arshad et al., 2021).
Pakistan is ranked 17th among the most-scarce countries in the world, and 79% of potable water is not safe for drinking purposes (Ashraf et al., 2021). Water availability in Pakistan has been decreased from 1,300 m3/person (1996–1997) to 1,100 m3/person (2006) and expected to decrease further to less than 700 m3/person in 2025 (Roxy et al., 2015). Pakistan was once an abundant country in water resources but now becomes water-stressed as it failed to develop proper human resources and infrastructure. There is an urgent need for investment in this sector (Arnell and Lloyd-Hughes, 2014; Miao et al., 2020). According to the estimates, 60% of the fresh water in the country is wasted because of poor water management, while only 40% is used. The National Bureau of Statistics stated that approximately 56% of the country’s total population has access to safe drinking water (Miralles et al., 2019; Thirumalai, et al., 2021). Hence, the government should move beyond speaking on water issues due to climate change, national water policy, and environmental sustainability to address the water crisis faced by the country.
6 CONCLUSION
The current study presents a detailed view of the droughts in Southern Pakistan and associated water scarcity under historical and future scenarios. The results showed that the recent extreme water deficit resulted from one of the extreme droughts of the last 100 years. The recent drought of 2017–2020 was worse than the well-known 1999–2002 drought episode. During the 2017–2020 event, South Pakistan experienced the worst SEM drought with a precipitation deficit of 45%, compared to the second-worst drought of 2000–2005 with a deficit of 37%, respectively. It should be noted that the eastern and southern parts captured the largest increase in drought severity from −0.8 to −0.6 over a few dominant stations situated in arid and semi-arid areas. Conversely, most stations exhibit a noteworthy upsurge in drought severity, excluding the stations positioned in the northern, while larger stations show a significant decline in SPI with a rate of −0.6 to −0.4, respectively. Moreover, the findings of this study depicted moderate to extreme stress in Southern Pakistan under the past scenario that is amplified in the present scenario. Under future scenarios, water scarcity is projected to be intensified in the areas already under stress. Dynamically, our study implies that the multivariate ENSO conditions are responsible for SEM precipitation deficit by inhibiting the landward transport of moisture from the AS and the BoB. This kind of precipitation deficit spanning over successive years may result in a long-term drought that will have detrimental impacts on the region’s water availability, agriculture, and socio-economical settings. The outcomes of this study will be helpful for the environmentalist, water resources planners and managers, and policymakers to identify the hot spot areas in the target region so that stratic mitigation measures could be implemented in advance to dimmish the water scarcity problems.
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