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Abstract

:

The effects of climate change are unparalleled in magnitude, ranging from changing weather patterns that endanger food production to increasing sea levels that increase the likelihood of catastrophic flooding. Therefore, determining the extent of such variations on regional and local scales is imperative. We used monthly precipitation data from 25 meteorological stations in northern Pakistan (NP) to document the observed changes in seasonal and annual precipitation. The station density in the NP is small and unevenly distributed; therefore, ERA-5 reanalysis data were used to supplement the observed dataset to assess the spatial trends in NP. The non-parametric Mann–Kendall (MK), Sen’s Slope estimator (SSE), and Sequential Mann–Kendall (SQMK) tests were performed to assess the trends. In addition, the wavelet analysis technique was used to determine the association of precipitation with various oceanic indices from 1960 to 2016. Results indicate that maximum precipitation was shown in the annual and summer seasons. In NP, annual, winter, spring, and summer precipitation declined, while an increase in autumn was observed at a rate of 0.43 mm/decade between 1989 and 2016. The spatial trends for observed and ERA-5 reanalysis datasets were almost similar in winter, spring, and autumn; however, some disagreement was observed in both datasets in the summer and annual precipitation trends in NP during 1960–2016. Between 1989 and 2016, summer and annual precipitation increased significantly in Region III. However, seasonal and annual precipitation decreased in NP between 1960 and 2016. Moreover, there were no prominent trends in annual precipitation until the mid-1980s, but an apparent increase from 1985 onwards. Annual precipitation increased in all elevations except at the 500–1000 m zone. The ENSO (El Niño–Southern Oscillation) shared notable interannual coherences among all indices above 16–64 months. Inter-decadal coherence with the ENSO, AO (Arctic Oscillation), and PDO (Pacific Decadal Oscillation) in NP for 128 months and above. Generally, AO, AMO (Atlantic Multidecadal Oscillation), and NAO (North Atlantic Oscillation) exhibited less coherence with precipitation in NP. The regression of seasonal and annual precipitation revealed that winter and spring precipitation levels had higher linear regression with the AO and ENSO, respectively, while both the AO and ENSO also dominated at the annual scale. Similarly, the IOD and PDO indices had a higher influence in summer precipitation. The findings may help water resource managers and climate researchers develop a contingency plan for better water resource management policies in the face of changing climate change in Pakistan, particularly in NP.
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1. Introduction


Precipitation is an essential variable that significantly impacts the global climate system and energy cycle [1], i.e., hydrological, ecological, and biochemical processes [2]. Global warming directly influences the spatial and temporal variability of precipitation [3]. Climate variability in different climate zones varies due to substantial variances in the climatic backdrop, various driving forces, and regional peculiarities [4,5]. So, having good knowledge of precipitation amounts that reach the land surface is crucial to assess fresh water and manage hydrology, agriculture, and land use, including flood and drought risk [6,7,8]. Therefore, quantifying the trends and variabilities in precipitation on a regional scale is of paramount concern [4,9].



Due to the complex topography, dynamic climatology, and inadequate coping capacity, Pakistan is one of the most vulnerable countries to climate change [10,11]. It is among the top ten countries most affected by extreme climate events [12,13]. Climate change has significantly affected the spatiotemporal variability of precipitation in Pakistan [14]. This variability affects the availability of water resources, resulting in hydrometeorological disasters in the country [15,16]. Recent floods (in 2010) and prolonged drought (from 1997 to 2002) are examples of climate-related extremes that affected millions of people nationwide. The northern highlands of Pakistan are prone to floods [17], whereas the southern areas are drought-prone [18].



Numerous previous studies have highlighted the dynamic variability of precipitation in different parts of Pakistan. For example, Hartman (2012) reported a decreasing trend of precipitation in the western part of the Indus Basin and an increasing trend in the northern and eastern parts [19]. Similarly, increasing seasonal and annual precipitation trends were observed in the Upper Indus Basin (UIB) [20]. An increase in annual precipitation in the Himalayan region was reported by Adnan et al. [21] and Gadiwala et al. [22]. An annual and significant seasonal increase was observed in the Swat Basin [23].



Considering the association of global teleconnections with precipitation in northern Pakistan (NP), Iqbal and Hussain [24] explored the influence of ocean–atmospheric circulations on precipitation during 1976–2013 and observed that the NAO, ENSO, and PDO influenced precipitation in the Azad Jammu and Kashmir, while the IOD, ENSO, and NAO influenced precipitation in Khyber Pakhtunkhwa. Afzal et al. [25] investigated the influence of the NAO and ENSO on winter precipitation in NP and found that the NAO is less influential than the ENSO, and they observed that precipitation remained normal in this region with the positive phase of the NAO and the negative phase of the ENSO. Hussain et al. [20] examined precipitation variation and the influence of climate indices on precipitation in the UIB and observed that the PDO showed less significant results. In contrast, the ENSO showed significant results compared to the NAO and IOD. The combined interaction of the Pacific Ocean and the atmosphere affects the strength and location of the westerly jet, which gives shape to the western disturbance via teleconnection that intrudes Pakistan from the west [26]. According to Lau and Kim [17], the Russian heatwave was due to the blocking of extratropical atmospheric events linked with atmospheric Rossby wave trains over central Asia and the Tibetan Plateau.



After a detailed literature review on variability, trends, and teleconnections, the region needs a more intensive and organized analysis of precipitation variations over its various homogenous climatic regions and their associations with large-scale oceanic indices. Whether NP’s seasonal and annual precipitation trends are changing due to climate change needs detailed and systematic evaluation. Furthermore, there have been few investigations on the effects of precipitation variation in this region [19,27]. Despite the significant impact of climate change on precipitation patterns and associated consequences for water resource management and agriculture in northern Pakistan, there is a lack of research on the spatiotemporal trends of precipitation over homogenous climatic regions and their relationship with large-scale mechanisms. Previous studies have focused on the overall precipitation trends without considering the homogenous regions, which may provide valuable insights for effective water resource planning and management. Additionally, few studies have explored the potential links between precipitation trends in northern Pakistan and large-scale influencing mechanisms, such as the El Niño–Southern Oscillation (ENSO) and the Indian Ocean Dipole (IOD), which are known for their significant influence on the regional climate. Therefore, this study aims (1) to identify the homogenous precipitation regions using cluster analysis, (2) to assess the spatial and temporal trend of seasonal and annual precipitation from 1960 to 2016, and (3) to investigate the association between large-scale climate indices, i.e., the AMO, AO, NAO, ENSO, PDO, and PNA. The findings of this study could help water resource managers and climate scientists to develop a contingency plan for better water resource management in the face of changing climate change.




2. Study Area


Pakistan has a subtropical to tropical climate, with a latitudinal range of 23 to 37 degrees north and a longitudinal span of 61 to 78 degrees east [28]. The highest elevation is about 8611 m, which is of the world’s second-highest mountain (K-2) [20]. The geography of Pakistan is diverse, having high peaks in the upper reaches, flat agricultural terrain in the middle, and a coastal belt in the lower reaches [29]. Pakistan’s total mean annual precipitation is 481 mm [30]. NP’s primary precipitation sources are monsoon winds and western disturbances [31]. Western disturbances originating from the Mediterranean region bring winter precipitation to NP [32,33], whereas monsoon winds arise from the Indian Ocean and the Bay of Bengal due to the difference in temperature between land and ocean. Precipitation is abundant in the NP, including upper Khyber Pakhtunkhwa (KPK) and Kashmir [34]. It plays a crucial role in agricultural and economic activities in Pakistan [35]. Agriculture is primarily climate-dependent, with each region having its crops and fruits suited to its climate [36,37]. The country’s most important crops and fruits are cultivated in the summer season in various places depending on the environment [38].




3. Materials and Methods


3.1. Dataset and Preprocessing


The Pakistan Metrological Department (PMD) provides monthly precipitation data from 1960 to 2016 (Figure 1 and Table 1). These stations are not evenly distributed all over NP, and the number of stations covering this region is very small. Therefore, we also used ERA-5 reanalysis data along with the station data to assess the precipitation trends in the whole region for the study period. ERA-5 precipitation datasets can be used as an alternative to observed data due to their better performance [39]. The PMD collects, compiles, and screens all metrological variables to ensure quality. A standardized normal homogeneity test (SNHT) approach was used for homogeneity testing [40]. This approach was used to decrease the influence of non-climatic factors on climate series [41,42]. The relative and standalone tests were also used for this purpose. Autocorrelation analysis was applied in precipitation time series to remove any autocorrelation before trend analysis [43,44,45,46], as autocorrelation affects the trend results. Autocorrelation values were calculated with a 95% confidence interval for precipitation data. A flow chart of the data pre-processing, methodology, and analysis is shown in Figure 2. It should be noted that the datasets used in the study have limitations in terms of spatial scales. The area did not have enough ground-based observations over the whole region with a uniform distribution, while it only covers NP, which may not be representative of precipitation trends in other regions. The numbers of meteorological stations in the sub-regions I–III are 11, 10, and 4, respectively (Table 2). The locations of each homogenous region in Pakistan are R-I (Gilgit-Baltistan and Chitral region, Upper Indus Basin and Chitral River Basin, Hindukush–Karakoram–Himalaya), R-II (Kakul–Cherat Hills, Swat Valley, Margalla Hills, Azad Jammu and Kashmir, Jhelum River Basin, Southwestern Himalaya), and R-III (Central KPK, southern parts of Kabul River Basin).




3.2. Mann−Kendall Test and Sen’s Slop Estimator


The non-parametric Mann–Kendall (MK) test is a commonly used test to identify trends in various time series because it is unaffected by the normal distribution of data time series and outliers [30,47,48,49,50,51]. Two hypotheses (null and alternative) are used in this test identify the trend direction. The null hypothesis shows no trend in the time series, while the alternative indicates an increasing or decreasing trend. The determined Z value of this test follows the normal distribution with a variance average (0, 1) used to detect trend significance. So, according to this, an increasing trend is shown by Z > 0, and vice versa [52,53,54]. In addition, Sen’s slope estimator (SSE) determined the magnitude of the precipitation time series trend by a simple non-parametric procedure [43,55,56].




3.3. The Sequential Mann–Kendall Test (SQMK) Test


Sneyers introduced the SQMK test to analyze the significant change points in long-term time series [57,58,59,60,61,62]. The abrupt change in the trend is analyzed by the forward (SF) and backward (SB) sequential series. SF has sequential behavior, which changes around zero because SF is a standardized variable with a zero mean and unit standard deviation. In addition, it has the exact nature of Z values that start from the first point of the time series to the last point of the time series. On the other hand, SB is opposite to Z values as it moves from the last point to the start point of the time series [63,64]. In this study, we chose a 5% significance level. A negative trend is shown when both SF and SB have decreasing values; on the other hand, a positive trend is shown when SF and SB have increasing values [65]. SF and SB intersect at a specific point describing a major abrupt change in that year in the time series [20].




3.4. Cluster Analysis


The use of clustering algorithms provides for the efficient division of big data sets into homogeneous clusters by acquiring knowledge [66,67]. The k-means cluster algorithm approach described by [67] carries out the following fundamental steps: (a) the procedure first establishes the centers of the K number of clusters, and then each variable is assigned to the closest cluster center using only a similarity metric. (b) After assigning each parameter to a cluster as input data, all groups are recalculated for cluster centers. (c) The factors may be distributed among different clusters depending on where the new cluster centers are located. The “distance measure” is used to determine the correlations of variables to cluster centers, and this strategy is continued until there is no modification in the cluster centers [68].




3.5. WTC Analysis


Wavelet coherence analysis (WTC) is a statistical tool used in signal processing and time-series analysis to examine the relationship between two signals as a function of time and frequency [69]. WTC involves using wavelet transforms, mathematical tools that can decompose signals into their frequency components and provide information on the power and phase of each frequency component. It transforms the two signals and then calculates their coherence at each frequency and time point [70]. The coherence value ranges from 0 to 1, where zero indicates no relationship between the two signals, and one indicates a perfect linear relationship between the two signals. WTC has applications in various fields, including neuroscience, environmental science, and economics [71]. Recently, Hussain et al. [69] analyzed the cross-correlation between precipitation series and large-scale climate indices using the WTC. The extent of a linear association in the time and frequency domain is assessed using this correlation coefficient, which is localized in the time and frequency domain [72]. The Monte Carlo approach calculates the significance level in WTC, and the cone of influence is used to calculate the significance level [73]. WTC displays the 95% confidence levels corresponding to the pink noise and draws attention to the significant coherence even though the common power of both variables is low.





4. Results


4.1. Climatology


The spatial distribution of the mean seasonal and annual precipitation in the different regions of NP is shown in Figure 3, while the sub-regional amounts are presented in Table 3. The results depict that the stations located in R-II received the highest mean precipitation annually, while stations in R-I received less precipitation annually. The stations located in R-III received high annual precipitation, but the precipitation amount was limited in autumn. NP’s observed mean annual precipitation was 823 mm (Table 3). Annual and summer mean precipitation in R-II was 1320 mm and 556 mm, respectively. However, winter, spring, and autumn had below 350 mm of precipitation. Among all regions, R-II received the highest precipitation at seasonal and annual scales, followed by R-III and R-I (Table 3 and Figure 3). The amount of seasonal and annual precipitation was below 250 and 700 mm in R-I and III, respectively. Overall, maximum precipitation was obvious in summer, followed by spring and winter (Table 3).




4.2. Spatiotemporal Trends


The spatial distribution of MK and SSE trends for seasonal and annual precipitation in NP are shown in Figure 4, whereas regional trends during 1960–2016 are presented in Table 4. It is worth mentioning that the station density in the NP was very sparsely distributed, and the number of stations with long-term observed datasets was very limited. Therefore, we also used ERA-5 reanalysis precipitation data to supplement the observed dataset in reproducing the spatial distribution of precipitation in the whole region. The spatial trend of ERA-5 reanalysis datasets in NP is presented in Figure 5.



Winter precipitation showed an increasing (decreasing) trend at 13 (12) stations (Figure 4), whereas ERA-5 also displayed similar results; the southern and eastern region in NP Pakistan showed increasing trends, while decreasing in the remaining sites (Figure 5). The lowest negative slopes were observed in stations of R-II; however, Naltar, Khunjerab, and Ziarat observed significant increasing trends. Most of the stations in R-II displayed negative trends (Figure 4). Winter precipitation in NP shows mixed trends, whereas increasing trends were observed in the R-I and III at a rate of 0.38 and 0.57 mm/decade, respectively. During the study period (1960–2016), R-II and NP kept decreasing trends at −0.34 and −0.55 mm/decade, respectively (Table 4). In the spring, the negative trend was evident over the whole NP with a significant decreasing trend in Astor (Figure 4). Spring precipitation decreased in R-I, II, and NP at the rates of −0.15, −0.40, and −0.75 mm/decade, respectively, while only an increase was observed in R-III during the study period (Table 4). The observed results agreed with the ERA-5 reanalysis trends (Figure 5), as the region indicated a decreasing trend. In summer, the positive trends were obvious over R-I and R-III, while most stations in R-II exhibited negative trends (Figure 4), whereas summer precipitation decreased in R-II and III, while an increasing trend was obvious in R-I as observed in ERA-5 datasets (Figure 5). R-I and III exhibited significant positive trends at the rates of 0.39 and 1.64 mm/decade, respectively, whereas R-II and NP observed negative trends (Table 4). A mixture of positive and negative trends from 1960 to 2016 was evident in autumn.



Autumn showed an increasing (decreasing) trend at 16 (08) stations (Figure 4), whereas increasing trends were more dominant, as observed in ERA-5 datasets in the whole region (Figure 5). Such increasing trends were more dominant in R-II, II, and in western parts of R-I. In R-I, most stations showed positive trends; in R-III, all stations exhibited positive trends. According to the MK outcomes, Darosh and Murree witnessed significant negative trends, while Peshawar, Risalpur, Kakul, Skardu, and Gupis showed significant positive trends (Figure 4). All three sub-regions had positive trends in autumn from 1960 to 2016 (Table 4). Most stations in R-I and III observed increasing trends, while they decreased in R-II for annual precipitation (Figure 4). However, increasing trends were more prominent in R-I, whereas decreasing trends were obvious in R-II and III, as observed in the ERA-5 reanalysis results. Moreover, R-I and III observed significant increasing trends in annual precipitation at a rate of 1.05 and 3.95 mm/decade, respectively, and decreasing trends in R-II and NP during 1960–2016 (Table 4). Overall, the trends for observed data and ERA-5 reanalysis datasets were almost similar in winter, spring, and autumn; however, some disagreement was observed in both datasets in summer and annual precipitation trends in NP. The region is known for its complex topography, which can lead to significant orographic effects on precipitation patterns, particularly during the summer monsoon, whereas variations in atmospheric circulation patterns, such as the strength and position of the westerly jet stream, may also influence precipitation patterns in the region [74]. The disagreement between observed data and ERA-5 reanalysis datasets in the NP could be due to the complex topography of the region, which can lead to significant orographic effects on precipitation patterns [75]. Additionally, the influence of the South Asian Summer Monsoon and variations in vegetation cover and atmospheric circulation patterns may also contribute to discrepancies between the datasets and due to the combination of factors in NP [76].



For a more detailed and systematic analysis, the whole period was divided into two sub-periods, i.e., 1960–1988 and 1989–2016 (Table 4). In winter, precipitation in R-I, II, II, and NP decreased during 1960–1988, which was also prominent in the second period, except for an increase in R-III with 0.08 mm/decade. For spring, precipitation increased during 1960–1988 in NP but decreased during 1989–2016; however, mixed trends prevailed in the sub-regions in both periods. Summer precipitation increased in the first period in all sub-regions and NP, while a decrease was observed in R-I, II, and NP. Autumn showed steadily increasing trends in both periods in all sub-regions. Furthermore, annual precipitation in NP increased in the first period at a rate of 3.33 mm/decade, decreasing in the second period at a rate of −1.91 mm/decade, respectively.




4.3. Temporal Variations


Anomalies for annual and seasonal precipitation are shown in Figure 6. No clear trends were observed in NP for winter precipitation until the mid-1980s, but an increasing trend was apparent afterward. The increasing trend was also prominent annually, with the anomalies dominated by positive values from the mid-1980s onwards. The anomaly values kept changing for spring, summer, and autumn without any clear trend.



The SQMK analysis was further employed to assess the abrupt shifts in seasonal and annual precipitation in NP, and the results are shown in Figure 7. In winter, abrupt shifts were observed between 1961 and 1985, while a rapid upward shift was evident after the mid-1980s until 2010. Significant abrupt changes in spring were detected during 1967–1980. A sharp decreasing shift was observed in 1967. An increasing trend was observed in 1980, while a downward trend was evident from mid-2000 onwards. In summer, there was a clear increasing trend until 1975; however, a decreasing trend was noticeable afterward. Similarly, autumn showed an increasing trend until 2010. Annual precipitation showed an increasing trend from the mid-1970s onwards; however, a major downward trend was obvious after 2000.



The temporal trends in annual precipitation were assessed over six different elevation zones in NP (Figure 8). The various elevation zones were <500 m, 500–1000 m, 1000–1500 m, 1500–2000 m, 2000–2500 m, and 2500–5000 m. The annual precipitation showed an increasing trend in <500 m, 100–1500 m, 1500–2000 m, 2000–2500 m, and 2500–5000 m, whereas a decreasing trend was observed in 500–1000 m.




4.4. Coherence of Precipitation with Teleconnections


Figure 9 displays the WTC results for the AMO, AO, NAO, ENSO, IOD, and PDO over NP from 1960 to 2016. The pink color shows the percent area of significant coherence (PASC) relative to the total area, and black circles with pink colors show high coherence. In this study, the WTC analysis was preferred over other methods because it indicates the coherences over time and space [65]. However, traditional correlation or regression analysis can only give one value with the degree of linear correlation between two variables. The WTC indicated the temporal signals of various teleconnections with the regional precipitation at interannual, decadal, and interdecadal scales. Significant interdecadal coherences were evident with the AO and PDO from 128 months and above, whereas most significant interannual coherences in the ENSO were found at 16–128 months (Figure 9). Moreover, the AO, ENSO, and IOD witnessed higher coherence with precipitation in NP, whereas the AMO, NAO, and PDO observed fewer coherences. The observed findings of the AO, IOD, PDO, and ENSO agreed with the results reported by [69] in the monsoon region of Pakistan.



Changes in precipitation on a monthly time scale differ from those on seasonal and yearly scales, as different indices have different degrees of effect throughout multiple seasons. For instance, the dominating factors that impact many regions of the planet are the large-scale modes in the AO, NAO, ENSO, and PDO, each operating at a very different time. Therefore, we further explored the precipitation association on seasonal and annual scales using regression analysis to complement the wavelet coherence. Table 5 shows the regression of oceanic indices with regionally averaged seasonal and annual precipitation. The regression values of 3.40 and 1.97 suggested a linear association of winter precipitation with the AO and ENSO, respectively, and a negative association of precipitation with the NAO, IOD, and PDO indices at the rates of −2.28, −2.40, and −1.08, respectively. The regression coefficients of 1.86 and 0.08 showed linear spring precipitation association with the ENSO and PDO, respectively. On the other hand, a negative association of precipitation with the AO, NAO, and IOD was evident, having −0.21, −0.32, and −4.40 regression, respectively. The regression values of 1.27, 0.68, and 1.11 suggested a linear association of summer precipitation with the AO, IOD, and PDO, respectively, and a negative association between the NAO and ENSO at −1.12 and −1.33, respectively. On the annual scale, a positive relationship with the AO, ENSO, and PDO at 3.34, 2.19, and 0.63, respectively, was found, while a negative relationship with NAO (−1.28) and IOD (−6.10) was observed. Overall, winter precipitation had a higher linear regression with the AO and spring with ENSO, while the AO, IOD, and PDO had more influence during summer, and the AO and ENSO were dominant at annual time scales.





5. Discussion


Due to the frequent and intense climatic events, sensitive places are anticipated to be exposed exponentially over the globe to floods and droughts, which can raise associated risk and susceptibility [77]. For most of Pakistan, the northern sub-Himalayan region is the country’s primary water source and is highly sensitive to climate change. Pakistan’s hydrology and water security may be severely affected by changes in precipitation in NP. The non-parametric MK, SSE, SQMK, and WTC analyses were used to observe the trends and precipitation relations with oceanic indices.



Results inferred maximum precipitation for annual and summer timeframes (Figure 3, Table 3), which agrees with numerous studies [23,78]. The spatial and temporal trends for seasonal and annual precipitation over different sub-climatic regions showed that the trend’s magnitude varied from region to region and station to station [51]. Annual and summer mean precipitation in R-II was 1320 and 556 mm, respectively. Results showed that annual and summer mean precipitation was highest, especially in R-II [51,79]. The seasonal and annual precipitation trends decreased in NP during 1960–2016, while summer and annual precipitation significantly increased in R-I and R-III [30]. R-II and III were influenced by monsoons and westerlies [20].



In two sub-periods, 1960–1988 and 1989–2016, precipitation in R-I, II, III, and NP declined in the winter from 1960 to 1988. This trend was still apparent in the second period [30], except for an increase in R-III. Precipitation in spring increased in NP in both periods; nevertheless, mixed trends dominated the sub-regions [80]. All sub-regions and NP experienced increased summer precipitation [69] during the first period. Additionally, the annual precipitation in NP changed with time [24], increasing in the first sub-period and decreasing in the second sub-period of the study period (Table 4). These results are consistent with the findings of [24,81,82]. It was explained earlier that there has been a noticeable increase in the amount of precipitation during the South Asian summer monsoon, sometimes with wet extremes, which is mostly due to the East Asian summer monsoon’s penetration and a western disturbance over the country’s northern mountainous regions [83]. There are indicators that strong and widespread human activity in Asia has begun to disrupt the monsoon season [30,84], while La Nina’s influence supports high summer monsoon rainfall over South Asia [85]. Furthermore, the monsoon may be shifting west, carrying more moisture and producing additional rains and extreme events across Pakistan [81]. Summer and annual precipitation in R-III significantly increased during 1960–2016. These findings are consistent with the results of [86], whereas [87,88] explained and attributed it to the projected increase in the South Asian summer monsoon precipitation status under enhanced greenhouse gas emission scenarios.



The anomaly values fluctuated throughout spring, summer, and autumn with no discernible pattern [89]. The rising precipitation shows that the region’s monsoons are getting stronger. The monsoons are becoming less frequent but more potent in some parts of South Asia, increasing the likelihood of catastrophic weather events there [20]. Until the middle of the 1980s, there were often no discernible patterns in the amount of winter precipitation in NP [76], but from 1985 to 2005, there was a distinct upward trend. Such growing tendencies are also present in annual data, with positive values dominating the anomalies from the middle of the 1980s to 2016. Similar results are consistent with [81,82,90].



Wintertime significant shifts were seen between 1961 and 1985 [91], and from the mid-1980s to 2010 there has been a rapidly increasing shift. Between 1967 and 1980, spring underwent its most significant dramatic changes. In 1967, a sudden diminishing shift was noticed (Figure 6). While there was an upward tendency in 1980, there has been a downward trend since about mid-2000. Until 1975, there was a noticeable upward trend for the summer but a definite downward trend [92]. The same is true for the autumn precipitation trend in 2010. From the middle of the 1970s onward, annual precipitation indicated an increasing trend [82]; however, after 2000, a significant declining trend was evident. These results are in good agreement with those of [29,51].



Throughout the study period, various trends were visible in the annual precipitation at various altitudes. Past studies showed a positive correlation between precipitation and elevation [93,94]. The annual precipitation increased in the altitude zones of 500 m, 100–1500 m, 1500–2000 m, 2000–2500 m, and 250–5000 m. The deepening of the land–sea thermal contrast, which enhances moisture flux transfer from the ocean toward the land, may have caused an increasing precipitation trend. In contrast, a declining tendency was seen in the 500–1000 m elevation range. Between 1960 and 2016, significant interdecadal coherences with the AO and PDO spanning from 128 months and above were noticed. The ENSO’s most notable interannual coherences were during 16–128 months. In contrast to the AMO, NAO, and PDO, the AO, ENSO, and IOD generally showed higher coherences with precipitation in NP [20,69].



Studies found a considerable rise in maximum and minimum temperatures over Pakistan between 1980 and 2016, which may have significantly affected precipitation [16]. According to Hussain and Lee [95], widespread urbanization and a sharp rise in population in the middle and upper Punjab, particularly after the 1980s, are two potential causes of rising precipitation. Such variations may be brought on by mechanical variability induced by increased surface lumpiness and sensible heat from the warm metropolitan air. Additionally, an increase in precipitation in South Asia is due to the vapor transfer from the Arabian Sea and the Bay of Bengal [96,97]. A recent trend towards a lesser monsoonal effect was shown by a change in long-term summer wetting to drying between 1995–2012 [98]. A decrease in the north–south sea surface temperature gradient across the North Indian Ocean and the monsoon circulation over Pakistan is to blame for the dip in rainfall activity [99].



Moreover, de Oliveira-Júnior et al. [100] discovered that the ENSO greatly impacts Pakistan’s yearly precipitation. They also studied how the AMO and PDO affected precipitation variability in the UIB. Attada et al. [101] revealed strong associations between the mean temperature and the global teleconnections with the NAO and ENSO during the spring, which is how the NAO might affect certain monsoon months, particularly August. In the southern regions of Central Asia, winter precipitation is significantly influenced by the NAO and ENSO. The Indian monsoon, which controls the southern portion of Central Asia, can be severely impacted by the warm phase of the AMO concurrently [102]. According to another study, the NAO and ENSO precipitation signals in Central Southwest Asia are mostly related to an intensification of westerlies that move eastward across the territory of Central Southwest Asia (including northern Pakistan) during the positive NAO and the warm ENSO phases [103].




6. Conclusions


The present study used non-parametric MK, SSE, SQMK, cluster analysis, and WTC analyses to observe seasonal and annual precipitation trends, variability, and teleconnections. Based on the current study’s findings and detailed literature, there is a need to assess the influencing mechanism systematically and comprehensively.



	
In the spatial distribution of mean seasonal and annual precipitation, all regions received the highest precipitation annually. R-II received the highest precipitation at seasonal and annual scales, followed by R-III and I. At the same time, R-I and III received seasonal and annual precipitation below 250 and 700 mm, respectively. Generally, maximum precipitation is observed in summer, followed by spring and winter. According to the MK and SS, most stations in R-I and III observed increasing trends, while decreased in R-II were observed for annual precipitation. Moreover, R-I and III observed significant increasing trends in annual precipitation and decreasing trends in R-II and NP during 1960–2016. Moreover, the spatial trends for observed data and ERA-5 reanalysis datasets were almost similar in winter, spring, and autumn; however, some disagreements were observed in both datasets in summer and annual precipitation trends in NP.



	
The whole period was divided into two sub-periods, which were 1960–1988 and 1989–2016. In winter, precipitation in R-I, II, III, and NP decreased during 1960–1988, which was also prominent in the second period. For spring, precipitation increased during the first period in NP while decreasing during the second time scale; however, mixed trends prevailed in both time scales. Summer precipitation increased in the first period in all sub-regions and NP, while a decrease was observed in R-I, II, and NP. Autumn showed steadily increasing trends in both periods in all sub-regions. Furthermore, annual precipitation in NP increased in the first period and decreased in the second.



	
In temporal variations, no clear trend was observed in all seasons except in annual and winter periods. An increasing trend was evident in annual and winter periods during 1985–2016 and 1985–2005, respectively. According to the SQMK, most trends increased in all seasons until 1980, and a downward shift occurred after 2010.



	
The temporal trends in annual precipitation were assessed over six elevations. The annual precipitation showed an increasing trend at <500 m, 100–1500 m, 1500–2000 m, 2000–2500 m, and 2500–5000 m, whereas the decreasing trend is observed at 500–1000 m. According to WTC, the AO, ENSO, and IOD witnessed higher coherence with precipitation in NP, whereas the AMO, NAO, and PDO observed fewer coherences.



	
Winter precipitation had a higher linear regression with AO and spring with ENSO, while the AO, IOD, and PDO have higher influences on summer precipitation, whereas the AO and ENSO were dominant at the annual time scale.
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Figure 1. Spatial distribution of meteorological stations in different sub-basins in northern Pakistan. The red outline indicates the boundary of the Upper Indus basin with the administration of northern Pakistan. 
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Figure 2. Flow chart of the data pre-processing, methodology, and analysis used. 






Figure 2. Flow chart of the data pre-processing, methodology, and analysis used.



[image: Atmosphere 14 00871 g002]







[image: Atmosphere 14 00871 g003 550] 





Figure 3. Spatial distribution of mean seasonal and annual precipitation (mm/decade) in northern Pakistan. 
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Figure 4. Spatial distribution of Mann–Kendall and Sen’s seasonal and annual precipitation trends in northern Pakistan. 
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Figure 5. Spatial distribution of (a) winter, (b) spring, (c) summer, (d) autumn, and (e) annual precipitation trends with ERA-5 reanalysis datasets in northern Pakistan. 
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Figure 6. Seasonal and annual time-series anomalies relative to 1961–1990 mean values for seasonal and annual precipitation in northern Pakistan. The smooth line indicates a five-year moving average. 
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Figure 7. Temporal changes of Z value based on the Mann–Kendall test for seasonal and annual precipitation in northern Pakistan. 
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Figure 8. Temporal trends of annual precipitation in northern Pakistan. The blue line indicates linear trends, while the red line is the five-year moving mean. 






Figure 8. Temporal trends of annual precipitation in northern Pakistan. The blue line indicates linear trends, while the red line is the five-year moving mean.



[image: Atmosphere 14 00871 g008]







[image: Atmosphere 14 00871 g009 550] 





Figure 9. Wavelet coherence between monthly precipitation over northern Pakistan with (a) the AMO, (b) AO, (c) NAO, (d) ENSO, (e) IOD, and (f) PDO. Right-pointing arrows indicate that the two signals are in phase, while the left is for antiphase signals. Thick contours denote 5% significance levels against pink noise. 
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Table 1. A detailed description of the selected meteorological stations in northern Pakistan.
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No.

	
Code

	
Stations

	
Region

	
Duration

	
Elevation (m)

	
Latitude

	
Longitude

	
Coefficient of Variance






	
1

	
Nlt

	
Naltar

	
I

	
1995–2012

	
2858

	
36.17

	
74.18

	
0.19




	
2

	
Zrt

	
Ziarat

	
1995–2012

	
3669

	
36.49

	
74.26

	
0.51




	
3

	
Khu

	
Khunjerab

	
1995–2012

	
4730

	
36.84

	
75.42

	
0.31




	
4

	
Ast

	
Astor

	
1960–2016

	
2168

	
35.35

	
74.86

	
0.25




	
5

	
Bun

	
Bunji

	
1960–2016

	
1372

	
35.67

	
74.63

	
0.44




	
6

	
Chl

	
Chilas

	
1960–2016

	
1250

	
35.42

	
74.1

	
0.48




	
7

	
Glt

	
Gilgit

	
1960–2016

	
1460

	
35.92

	
74.33

	
0.35




	
8

	
Gup

	
Gupis

	
1960–2016

	
2156

	
36.17

	
73.4

	
0.73




	
9

	
Skd

	
Skardu

	
1960–2016

	
2317

	
35.18

	
75.68

	
0.51




	
10

	
Cht

	
Chitral

	
1964–2016

	
1498

	
35.83

	
71.78

	
0.28




	
11

	
Drh

	
Drosh

	
1960–2016

	
1465

	
35.55

	
71.85

	
0.24




	
12

	
Dir

	
Dir

	
II

	
1967–2016

	
1375

	
35.2

	
71.85

	
0.19




	
13

	
Sad

	
Saidu Sharif

	
1974–2016

	
961

	
34.73

	
72.35

	
0.22




	
14

	
Gdp

	
Garhi Dupatta

	
1960–2016

	
813

	
34.13

	
73.47

	
0.19




	
15

	
Ktl

	
Kotli

	
1960–2016

	
614

	
33.31

	
73.54

	
0.21




	
16

	
Mzf

	
Muzaffarabad

	
1960–2016

	
838

	
34.37

	
73.48

	
0.17




	
17

	
Blk

	
Balakot

	
1960–2016

	
995

	
34.55

	
73.21

	
0.22




	
18

	
Mur

	
Murree

	
1960–2016

	
2134

	
33.90

	
73.40

	
0.17




	
19

	
Kak

	
Kakul

	
1960–2016

	
1775

	
34.18

	
73.15

	
0.14




	
20

	
Cht

	
Cherat

	
1960–2016

	
1372

	
33.92

	
71.9

	
0.34




	
21

	
Isb

	
Islamabad

	
1960–2016

	
508

	
33.80

	
73.08

	
0.25




	
22

	
Pch

	
Parachinar

	
III

	
1960–2016

	
1775

	
33.90

	
70.10

	
0.42




	
23

	
Psh

	
Peshawar

	
1960–2016

	
328

	
34.02

	
71.58

	
0.34




	
24

	
Rsp

	
Risalpur

	
1960–2016

	
304

	
34.07

	
71.98

	
0.29




	
25

	
Kht

	
Kohat

	
1960–2016

	
564

	
33.45

	
71.53

	
0.31
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Table 2. Distribution of major regions and number of metrological stations in different climate zones of Pakistan.
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	Region
	Characteristics
	Major Regions
	Stations





	I
	Semi-arid
	Gilgit–Baltistan and Chitral region, Upper Indus Basin and Chitral River Basin, Hindukush–Karakoram–Himalaya
	11



	II
	Humid
	Kakul–Cherat Hills, Swat Valley, Margalla Hills, Azad Jammu and Kashmir, Jhelum River Basin, Southwestern Himalaya
	10



	III
	Humid
	Central KPK, southern parts of Kabul River Basin
	4
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Table 3. Mean seasonal and annual precipitation in different sub-regions of northern Pakistan.
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	Winter
	Spring
	Summer
	Autumn
	Annual





	R-I
	48.42
	103.75
	47.68
	28.80
	229.54



	R-II
	259.59
	324.80
	556.88
	178.25
	1320.57



	R-III
	128.05
	212.37
	232.67
	89.99
	664.81



	NP
	166.48
	237.06
	308.63
	110.52
	823.80
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Table 4. Mann–Kendall and Sen’s slope trends for seasonal and annual precipitation (mm/decade) in different sub-regions of northern Pakistan. Bold indicates 5% significance levels.
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Period

	

	
Winter

	
Spring

	
Summer

	
Autumn

	
Annual






	
1960–1988

	
R-I

	
−0.11

	
−0.52

	
0.88

	
0.37

	
1.53




	
R-II

	
−0.13

	
1.35

	
1.19

	
0.43

	
5.94




	
R-III

	
−0.98

	
−1.69

	
0.84

	
−1.02

	
−3.35




	
NP

	
−0.18

	
0.38

	
2.07

	
0.24

	
3.33




	
1989–2016

	
R-I

	
−0.28

	
−0.87

	
−0.58

	
0.20

	
−0.45




	
R-II

	
−5.24

	
−3.14

	
−2.92

	
−0.21

	
−7.90




	
R-III

	
0.08

	
2.80

	
5.49

	
2.24

	
12.55




	
NP

	
−2.76

	
−1.19

	
−0.54

	
0.43

	
−1.91




	
1960–2016

	
R-I

	
0.38

	
−0.15

	
0.39

	
0.12

	
1.05




	
R-II

	
−0.34

	
−0.40

	
−1

	
0.00

	
−1.14




	
R-III

	
0.57

	
0.20

	
1.64

	
0.63

	
3.95




	
NP

	
−0.55

	
−0.75

	
−1.66

	
−0.19

	
−2.86
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Table 5. Regression of oceanic indices with regionally averaged seasonal and annual precipitation.
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Season

	
Index

	
Estimate

	
SE

	
p-Value






	
Winter

	
AO

	
3.40

	
1.08

	
0.002




	
NAO

	
−2.28

	
0.77

	
0.004




	
ENSO

	
1.97

	
0.72

	
0.008




	
IOD

	
−2.40

	
1.71

	
0.16




	
PDO

	
−1.08

	
0.45

	
0.02




	
Spring

	
AO

	
−0.21

	
1.22

	
0.85




	
NAO

	
−0.32

	
0.87

	
0.71




	
ENSO

	
1.86

	
0.81

	
0.02




	
IOD

	
−4.40

	
1.92

	
0.02




	
PDO

	
0.08

	
0.52

	
0.87




	
Summer

	
AO

	
1.27

	
0.78

	
0.10




	
NAO

	
−1.12

	
0.56

	
0.04




	
ENSO

	
−1.33

	
0.52

	
0.01




	
IOD

	
0.68

	
1.23

	
0.58




	
PDO

	
1.11

	
0.33

	
0.001




	
Annual

	
AO

	
3.34

	
1.54

	
0.03




	
NAO

	
−1.28

	
1.10

	
0.24




	
ENSO

	
2.19

	
1.02

	
0.037




	
IOD

	
−6.10

	
2.43

	
0.01




	
PDO

	
0.63

	
0.65

	
0.33
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