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Abstract. 
Accurately predicting precipitation trends is vital in the economic development of a country. This research investigated precipitation variability across 15 stations in the Swat River basin, Pakistan, over a 51-year study period (1961–2011). Nonparametric Mann-Kendall (MK) and Spearman’s rho (SR) statistical tests were used to detect trends in monthly, seasonal, and annual precipitation, and the trend-free prewhitening approach was applied to eliminate serial correlation in the precipitation time series. The results highlighted a mix of positive (increasing) and negative (decreasing) trends in monthly, seasonal, and annual precipitation. One station in particular, the Saidu Sharif station, showed the maximum number of significant monthly precipitation events, followed by Abazai, Khairabad, and Malakand. On the seasonal time scale, precipitation trends changed from the summer to the autumn season. The Saidu Sharif station revealed the highest positive trend (7.48 mm/year) in annual precipitation. In the entire Swat River basin, statistically insignificant trends were found in the subbasins for the annual precipitation series; however, the Lower Swat subbasin showed the maximum quantitative increase in the precipitation at a rate of 2.18 mm/year. The performance of the MK and SR tests was consistent at the verified significance level.



1. Introduction
Rainfall and other precipitation levels are important factors affecting crop selection and ecological changes in a region. Accurately predicting precipitation trends can play an important role in a country’s future economic development.
Rahman and Begum [1] noted that predicting trends using precipitation time series data is more difficult than predicting temperature trends. The fourth Intergovernmental Panel on Climate Change (IPCC) reported temporal and spatial variation in precipitation trends throughout the latter half of the century across Asia [2]. Recently, meteorologists and other researchers worldwide have paid significant attention to analyzing precipitation time series trends. Decreasing trends in mean annual rainfall have been found in the coastal and arid plains of Pakistan [3], Northeast and North China [4, 5], Madhya Pradesh, India [6], and Russia [7, 8]. Increasing mean annual rainfall trends were observed in the Chang Jiang valley, southeast coastal areas and Western China [4, 5, 9], and Bangladesh in the summer season [10, 11].
Different statistical test methods are used to detect trends in hydrological and hydrometeorological time series; these are classified as parametric and nonparametric tests [12–14]. Parametric tests are more powerful but require that data be independent and normally distributed, which is rarely true for hydrological time series data. For nonparametric tests, data must be independent, but outliers are better tolerated. The most common nonparametric tests for working with time series trends are the Mann-Kendall [15, 16] and Spearman’s rho [17, 18] tests. The Mann-Kendall test is the most common one used by researchers in studying hydrologic time series trends [19–23]; less common, Spearman’s rho is used to detect monotonic trends in hydrometeorological data [24]. In many studies, Spearman’s rho is used in combination with the Mann-Kendall test for comparison purposes [24–28].
Natural disasters, including avalanches, cyclones and storms, droughts and floods, and cloudburst flash floods (CBFF), pose serious risks to Pakistani society [29–31]. Pakistan has faced one major flood approximately every 3 years, creating challenges for economic development [32]. In 2010, Pakistan faced the worst flood event in its history [33]. Experts from the World Climate Research Programme and World Meteorological Organization (WMO) have stated that climate change is one of the main reasons for this unprecedented sequence of weather events. A UN scientific body concluded that hot extremes, heat waves, and heavy precipitation events will likely continue to become more frequent in Pakistan; the same body warns that floods may become more frequent and intense in the future [2]. WMO has noted that the 2010 floods were consistent with the sequence predicted by climate experts, further stating that current events match projections of more frequent and intense weather events due to global warming [34].
Floods in Pakistan are generally caused by concentrated heavy precipitation in watersheds, sometimes augmented by snowmelt flows, causing river floods during the monsoon season. Hartmann and Andresky [35] reported that the precipitation regimes in northwest areas of Pakistan are mainly controlled by monsoon rains from July to September; they have become more intense in recent years. Salma et al. [36] analyzed Pakistan rainfall trends using analysis of variance (ANOVA) from 1976 to 2005 and concluded that while the overall rainfall trends have declined, rainfall consequences such as droughts and super floods have badly affected human settlements, water management, and agriculture sectors. Hanif et al. [37] found significant precipitation changes in northern parts of Pakistan during the summer and monsoon (July and August) seasons. Significant increasing trends in precipitation over time have been detected in northeast areas of Pakistan during the monsoon season [38]; Cheema and Hanif [39] detected increasing rainfall trends in the Punjab province of Pakistan. Significant increasing trends were detected in the northwest (Hindu Kush and Sulaiman Mountains) and in the east (Himalayas) areas of the Indus River basin; insignificant negative trends were found in the northeast (Karakorum and Transhimalaya) and lowland of the upper Indus River basin [35, 40].
During the last week of July 2010, unprecedented rains fell in Swat and Kabul river catchment areas, causing catastrophic floods in excess of 400,000 cusecs, exceeding the previous record flood set in 1929 (250,000 cusecs) and impacting 24 districts of the KPK province of Pakistan [32]. Due to changing weather patterns, Pakistan’s KPK province and the Swat River area have been exposed to risks from frequent floods and droughts in recent years [31, 41]. Most past studies, however, have focused on climatic trend analyses in the upper Indus River basin. No precipitation trend studies have focused on the Swat River basin, which has faced frequent floods and droughts over the years. This study fills this research gap.
This study investigated trends and variations in precipitation over time at the Swat River basin in Pakistan, using Mann-Kendall and Spearman’s rho tests. This study provides a broad overview of precipitation statistics, including seasonal and interannual variability over the Swat River basin, and may help managers and agricultural planners. The study considers precipitation data from 51 years (1961–2011) at 15 stations.
2. Methodology
2.1. Study Area
This study investigates the variability in precipitation time series for a 51-year period (1961–2011) in the Swat River basin, in the Khyber Pakhtunkhwa (KPK) province of Pakistan. The Swat River originates from the high mountains of Swat Kohistan, where the mean elevation is 4500 m in the northwest parts of the country. The river flows through the Kalam valley and the Swat district, then skirts the Lower Dir district, flows through Malakand and Mardan districts, and outflows into the Kabul River.
The Swat River is important for the future economic development of Pakistan. There are three hydropower plants with a combined operational capacity of 123 MW on the Swat River. At the time of this writing, another hydroelectric power generation plant (Munda Dam), with a projected capacity of 740 MW, is being constructed on the Swat River. This dam, along with the hydropower generation, will irrigate 15,100 acres of land. They will also provide flood protection to the Charsadda and Nowshera districts, which were severely affected by flooding in 2010.
The river’s catchment area is generally mountainous, with elevations ranging from approximately 360 m to 4,500 m from south to north. Vegetation occurs between 1,800 m and 3,400 m, and glaciers are visible above 4,000 m. The Swat River basin catchment lies between a latitude of 34°00′ north to 35°56′ north and longitude 70°59′ east to 72°47′ east.
2.2. Data and Methods
The total Swat River basin catchment area is 16750 km2, with 15 meteorological stations shown in Figure 1. The area is further divided into four subregions: upper Swat River basin (A1), Panjkora River basin (A2), Ambahar River basin (A3), and Lower Swat River basin (A4). The catchment areas for these basins are 5968, 5733, 1485, and 3564 km2, respectively. To detect monotonic trends, monthly precipitation values were added to generate the annual and seasonal precipitation. Mean precipitation values at corresponding stations were considered to determine subbasin precipitation (A1, A2, A3, and A4) and precipitation across the entire Swat River basin (A). This procedure was adopted from Duhan and Pandey [6].




	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
				
					
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
					
			
			
				
			
				
				
					
						
				
			
			
				
				
					
						
				
			
			
				
				
					
						
				
			
			
				
					
			
			
				
				
					
						
				
			
			
				
					
			
			
				
				
					
						
				
			
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
		
	


Figure 1: Locations of meteorological stations at Swat River basin.


Rain gauge stations within the Swat River catchment area are operated by Pakistan Meteorological Department (PMD), Irrigation Department of KPK province (ID), and Surface Water Hydrology Project (SWHP). Snowy Mountains Engineering Corporation (SMEC), Pakistan, under the Munda Dam construction project, collected the precipitation time series data from these agencies and processed it to ensure homogeneity and quality control [42].
Mann-Kendall and Spearman’s rho tests are nonparametric; therefore, data outliers do not affect the results. The homogeneity of the precipitation time series was assessed by applying two tests, standard normal homogeneity test (SNHT) [43, 44] and Buishand’s range (BR) test [45], at a 5% significance level for each station. The precipitation time series is considered homogenous if the critical values of SNHT and BR statistics are less than 9.17 [46] and 1.27, 1.55 [45], respectively. As Table 1 shows, all the precipitation series were found to be homogenous.
Table 1: Results of homogeneity tests for mean annual precipitation time series at study stations.
	

	Station	SNHT	Buishand’s range (BR) test
			
	

	Thalozom	9.16	1.08	1.08
	Drosh	9.06	1.17	1.47
	Kalam	8.87	0.87	1.08
	Dir	7.76	1.24	1.49
	Madyan	4.85	1.11	1.50
	Khairabad	1.92	0.62	0.93
	ToorCamp	6.20	1.17	1.54
	Saidu Sharif	7.42	1.18	1.90
	Malakand	2.57	0.77	0.86
	Kulangi	4.28	0.97	1.46
	Ambahar	5.08	1.09	1.39
	Abazai	6.86	1.21	1.40
	Mardan	8.93	1.08	1.24
	Charsadda	9.02	1.25	1.38
	Risalpur	7.24	0.91	1.25
	


For homogenous series, , , and .








2.3. Statistical Tests
Prior to applying MK and SR tests to identify precipitation trends over the time series from selected stations, data were tested according to the tests’ requirements. The trend-free prewhitening (TFPW) approach was applied to eliminate serial correlations in the time series data. The magnitude of the slope in time series data was calculated using Sen’s slope method. The statistical methods used are briefly discussed below.
2.3.1. Autocorrelation and TFPW
Removing serial dependence is one of the main problems in testing and interpreting time series data. Applying nonparametric tests to detect trends can significantly affect the results. Therefore, all of the rainfall time series data was first tested for the presence of autocorrelation coefficient () at a 5% significance level, using a two-tailed test:
										
									The autocorrelation coefficient value of  was tested against the null hypothesis at a 95% confidence interval, using a two-tailed test:
										
									If  falls between the upper and lower limits of confidence interval (the data are considered serially correlated), the methods of prewhitening, variance correlation [47], and trend-free prewhitening (TFPW) approach [24] have been proposed. In this study, for the stations where serial correlations were detected in the data, the TFPW approach was applied to remove the correlation for both tests (Mann-Kendall and Spearman’s rho). Other researchers [28, 48–51] have also used this approach to eliminate serial correlation in time series data.
2.3.2. The Mann-Kendall Test
The rank-based nonparametric Mann-Kendall [15, 16] method was applied to the long-term data in this study to detect statistically significant trends. In this test, the null hypothesis () was that there has been no trend in precipitation over time; the alternate hypothesis (H1) was that there has been a trend (increasing or decreasing) over time. The mathematical equations for calculating Mann-Kendall Statistics ,  and standardized test statistics  are as follows:
										
									In these equations,  and  are the time series observations in chronological order,  is the length of time series,  is the number of ties for th value, and  is the number of tied values. Positive  values indicate an upward trend in the hydrologic time series; negative  values indicate a negative trend. If , () is rejected and a statistically significant trend exists in the hydrologic time series. The critical value of  for a  value of 0.05 from the standard normal table is 1.96.
2.3.3. Spearman’s rho Test
Spearman’s rho [17, 18] test is another rank-based nonparametric method used for trend analysis and was applied as a comparison with the Mann-Kendall test. In this test, which assumes that time series data are independent and identically distributed, the null hypothesis () again indicates no trend over time; the alternate hypothesis () is that a trend exists and that data increase or decrease with  [24]. The test statistics  and standardized statistics  are defined as
										
									In these equations,  is the rank of th observation,  is the chronological order number,  is the total length of the time series data, and  is Student’s -distribution with () degree of freedom. The positive values of  represent an increasing trend across the hydrologic time series; negative values represent the decreasing trends. The critical value of  at a 0.05 significance level of Student’s -distribution table is defined as  [12]. If , () is rejected and a significant trend exists in the hydrologic time series.
2.3.4. Sen’s Slope Estimator
Sen’s nonparametric method [52] was used to estimate the magnitude of trends in the time series data: 
										
									In this equation,  and  represent data values at time  and , respectively. Consider
										
									A positive  value represents an increasing trend; a negative  value represents a decreasing trend over time.
3. Results and Discussion
3.1. Preliminary Analysis
The preliminary analysis for this study included computing the mean, standard deviation, coefficient of skewness, coefficient of kurtosis, and coefficient of variation in the annual precipitation time series for each station. Table 2 presents these statistical parameters for the 51-year time period studied (1961–2011). The mean annual precipitation varied between 455 mm in the southwest part of the Swat River basin catchment area (Ambahar) and 990.1 mm in the southeast part (Saidu Sharif). As the table shows, the coefficient of skewness varied from −0.266 to 2.474; kurtosis varied between −0.170 and 11.668. For time series data to be considered normally distributed, the coefficient of skewness and kurtosis must be equal to 0 and 3, respectively. Table 2 indicates, therefore, that the data are positively skewed and not normally distributed. The coefficient of variation, the measure of dispersion around the mean, was also calculated to analyze the spatial variability of annual precipitation for each station. This coefficient varied between 21.6% (Khairabad) and 45.2% (Mardan). The average variation of the precipitation over the complete river basin was 28.9%.
Table 2: Summary of geographic conditions and mean annual precipitation statistics for study stations.
	

	Station	Longitude	Latitude	Elevation (m)	Mean (mm)	STD			
	

	Thalozom	72°-15′	35°-44′	4200	751.1	209.9	−0.266	0.082	0.291
	Drosh	72°-00′	35°-33′	1465	463.5	153.7	1.167	2.441	0.332
	Kalam	72°-33′	35°-31′	2000	934.5	317.0	−0.599	0.323	0.353
	Dir	71°-53′	35°-12′	1321	548.2	152.1	−0.545	0.919	0.285
	Madyan	72°-32′	35°-09′	1320	962.3	287.8	0.240	1.300	0.307
	Khairabad	72°-06′	34°-58′	894	703.7	152.2	1.410	4.281	0.216
	ToorCamp	71°-42′	34°-50′	854	544.0	159.2	−0.436	0.841	0.299
	Saidu Sharif	72°-25′	34°-45′	961	990.1	389.8	1.842	6.463	0.398
	Malakand	71°-46′	34°-38′	603	609.8	252.6	2.474	11.668	0.424
	Kulangi	71°-59′	34°-35′	688	625.4	192.5	0.037	−0.170	0.308
	Ambahar	71°-12′	34°-33′	694	455.0	148.5	−0.004	0.764	0.333
	Abazai	71°-33′	34°-26′	320	500.7	152.7	−0.093	0.963	0.312
	Mardan	71°-58′	34°-18′	283	657.4	297.4	0.735	1.392	0.452
	Charsadda	71°-43′	34°-07′	276	591.6	207.4	0.973	1.031	0.350
	Risalpur	71°-54′	34°-06′	309	611.8	176.8	0.312	−0.098	0.289
	



3.2. Long-Term Pattern on Seasonal and Annual Scale
Long-term climatic patterns were assessed using standardized seasonal and annual precipitation time series data. To reduce local fluctuations, LOWESS [53–55] curves were fitted over time based on seasonal and annual precipitation time series data. The LOWESS curve for winter precipitation (Figure 2(a)) showed a decreasing trend in the first decade. In the second decade, the trend was constant. The minimum LOWESS curve value was observed in 1990; values then gradually rose through 2010. Overall, the curve based on winter season data suggested a decline in precipitation. After 1990, there was a gradual rise, though small local fluctuations were ignored. The LOWESS curve for spring precipitation (Figure 2(b)) showed a gradual increase in the first three decades. After attaining its highest value in 1990, the value declined over the last two decades.




	
	
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
			
		
			
		
		
		
		
		
		
			
		
			
		
		
			
		
			
		
			
		
			
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
		
			
			
		
		
		
			
		
			
		
			
	


(a)




	
	
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
			
		
		
			
		
		
		
			
		
			
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
		
			
		
			
	


(b)




	
	
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
			
		
		
			
		
		
		
			
		
			
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
		
			
		
			
	


(c)




	
	
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
			
		
		
			
		
		
		
			
		
			
		
		
		
		
		
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
		
			
		
			
	


(d)




	
	
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
			
		
		
			
		
		
		
			
		
			
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
		
			
		
			
		
			
	


(e)
Figure 2: Standardized precipitation and LOWESS trend curves at Swat River basin: (a) winter, (b) spring, (c) summer, (d) autumn, and (e) annual.


The LOWESS curve for summer precipitation showed a constant trend in the first decade and then started to decline up to 1978 (Figure 2(c)). For 1978–1992, the curve started to gradually increase through the remaining years. The LOWESS curve for autumn precipitation exhibited a decreasing trend through 1982; for the remaining time periods, there was an increase in precipitation. For the annual precipitation time series, the LOWESS curve showed slight variations in every decade, but the overall trend was nearly constant throughout the time series. Figure 2 shows the precipitation patterns; LOWESS curves are used to show patterns and do not explain statistically significant trends in the time series.
3.3. Monthly Analysis
The Mann-Kendall (MK) and Spearman’s (SR) rho tests were applied on a monthly scale to detect trends in the precipitation series at different stations. Table 3 shows the results and illustrates that the results of both tests were similar to one another. Monthly trend tests showed a mix of positive and negative trends at different stations. At Thalozom, statistically significant negative and positive trends were found in April and June, respectively. Significant positive trends were detected at Dir and Drosh stations in March and August; no significant trends were found for other months. The Saidu Sharif station exhibited significant positive trends from January to June and from October to December but had negative trends in July and August. Significant positive trends were found at most of the stations in the months of May and June; significant negative trends were seen in July and August. In other stations, a mix of significantly positive and negative trends occurred for a few months of the year. Figure 3 shows the spatial variation in the precipitation time series for each month in the Swat River basin from 1961 to 2011.
Table 3: MK and SR tests results for precipitation in monthly time series.
	

	Station	Test	Jan.	Feb.	Mar.	Apr.	May	Jun.	Jul.	Aug.	Sep.	Oct.	Nov.	Dec.
	

	Thalozom	MK	−0.63	−1.09	−0.42	−2.19	−0.33	2.72	−0.80	−0.94	−0.29	0.10	1.46	0.30
	SR	−0.44	−1.01	−0.39	−2.15	−0.40	2.93	−0.79	−1.03	−0.13	0.28	1.41	0.13
	Drosh	MK	−0.08	−0.24	0.16	−0.67	0.63	1.51	−1.94	−3.16	−0.63	0.40	1.03	0.01
	SR	−0.14	−0.01	0.08	−0.79	0.67	1.73	−1.87	−3.36	−0.50	0.39	1.01	0.17
	Kalam	MK	−0.37	−0.67	0.33	−2.21	−0.63	2.19	−1.15	−1.04	−0.54	0.14	1.20	0.17
	SR	−0.23	−0.52	0.23	−2.13	−0.64	2.29	−1.13	−1.07	−0.43	0.14	0.91	−0.66
	Dir	MK	0.00	−0.63	−2.48	−0.21	−0.79	1.12	−0.15	0.03	1.74	−1.31	−0.34	−0.89
	SR	−0.16	−0.62	−2.80	−0.18	−1.00	1.07	−0.01	−0.02	2.03	−1.63	−0.49	−1.01
	Madyan	MK	0.89	0.75	1.10	−0.83	0.86	3.53	−3.12	−3.38	−0.23	1.90	2.72	1.34
	SR	0.86	0.70	1.13	−0.67	0.85	4.26	−3.24	−3.98	−0.16	2.00	3.01	1.32
	Khairabad	MK	0.91	−0.68	−0.21	−0.80	2.01	3.85	−3.12	−3.48	−0.19	2.68	2.92	1.12
	SR	0.82	−0.72	−0.28	−0.79	2.04	4.46	−3.34	−4.60	−0.17	3.08	3.25	0.97
	ToorCamp	MK	1.92	0.93	0.45	−0.70	−0.44	−0.86	−2.91	−2.96	−2.27	−2.01	0.94	0.28
	SR	1.78	0.85	0.25	−0.82	−0.47	−0.91	−3.17	−3.61	−2.79	−2.33	1.04	0.20
	Saidu Sharif	MK	2.74	2.46	2.22	1.82	2.85	3.27	−3.34	−3.09	0.03	3.19	3.57	2.10
	SR	3.02	2.62	2.61	2.05	3.24	3.83	−3.60	−3.87	0.20	3.64	4.05	2.17
	Malakand	MK	1.05	−1.72	−1.15	0.10	2.28	3.22	−3.18	−2.93	0.16	3.50	2.73	1.49
	SR	0.99	−2.02	−1.32	0.22	2.54	3.02	−3.80	−3.82	0.23	3.97	2.23	0.91
	Kulangi	MK	0.70	−0.99	−2.94	−1.44	−0.62	0.36	0.00	1.74	2.91	−1.64	−0.03	−2.04
	SR	0.59	−1.04	−3.15	−1.41	−0.81	0.24	0.08	1.65	3.36	−1.85	−0.31	−2.31
	Ambahar	MK	0.31	−0.66	−2.84	−1.05	−1.15	0.60	0.18	0.60	3.04	−1.36	−0.21	−1.80
	SR	0.38	−0.70	−2.82	−1.11	−1.18	0.58	0.19	0.34	3.56	−1.51	−0.29	−2.01
	Abazai	MK	2.33	−0.25	−0.91	1.37	2.92	4.49	−2.62	−1.07	1.02	3.31	3.92	2.61
	SR	2.22	−0.29	−0.90	1.62	2.89	4.35	−3.07	−1.09	1.37	3.85	3.66	2.72
	Mardan	MK	2.43	1.34	0.41	0.01	1.05	0.70	0.14	−0.16	1.00	−0.58	−1.31	−1.37
	SR	2.53	1.34	0.50	0.11	1.10	0.72	0.25	−0.20	0.88	−0.51	−1.15	−1.15
	Charsadda	MK	2.32	1.09	0.32	−0.12	0.15	0.34	0.14	−0.14	0.56	−1.04	−2.17	−1.59
	SR	2.37	1.09	0.26	−0.24	0.32	0.44	0.22	−0.33	0.43	−0.97	−2.04	−1.31
	Risalpur	MK	1.91	1.28	0.06	−0.27	−0.33	−0.37	−0.06	−0.63	−0.26	−1.46	−1.87	−2.17
	SR	2.13	1.13	0.06	−0.36	−0.17	−0.25	−0.05	−0.72	−0.26	−1.50	−2.11	−2.16
	


Significant trend at 5% significance level of two-tailed test.






	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
			
			
			
				
			
				
			
				
		
	


Figure 3: Location of sites with increasing, decreasing, and no trends at 5% significance level for the monthly precipitation time series.


The magnitude of statistically significant trends on a monthly scale was determined using Sen’s slope estimator. The results show that trends at Saidu Sharif, Madyan, and Kalam were more rapid (e.g., sharper increases and decreases) compared to other stations. The Saidu Sharif station had the maximum negative decline in monthly precipitation (1.83 mm/month) as well as the maximum positive increase (1.43 mm/month) during the months of July and March, respectively. Figure 4 shows the trends in maximum monthly precipitation variation at the Saidu Sharif station.
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(b)
Figure 4: Variations of monthly precipitation time series in stations with most significant trends during 1961–2011.


3.4. Seasonal and Annual Analysis
The MK and SR tests were also used to identify trends in seasonal and annual precipitation between 1961 and 2011; Table 4 shows the results. Similar to the monthly analysis, results from both statistical tests, MK and SR, were consistent with one another. A mix of negative and positive trends was seen at different stations. Thalozom, Kalam, and Dir stations, which had shown trends with the monthly time scale, did not exhibit statistically significant trends for the seasonal and annual precipitation time series. At Madyan, Khairabad, and Malakand stations, there were significant negative trends in the summer and positive trends in the autumn. Significant negative trends were observed in the spring season only at ToorCamp, Kulangi, and Ambahar stations. For the annual precipitation series, significant positive trends were detected only at Saidu Sharif, Mardan, and Charsadda stations. At other stations, significant positive trends were seen for winter and autumn seasons and for the annual precipitation series; however, negative trends were detected in spring and summer seasons. Figure 5 presents the spatial distribution of seasonal and annual precipitation trends.
Table 4: MK and SR tests results for precipitation in seasonal and annual time series.
	

	Station	Test	Winter	Spring	Summer	Autumn	Annual
	

	Thalozom	MK	−1.20	−1.62	−1.20	1.48	−1.49
	SR	−1.14	−1.52	−1.10	1.35	−1.45
	Drosh	MK	0.42	−0.78	−1.96	0.97	−0.44
	SR	0.49	−0.74	−2.09	1.27	−0.48
	Kalam	MK	−0.62	−1.39	−1.71	1.60	−1.10
	SR	−0.37	−1.21	−1.58	1.57	−0.87
	Dir	MK	−0.28	−1.48	−0.47	−0.76	−1.38
	SR	−0.62	−1.50	−0.58	−0.97	−1.46
	Madyan	MK	1.20	0.03	−2.58	3.65	0.42
	SR	1.37	0.33	−2.44	4.21	0.78
	Khairabad	MK	0.26	−0.65	−3.02	3.25	−0.73
	SR	0.21	−0.76	−3.53	3.64	−0.72
	ToorCamp	MK	−0.63	−2.03	0.24	−0.73	−0.44
	SR	−0.96	−2.17	0.23	−0.92	−1.59
	Saidu Sharif	MK	3.46	2.39	−1.56	0.69	3.28
	SR	4.04	2.80	−1.56	1.48	2.78
	Malakand	MK	−0.70	−1.10	−2.70	3.37	−1.19
	SR	−0.68	−1.15	−3.19	3.73	−1.40
	Kulangi	MK	−1.22	−2.61	0.31	−0.99	−1.44
	SR	−1.56	−2.84	0.37	−1.27	−1.72
	Ambahar	MK	−0.66	−2.06	−0.63	−0.99	−1.57
	SR	−0.76	−2.24	−0.58	−1.10	−1.41
	Abazai	MK	1.79	−0.15	−0.99	4.29	0.96
	SR	2.17	0.07	−0.72	6.04	1.22
	Mardan	MK	2.81	1.45	0.95	−1.02	2.59
	SR	3.10	1.34	0.98	−0.85	2.80
	Charsadda	MK	2.66	0.97	0.73	−1.94	2.14
	SR	2.93	0.88	0.60	−1.76	2.17
	Risalpur	MK	2.43	0.44	−0.06	−1.54	1.98
	SR	2.54	0.40	−0.05	−1.90	1.95
	


Significant trend at 5% significance level of two-tailed test.






	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
			
			
			
			
			
			
			
			
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
			
			
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
			
				
			
				
			
				
			
				
			
				
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
	


Figure 5: Location of sites with increasing, decreasing, and no trends at 5% significance level for the seasonal and annual precipitation time series.


The Saidu Sharif station showed the maximum positive trend in annual precipitation series (7.48 mm/year) across study stations from 1961 to 2011; the Thalozom station showed a negative trend, with a decreasing rate of 3.70 mm/year. Figure 6 displays the results of the magnitude of variation in the annual precipitation for the Saidu Sharif, Mardan, Charsadda, and Thalozom stations.
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(d)
Figure 6: Variations of annual precipitation time series in stations with significant trends during 1961–2011.


3.5. Trend Analysis over Entire River Basin
The effect of climate change on precipitation was also analyzed for the entire Swat River basin by applying the MK and SR tests on monthly, seasonal, and annual scale. As Figure 1 showed, the entire Swat River catchment (A) is divided into four subbasins: upper subbasin (A1), Panjkora subbasin (A2), Ambahar subbasin (A3), and Lower subbasin (A4). Table 5 presents trends in monthly precipitation across the subbasins and for the full basin. The table shows significant positive trends in the months of June and November for the upper subbasin (A1) and the entire Swat River basin (A); negative trends were seen in these locations in July and August. In the Panjkora subbasin (A2), statistically significant positive trends were identified over time in June; a negative trend was seen from July to September. The maximum number of significant cases (8) was observed in data from the Ambahar subbasin (A3). The Lower subbasin (A4) showed a significant positive trend only during January; no significant trends in other months were identified. As a simpler summary, significant negative trends in precipitation over time were seen from July to September; positive trends over time were seen in January, May, June, and October to December in different Swat River subbasins.
Table 5: MK and SR tests results for monthly precipitation time series in entire basin and subbasins of Swat River.
	

	Subbasin	Test	Jan.	Feb.	Mar.	Apr.	May	Jun.	Jul.	Aug.	Sep.	Oct.	Nov.	Dec.
	

	A1	MK	0.47	0.10	0.71	−1.23	0.41	3.49	−2.88	−3.18	−0.18	1.43	2.50	0.94
	SR	0.45	0.06	0.74	−0.98	0.47	4.09	−2.99	−3.63	−0.18	1.59	2.77	0.94
	A2	MK	1.07	0.80	0.16	−0.93	0.21	2.01	−3.54	−4.16	−2.02	0.00	1.87	0.62
	SR	0.95	0.72	0.01	−0.99	0.13	2.31	−3.86	−4.86	−2.24	0.11	2.00	0.63
	A3	MK	2.50	1.02	−0.36	0.65	2.97	3.90	−2.97	−2.55	−0.44	3.05	2.95	2.29
	SR	2.67	0.89	−0.09	0.70	3.11	4.79	−3.54	−3.22	−0.52	3.76	3.65	2.60
	A4	MK	2.37	0.88	−0.06	−0.50	1.22	1.64	−0.63	−0.83	0.00	0.20	0.50	−0.40
	SR	2.46	0.84	−0.01	−0.59	1.17	1.82	−0.59	−0.90	0.01	0.45	0.23	−0.46
	A	MK	1.85	1.10	0.13	−0.62	1.23	3.69	−2.55	−3.61	−0.65	1.74	2.68	0.70
	SR	1.70	1.04	0.18	−0.79	1.27	4.22	−2.77	−4.01	−0.70	1.81	2.99	0.73
	


Significant trend at 5% significance level of two-tailed test.


To detect precipitation trends in each subbasin and entire Swat River basin, the MK and SR tests were again applied to seasonal and annual precipitation data for the 51-year study period (1961–2011). As Table 6 shows, both test methods showed similar results. The upper subbasin (A1) experienced statistically significant negative trends in the summer and positive trends in the autumn. The Panjkora subbasin (A2) and Lower subbasin (A4) showed significant negative trends in the summer and positive trends in the winter. Significant positive trends were found across the subbasins in winter and autumn seasons; however, there was a negative trend in summer at Ambahar subbasin (A3) and across the entire Swat River basin (A). For the annual and spring precipitation time series, there were no statistically significant trends. Significant positive trends were seen in winter and autumn; in summer, negative trends were seen across different subbasins and the full Swat River basin.
Table 6: MK and SR results for seasonal and annual precipitation time series in entire basin and subbasin of Swat River.
	

	Subbasin	Change (mm/year)	Test	Winter	Spring	Summer	Autumn	Annual
	

	A1	−0.73	MK	0.55	−0.24	−2.42	3.05	−0.34
	SR	0.57	0.01	−2.27	3.47	1.18
	A2	−0.90	MK	1.28	−0.23	−3.85	1.58	−0.81
	SR	1.18	−0.35	−4.44	1.64	−0.90
	A3	0.30	MK	2.66	0.16	−2.65	3.75	0.24
	SR	2.95	0.27	−3.09	4.60	0.40
	A4	2.18	MK	2.42	0.60	−0.21	0.24	1.66
	SR	2.72	0.54	−0.37	0.43	1.73
	A	0.48	MK	2.14	−0.11	−2.97	3.07	0.42
	SR	2.25	−0.14	−3.40	3.36	0.38
	


Significant trend at 5% significance level of two-tailed test.


The Lower subbasin exhibited the maximum positive trend over time (2.18 mm/year) in the weighted annual precipitation time series; the Panjkora subbasin showed a negative trend with a decreasing rate of participation at 0.90 mm/year. The entire Swat River basin showed a positive trend in precipitation (0.48 mm/year), as shown in Table 6.
3.6. Comparison of Results
Results from both statistical tests, MK and SR, were consistent with each other. The percentages of statistically significant cases to total tested cases for the MK and SR tests were 32% and 30%, respectively, showing agreement across methods. This consistency in statistical performance was also found in other studies [24, 28].
4. Discussion
This study investigated variability in monthly, seasonal, and annual precipitation at 15 stations in the Swat River basin over a 51-year study period (1961–2011). Precipitation trends were also analyzed for each subbasin and entire Swat River basin. The mean annual precipitation at different stations showed considerable variation, with a standard deviation of 176.8 mm from the mean annual rainfall of 694 mm. The Saidu Sharif, Mardan, and Charsadda stations showed significant positive trends (increased precipitation over time) at 5% significance level in the annual precipitation series. The maximum number of significant changes in monthly precipitation over time was detected at Saidu Sharif, Abazai, and Khairabad stations. Saidu Sharif station showed the maximum increasing slope (indicating sharpest change over time) of 7.48 mm/year among the selected stations in the Swat River basin.
These study results follow the same statistical trends reported by Hartmann and Andresky [35] for northwest parts of Pakistan. Findings were consistent with results from Dimri [56], Ghaffar and Javid [57], and Rasul [58], wherein they found statistically significant increasing trends in winter precipitation for northwest areas of Pakistan. The results of this analysis also support finding of Hanif et al. [37] wherein they found significant variations in summer season precipitation. These variations in precipitation trends may lead Pakistan towards more water related disasters such as droughts and floods in the near future. Basistha et al. [59] proposed possible causes of the changing precipitation trends, such as global climate shifts [60], dwindling global monsoon circulation [61], decline in forest cover [62, 63], land use changes and practices (e.g., irrigated agriculture) [64, 65], and increasing aerosols from anthropogenic activities [66].
5. Conclusions
This paper analyzed trends in monthly, seasonal, and annual precipitation in the Swat River basin over the 51-year study period (1961–2011). A mix of positive and negative trends was observed at various stations and subbasins. The months of June, November, July, and August showed the maximum number of significant cases at various stations in monthly precipitation. The trends were positive in May and June and were negative in July and August. This indicates a shift in precipitation series on monthly scale. Significant positive trends were detected in winter and autumn and annually; negative trends were seen in spring and summer seasons. Saidu Sharif, Mardan, and Charsadda stations exhibited significant positive trends in annual precipitation at a 95% confidence level; the remaining stations did not experience a statistically significant trend.
For the entire Swat River basin, no significant trends were detected in any subbasin for the annual precipitation series. Seasonally, winter and autumn experienced significant positive trends, and summer experienced negative trends in different subbasins in the Swat River basin. Most statistically significant trend cases under different scenarios were positive (61%). The results obtained with the Mann-Kendall (MK) and Spearman’s rho tests showed agreement in their assessments of monthly, seasonal, and annual precipitation trends. The variability of negative and positive trends at various stations points to the need for more detailed studies on the climate change of this region.
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