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The agriculture sector, due to its significant dependence on climate patterns and water availability, is highly vulnerable to changing climate patterns. Pakistan is an agrarian economy with 30% of its land area under cultivation and 93% of its water resources being utilized for agricultural production. Therefore, the changing climate patterns may adversely affect the agriculture and water resources of the country. This study was conducted to assess the climate variations over the major agro-climatic zones of Sindh and Punjab, which serve as an important hub for the production of major food and cash crops in Pakistan. For this purpose, the climate data of 21 stations were analyzed using the Mann–Kendall test and Sen's slope estimator method for the period 1990–2022. The results obtained from the analysis revealed that, in Sindh, the mean annual temperature rose by ~0.1 to 1.4°C, with ~0.1 to 1.2°C in cotton-wheat Sindh and 0.8 to 1.4°C in rice-other Sindh during the study period. Similarly, in Punjab, the mean annual temperature increased by ~0.1 to 1.0°C, with 0.6 to 0.9°C in cotton-wheat Punjab and 0.2 to 0.6°C in rainfed Punjab. Seasonally, warming was found to be highest during the spring season. The precipitation analysis showed a rising annual precipitation trend in Sindh (+30 to +60 mm) and Punjab (+100 to 300 mm), while the monsoon precipitation increased by ~50 to 200 mm. For winter precipitation, an upward trend was found in mixed Punjab, while the remaining stations showed a declining pattern. Conclusively, the warming temperatures as found in the analysis may result in increased irrigation requirements, soil moisture desiccation, and wilting of crops, ultimately leading to low crop yield and threatening the livelihoods of local farmers. On the other hand, the increasing precipitation may favor national agriculture in terms of less freshwater withdrawals. However, it may also result in increased rainfall-induced floods inundating the crop fields and causing water logging and soil salinization. The study outcomes comprehensively highlighted the prevailing climate trends over the important agro-climatic zones of Pakistan, which may aid in devising an effective climate change adaptation and mitigation strategy to ensure the state of water and food security in the country.
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1. Introduction

The varying climate patterns have emerged as one of the greatest challenges being faced by the world community due to its adverse impact on the environment and the ecosystem. These climate variations are widely believed to be anthropogenically driven, with the major causes including deforestation, landcover alterations, sprawling urbanization, industrial expansion, and emissions of toxic gases into the atmosphere (Adler et al., 2017). These factors consequently lead to the destabilization of global heat balance, which results in warming earth temperature, seasonal shifts, changes in wind circulation patterns, and varying precipitation (Rasul et al., 2012; Talpur et al., 2022; Khahro et al., 2023). During the last century, the adversities of climate change have been clearly observed on the global as well as on the regional climate patterns. For instance, during 1951–2012, the mean global temperature rose by ~0.72°C (Nawaz et al., 2019), while regionally, the mean temperature over South Asia rose by ~0.75°C (Tariq et al., 2022). Apart from air temperature (that strongly governs evapotranspiration), precipitation is also an important component of the water cycle and the global water balance since water in all of its forms is received on the earth's surface from the atmosphere via precipitation. Due to the rising air temperatures and shifts in the wind flow patterns, the precipitation trends have also undergone significant variations around the globe (Saini et al., 2020; Duan et al., 2022). For instance, as per the global precipitation during the last 100 years analyzed by the National Oceanographic and Atmospheric Administration (NOAA), the mean global land surface precipitation increased at the rate of ~0.04 inch/decade (Pörtner et al., 2022). However, due to the highly varying character of precipitation, and due to its high sensitivity toward the geographical features and the wind patterns in a region, some areas of the world also observed a declining trend of precipitation. For example, Merabtene et al. (2016) reported a decreasing pattern of annual and winter seasonal precipitation in Sharjah city (UAE). Similar trends were detected in a study conducted by Almazroui (2020) in Saudi Arabia, according to which the mean annual precipitation of the country declined at the rate of ~5.89 mm/decade during the period 1978–2019. Thus, a considerable spatial variation exists in the changing climate patterns around the world.

The agriculture sector is generally ranked as the most vulnerable sector to the changing climate patterns. As per the Food and Agriculture Organization (FAO), the global agricultural land consists of ~4.8 billion hectares, out of which ~33% of the area is cropland (Gennari et al., 2019). Regionally, Asia serves as the largest contributor to the global cropland area (approximately 38%) due to the relatively favorable agro-meteorological conditions, followed by America (24%), Europe (19%), and Africa (18%). For the timely and quantitatively sufficient water application on the agricultural fields to meet the crop water requirements, various irrigation methods have been adopted around the globe to refrain from solely relying on precipitation. At present, ~342 million hectares of the global land area is under irrigation with ~70% in Asia, 16% in America, and 8% in Europe. In addition, based on labor and livelihood, ~874 million people around the world are linked to the agriculture sector, with ~200 million people each in China and India. Based on water consumption, the agriculture sector is the highest water-consuming sector, as it consumes ~70% of the global freshwater withdrawals (Waaswa et al., 2022). This indicates that agricultural production heavily relies on sufficient water availability and climate patterns. Therefore, the changing climate patterns may adversely affect water availability and agricultural production, thereby threatening the state of regional and global food and water security.

Pakistan is an agrarian economy with ~25% of its Gross Domestic Product (GDP) depending on agricultural production (Khan et al., 2020). Out of the total 24 Mha of its area under cultivation, 75% of it is under irrigation, while the remaining is rainfed (Qureshi, 2020; Talpur et al., 2022). Based on groundwater extraction, Pakistan is ranked as the third largest user of groundwater for agricultural production with ~73% of its agricultural land irrigated using groundwater. Due to the scattered rainfall pattern and overall low mean annual precipitation of the country, the rainfall contribution to the national agriculture sector is only sufficient to meet ~15% of the crop water requirements, while the remaining fraction is met through irrigation (Qureshi, 2020). Geographically, Pakistan lies in the temperate zone and partially in sub-tropics, covering an area of ~796,095 km2, and is characterized by a continental type of climate with high climate variations across the country due to its diverse topography from south to north (Chaudhry, 2017). Based on the climate characteristics, Pakistan is categorized into six major climate zones as shown in Figure 1. The mean annual temperature of Pakistan is ~20.35°C, with ~24.0°C in the southern and central parts of the country and 18.0°C in its northern and northwestern belt. Similarly, the annual precipitation also varies spatially, with 60% of the country's land area receiving annual precipitation below 250 mm, 24% receiving between 250 and 500 mm, and the northern highlands receiving ~1000–1500 mm (Raza et al., 2015). For precipitation, Pakistan has two major seasons: the southwest summer monsoon (July to September), which brings ~140.8 mm of rainfall to the country every year on average and holds special importance in terms of replenishing the surface and groundwater resources and supplementing the irrigation requirements for the kharif crop production. Another is the winter precipitation, which occurs due to the formation of the western depression over the Mediterranean region and brings a good amount of snowfall over the Greater Himalayas and northern Balochistan. Pakistan receives ~72 mm of precipitation every year on average during the winter season. This winter precipitation holds significant importance for the growth of rabi crops in the country and the cryospheric mass balance over the Greater Himalayas. The western depression in Pakistan has two branches, namely, the primary and secondary western disturbances. The primary western disturbances enter into the country from Afghanistan, and bring precipitation over the northern parts of the country, whereas the secondary western disturbances infiltrate into the country from Iran, and generously cover Balochistan, Western Highlands, northern and central Punjab, and sometimes Sindh (Salma et al., 2012).


[image: Figure 1]
FIGURE 1
 Six major climatic zones of Pakistan. Source: Global Change Impact Studies Center (GCISC, 2009).


Pakistan has frequently been ranked among the countries that are most susceptible to the adversities of global climate change due to its increasing population, poor resource management, and lack of economic and administrative capacity of the country for climate change adaptation (Rasul et al., 2012). During the last century, the negative effects of global climate change have been clearly noticed in the local climate patterns of the country. For instance, as per the Global Change Impact Studies Center (GCISC, 2009), the mean annual temperature of Pakistan rose by ~0.6°C during the last century at the rate of 0.06°C per decade, as shown in Figure 2 (Chaudhry, 2017). Temporally, the intensity of warming was greater during the later years of the century as compared to the earlier years, which was highlighted in a study by the World Food Program, according to which the mean annual temperature of Pakistan increased at the rate of ~0.07°C per decade between 1960 and 2018 (Ishaq et al., 2018). Similar trends were reported in a study conducted by the World Bank Group and Asian Development Bank, according to which the mean temperature of the country warmed by ~0.47°C during the period 1960 to 2007 (Asian Development Bank, World Bank Group, 2021).


[image: Figure 2]
FIGURE 2
 Mean annual temperature trend of Pakistan (1900–2000). Source: Global Change Impact Studies Center (GCISC, 2009).


Apart from temperature, the precipitation patterns across the country have also undergone significant changes during the past decades. Pakistan as a whole has witnessed a slightly increasing trend of precipitation during the last century. As per Rasul et al. (2012), the mean annual precipitation of Pakistan increased at the rate of ~0.5 mm per year during the last century. Similarly, as per the PMD annual climate report 2022, the mean annual precipitation of Pakistan increased by ~64 mm during the period 1960 to 2021, as shown in Figure 3.


[image: Figure 3]
FIGURE 3
 Pakistan's annual rainfall time series during 1960–2021, with the black line indicating the 7-year moving average and the red line showing the national annual long-term (1961–2010) average. The black dotted line shows trends during the period. Source: PMD annual climate report, 2022 (PMD, 2022).


It is important to note that agricultural and livestock production in Pakistan is mainly centered in its two provinces, namely, Sindh and Punjab (Sadiq et al., 2019). Punjab is the largest province of Pakistan in terms of population and agricultural growth, spanning an area of ~20.63 Mha, out of which ~17.6 Mha is under cultivation. Out of the total cultivated area in the province, ~15.47 Mha is under irrigation, while the remaining is rainfed (Mujtaba et al., 2022). The province is the largest grower of wheat crops in Pakistan, as ~73% of the country's wheat production takes place in Punjab. Furthermore, the province is also famous for growing export-quality basmati rice and contributes ~60% to the national rice production (Arshad et al., 2019). On the other hand, Sindh is the 2nd largest contributor to national agriculture and livestock production after Punjab, spanning an area of ~14.09 Mha, out of which ~4.87 Mha is under cultivation (Memon et al., 2021). The climate of Sindh is mainly warm and arid due to its location in the sub-tropical region, with its mean annual rainfall ranging from ~150 to 250 mm. Approximately 68% of agricultural land in Sindh is being used for growing rice, wheat, sugarcane, and cotton crops. The dominant cropping patterns in the Sindh province are rice-wheat, cotton-wheat, and mixed cropping. As per the Pakistan Council of Research in Water Resources (PCRWR), ~35% of rice, 28% of sugarcane, 12% of wheat, and 20% of cotton in Pakistan are grown in the Sindh province (PCRWR, 2018). Furthermore, the province is also an important hub for the production of horticultural crops in the country as ~73% of bananas, 34% of mangoes, and 88% of the chilies in the country are grown in the Sindh province (Haider and Ullah, 2020). This clearly indicates that food security in Pakistan is heavily dependent on the agricultural production in Sindh and Punjab, and the changing climate patterns over these two provinces may adversely affect the overall state of food security in the country.


1.1. Literature review

To investigate the varying climate patterns over an area, past studies have recommended a number of non-parametric methods including the Mann–Kendall (MK) test, Spearman's rho test, and Mann–Whitney test to investigate the changing climate patterns over an area (Ahmad et al., 2015; Hadi and Tombul, 2018; Duy et al., 2022; Huang et al., 2022; Pohl et al., 2023). The MK test has been used in numerous studies in the past and is considered to be highly reliable due to its non-restriction for the time series data to be normally distributed. For example, Das et al. (2022) employed the Mann–Kendall test for the detection of temperature and rainfall patterns in Bangladesh and found an upward trend of temperature over the country. For rainfall, a declining trend was detected. Similarly, Gadedjisso-Tossou et al. (2021) also used the MK test to study the rainfall and temperature patterns over northern Togo (Africa) and found an overall upward trend of rainfall and temperature. Apart from the determination of the nature of the trend (increasing or decreasing), the magnitude of change also yields valuable information for the climate change analysis. For this purpose, Sen's slope estimator method has been recommended and used in various studies due to its non-parametric nature (Agarwal et al., 2021; Abdullah et al., 2022). For instance, Panda and Sahu (2019) used the Sen's slope estimator method for the analysis of seasonal temperature and precipitation over the selected districts of India and reported an overall increasing trend of summer monsoon rainfall with the Sen's slope as +4.03 mm/year. For annual mean temperature, an increasing trend with the Sen's slope as +0.29°C/year was detected. Aswad et al. (2020) also used the Sen's slope estimator method to study the rainfall trends over the Sinjar district (Iraq) and reported a declining trend of rainfall with the Sen's slope as −0.916 mm/year. However, before the use of the aforementioned trend detection tests, it is essential to first test the serial or auto-correlation in the data. The presence of serial correlation in the time series data may yield a significant trend in the time series even if it was not present or vice versa, which may mislead the investigation (Latif et al., 2018). To check and remove the serial correlation from the climate data, the previous studies have suggested a number of methods, including Trend-Free Pre-Whitening (TFPW), Pre-Whitening (PW), and Variance Correction (VC) methods (Latif et al., 2018; Alashan, 2020; Gao et al., 2020). The Pre-Whitening approach has been employed in various studies to remove the serial correlation from the time series data. For example, Nawaz et al. (2019) used the Pre-Whitening method to remove the auto-correlation from the time series data. Mullick et al. (2019) also used the Pre-Whitening method to remove the serial correlation for the assessment of climate trends in Bangladesh.

Previously, numerous studies have been conducted to investigate the varying weather patterns over the high elevation areas, low hyper-arid and arid plains, and the coastal zones in Pakistan. For instance, Raza et al. (2015) studied the variations in surface temperature and precipitation over Gilgit-Baltistan for the period 1955–2010, and reported an increasing trend of temperature during winter, spring, and post-monsoon months, while the summer temperatures declined over the area. For precipitation, an overall increased trend was found in the study. Jahangir et al. (2016) investigated the daily minimum temperature trend for the period 1979–2013 over Punjab (Pakistan) and found a slight change during the spring season over the province. However, this study was specifically conducted to comprehensively investigate the annual and seasonal climate patterns over the major agro-climatic zones of Sindh and Punjab which have rich fields of major food and cash crops and serve as an important hub for the country's agricultural and livestock production. The annual and seasonal temperature and rainfall trends over the selected stations in Sindh and Punjab were investigated for the period 1990–2022 using the Mann–Kendall test and the Sen's slope estimator method. The outcomes of this study are expected to help in understanding the prevailing climate patterns over the major agro-climatic zones of the country, sustainable management and conservation of available water resources, adopting effective irrigation and drainage practices, and devising holistic climate change adaptation and mitigation strategy for ensuring the state of food and water security in the country.




2. Materials and methods


2.1. Study area

Based on the climate, land use, physiography, availability of water, and farming practices, Pakistan is categorized into 11 agro-climatic zones, namely, rice-wheat Punjab, cotton-wheat Punjab, low-intensity Punjab, Barani-rainfed Punjab, cotton-wheat Sindh, rice-other Sindh, Khyber Pakhtunkhwa, Balochistan, mixed Punjab, Gilgit-Baltistan, and Azad Jammu Kashmir (Sadiq et al., 2019), with the political map of the country shown in Figure 4. In this study, the agro-climatic zones of Sindh and Punjab were selected due to their significant contribution to the country's agricultural production. Rice-wheat Punjab mainly consists of the central and northeastern parts of Punjab province. The major food and cash crops sown in this zone include rice, wheat, and sugarcane along with jawar, bajra, mash, moong, maize, tobacco, oilseed, and mustard. Climatologically, the winters are generally mild in this zone, while late spring and early summer are hot, headed by summer monsoon that declines the pre-monsoon high temperatures over the area. Due to its spatial location, the region receives a good amount of precipitation from both summer monsoon and western disturbances, while Autumn is generally dry over the area. The cotton-wheat Punjab generally consists of the southern parts of Punjab province, with cotton, wheat, sugarcane, rice, maize, and potato are the main crops sown in the zone along with fruits and vegetables. The climate of this zone is mainly warm and arid due to its closeness to the Cholistan and Thal deserts with the maximum temperature normally exceeding 30°C during early spring, whereas the minimum temperature also remains above 30°C during summer. The region receives a very low rainfall during winter and spring due to the poor intrusion of western disturbances into the zone and receives its annual rainfall mainly from the summer monsoon. Low-intensity Punjab is geographically located along the banks of the Indus River following the contours of the Suliman range. Wheat, rice, fruits, and vegetables are the main crops grown in this zone. Climatologically, summers are normally dry and hot in this zone, while winters are relatively cooler. The zone lies outside the spatial coverage of western disturbances and thus receives very scarce rainfall during the winter and early spring months while receiving adequate rainfall from the summer monsoon (Sadiq et al., 2019).


[image: Figure 4]
FIGURE 4
 Political map of Pakistan. Source: survey of Pakistan.


Barani-rainfed Punjab mainly consists of the northern parts of Punjab province lying between the Jhelum and Indus rivers and is known as the Potohar plateau. The major crops grown in the zone include wheat, maize, sorghum, groundnut, mustard, sunflower, and soybean. Climatologically, winters are mildly cold in the zone, while summers are hot with maximum temperature normally exceeding 40°C during pre-monsoon. The zone receives the highest amount of summer monsoon precipitation in the country due to the good incursion of the monsoon system into the area and also receives a good amount of rainfall from the western disturbances. Mixed Punjab mainly comprises the central parts of Punjab with wheat, sugarcane, fruits, and vegetables as the main crops grown in the zone. Climatologically, the spring season months are the warmest in the year over the zone, and the area receives a majority of its annual rainfall from the summer monsoon. Cotton-wheat Sindh mainly comprises the southeastern parts of Pakistan with cotton, wheat, sugarcane, and rice being the main crops sown in this zone. Climatologically, the zone is arid and extremely hot, where maximum temperatures normally stay above 25°C, and minimum temperatures above 5°C throughout the year, with the highest warming taking place during the pre-monsoon months with the temperature often exceeding 40°C. Due to the poor incursion of western disturbances into the area, this zone seldom receives winter precipitation and relies solely on the summer monsoon for its annual precipitation. Rice-other Sindh generally consists of the southwestern and the coastal parts of the Sindh province. Due to its closeness to the Indus River, the zone is characterized by rich fertile land. The major crops sown in the area include rice, wheat, sugarcane, cotton, pulses, fruits, and vegetables. Climatologically, winters are mild in the zone, while summers are hot and the area mainly relies on the southwest summer Monsoon for its annual precipitation (Sadiq et al., 2019).



2.2. Data collection

In this study, a total of 21 climate stations were selected from Sindh and Punjab for the annual and seasonal trend assessment of temperature and rainfall patterns. The stations of Sialkot, Lahore, and Gujranwala were selected from the rice-wheat Punjab. From cotton-wheat Punjab, Multan, Bahawalnagar, and Bahawalpur were selected. From low-intensity Punjab, Mianwali and Dera Ismail Khan were selected. From Barani Punjab, Islamabad and Jhelum were selected. From mixed Punjab, Sargodha and Faisalabad were selected. From cotton-wheat Sindh, Sukkur, Naushahro Feroze, Nawabshah, Hyderabad, and Umerkot were selected. From rice-other Sindh, Jacobabad, Larkana, Dadu, and Badin were selected, as shown in Figure 5.


[image: Figure 5]
FIGURE 5
 Description of study area showing the selected stations from the major agro-climatic zones of Sindh and Punjab.


The acquired climate data from PMD consisted of monthly maximum and minimum air temperature and rainfall for the period 1990–2022. The geographic and climate details of the selected stations are shown in Table 1.


TABLE 1 Geographical and climate details for selected stations in the major agro-climatic zones of Sindh and Punjab.

[image: Table 1]




3. Methodology


3.1. Serial correlation analysis

As discussed in the literature review, the presence of auto-correlation was to be first tested in the climate data before the trend analysis, as the time series must be serially independent and randomly ordered for the trend detection. To detect the serial correlation, the lag-1 auto-correlation coefficient (r1) was computed for all months of the given temperature and rainfall data for all selected stations using Equation 1 as follows (Gao et al., 2020):

[image: image]

The auto-correlation co-efficient (r1) obtained from Equation 1 was then tested at a 95% confidence interval (5% significance level) using Equation 2 as follows (Gao et al., 2020):

[image: image]

As per the past studies, if r1 for a time series lies within the above range as shown in Equation 2, it is assumed that the data does not possess serial interdependence and the statistical tests can be applied without any modification (Nawaz et al., 2019). However, if r1 is outside the range, then the serial correlation is considered in the data and is removed for reliable trend analysis (Gao et al., 2020). In this study, the time series with significant serial correlation found was indicated as “✓”, while the time series with no auto-correlation found was indicated as “✗”.



3.2. Pre-whitening method

In this study, the climate data having serial correlation found was first rectified by using Pre-Whitening, and the trend tests were then used on the corrected data. The corrected time series data were obtained by using the expression (T2-r1T1, T3-r1T2……, Tn-r1-Tn − 1), and the trend detection tests were then applied to the modified time series data.



3.3. Mann–Kendall test

In this study, the MK test was used to investigate the nature and significance of temperature and rainfall trends (increasing or decreasing) on the annual and seasonal scales over the selected agro-climatic zones. The mathematical expressions used to compute the MK test statistics are shown as follows (Frimpong et al., 2022):
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The value of S is considered during the analysis when the number of observations (n) in data is <10. On the contrary, if the number of observations is more than 10, then the value of Z is computed for the trend investigation (Karmeshu, 2012).
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Where Ti and Tj are the values in climate data at times i and j, respectively (where j > i), and n is the length of time series data. The positive value of Z shows a rising pattern, while the negative value shows a decreasing pattern. The resulting trends were assessed using two variables, namely, |Z| and p-value, computed from the test at the chosen significance level (α). As per the literature review, if α is <p and |Z| > |Zα/2|, then the trend is declared to be statistically significant at the given confidence interval, and the null hypothesis is rejected. However, if p > α and |Z| < |Zα/2|, then the trend is declared to be non-significant (Latif et al., 2018; Gao et al., 2020). In this study, the Mann–Kendall test was applied to the corrected climate data for all selected stations at a 95% confidence interval (significance level as 0.05), and the trends were termed as significant if |Z| > |Zα/2| (that is, 1.96) and p < 0.05.



3.4. Sen's slope estimator method

For the assessment of the magnitude of the trend, Sen's slope estimator method was applied in this study to compute the value of change in the annual and seasonal temperature (°C/year) and rainfall (mm/year) during the study period. The statistics for the Sen's slope method in this study were estimated using Equations 7, 8 as follows (Latif et al., 2018):

[image: image]

Where i = 1,2,3,4…..N, Mi is the calculated slope of N pairs of data, and Ti and Tj are the values of data pairs at times i and j, respectively. The median of Sen's slope (M) was estimated as follows (Latif et al., 2018):

[image: image]




4. Results and discussion


4.1. Serial correlation analysis

In this study, the presence of significant serial correlation was first tested at a 95% confidence interval in the given monthly maximum and minimum temperatures and precipitation time series data before the trend assessment. The monthly climate time series data with significant auto-correlation found at a 95% confidence interval (indicated with the symbol “✓” in Tables 2, 3) were first corrected by employing the Pre-Whitening method, and the MK test and Sen's slope estimator method were then applied on the modified time series data (free from serial correlation). The results obtained from the serial correlation analysis are shown in Tables 2, 3.


TABLE 2 Results of serial correlation test for monthly maximum and minimum temperature time series data for the selected stations in the study.

[image: Table 2]


TABLE 3 Results of serial correlation test for monthly precipitation time series data for the selected stations in the study.
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4.2. Annual and seasonal temperature trend analysis

The temperature trends on the seasonal and annual scale were investigated in this study over the major agro-climatic zones of Sindh and Punjab during the period 1990–2022 using the Mann–Kendall test and Sen's slope estimator method. The results obtained from the Mann–Kendall test (Z-value) and Sen's slope estimator method (°C/year) are shown in Table 4 and Figures 6–8.


TABLE 4 Results of the Mann–Kendall test (MK) and Sen's slope estimator method (SS) for the annual and seasonal temperature trend analysis over the study area for the period 1990–2022.
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FIGURE 6
 Magnitude of change in temperature for (A) annual, (B) spring, (C) summer, and (D) winter seasons for the period 1990–2022.


The results obtained from the analysis revealed a warming trend over the majority of selected stations in Sindh and Punjab on the annual as well as on the seasonal scale. On the annual scale, the mean annual temperature of Punjab rose by ~0.1 to 1.0°C, with ~0.6 to 0.9°C in cotton-wheat Punjab, 0.1 to 0.8°C in rice-wheat, low-intensity, and mixed Punjab, and ~0.2 to 0.6°C in Barani-rainfed Punjab during the study period, as shown in Figure 6A, where a statistically significant rising trend was found at the Sialkot, Multan, Bahawalnagar, and Faisalabad stations at 95% confidence interval with the Sen's slope as +0.033, +0.021, +0.029, and +0.026°C/year, respectively, as shown in Table 4 and Figure 7. In Sindh province, the mean annual temperature rose by ~0.1 to 1.4°C, with ~0.1 to 1.2°C in cotton-wheat Sindh and 0.8 to 1.4°C in rice-other Sindh, with a significant rising trend was found at the Nawabshah, Sukkur, Umerkot, Larkana, Badin, and Dadu stations at the rate of ~0.03, 0.034, 0.037, 0.03, 0.028, and 0.045°C/year, respectively, as shown in Figure 8.


[image: Figure 7]
FIGURE 7
 Climate stations in Punjab showing a significant rise in annual mean temperature (°C) at a 95% confidence interval during the study period (1990–2022).



[image: Figure 8]
FIGURE 8
 Climate stations in Sindh showing a significant rise in annual mean temperature (°C) at a 95% confidence interval during the study period (1990–2022).


Apart from the annual temperature, the seasonal temperatures also hold significant importance for the agricultural sector in terms of irrigation requirements, water consumption, and crop yield. For instance, the spring and summer seasonal temperatures strongly influence the crop water requirement and growth of kharif crops, while the winter seasonal temperatures strongly govern the production and water consumption by the rabi crops. In this study, a significant rising trend of spring seasonal temperature was found in Sindh and Punjab. In Punjab, the spring seasonal temperature rose by ~0.8 to 2.1°C, with ~0.84 to 1.6°C in rice-wheat Punjab, 0.6 to 1.2°C in Barani-rainfed Punjab, and 1.6 to 2.2°C in cotton-wheat, mixed, and low-intensity Punjab, as shown in Figure 6B, where a significant rising trend was found at the Sialkot, Bahawalpur, Bahawalnagar, Mianwali, and Faisalabad stations with the Sen's slope as +0.054, +0.064, +0.069, +0.065, and +0.071°C/year, respectively. On the other hand, in Sindh, the spring seasonal temperature rose by ~0.5 to 2.3°C, with ~1.0 to 2.5°C in cotton-wheat Sindh and 1.0 to 2.0°C in rice-other Sindh, where a significant rising trend was found at the Nawabshah, Umerkot, Larkana, and Badin stations with the Sen's slope as +0.086, +0.076, +0.074, and +0.055°C/year, respectively. For the summer season, the analysis showed that the seasonal temperature increased by ~0.3 to 1.7°C in Sindh, with ~0.7 to 1.6°C in rice-other Sindh and 0.3 to 1.0°C in cotton-wheat Sindh as shown in Figure 6C, where a significant rising trend was found at the Sukkur, Umerkot, Larkana, and Badin stations with the Sen's slope as +0.056, +0.034, +0.051, and +0.025°C/year, respectively. In Punjab, the summer seasonal temperature increased by ~0.1 to 0.4°C in cotton-wheat Punjab, 0.7 to 0.9°C in rice-wheat Punjab, while a declining trend was found in Barani-rainfed, low-intensity, and mixed Punjab, where a significant downward trend was found at the Sargodha station at 95% confidence interval with the Sen's slope as −0.04°C/year. For the winter season, the mean temperature rose by ~0.7 to 1.0°C in cotton-wheat Sindh, while a mixed trend was found in rice-other Sindh as shown in Figure 6D. In Punjab, an overall declining trend of winter seasonal temperature was found.

Conclusively, it was found that the annual and seasonal temperatures have significantly increased in Sindh and Punjab during the past decades. Based on the analysis, the warming winter seasonal temperatures may affect the irrigation requirements, growth, and per hectare yield of rabi crops, as the late arrival and early departure of the winter season may reduce the length of the rabi growing season, causing the early completion of the crop growth cycle and resulting in reduced production as the crop will gain early maturity without attaining the proper size and height. On the other hand, the soaring spring and summer seasonal temperatures may adversely affect the production of kharif crops in terms of increased irrigation requirements and freshwater withdrawals, high soil temperatures and soil moisture deficiency, crop water stress conditions, and wilting of crops, consequently leading to reduced crop yields and threatening the overall state of food and water security in the country.



4.3. Annual and seasonal precipitation trend analysis

Along with temperature, the annual and seasonal rainfall patterns were also investigated in this study over the major agro-climatic zones of Sindh and Punjab using the Mann–Kendall test and Sen's slope estimator method for the period 1990–2022. The results obtained from the analysis are shown in Table 5 and Figure 9.


TABLE 5 Summary of the Mann–Kendall test (MK) and Sen's slope estimator method (SS) for the annual and seasonal precipitation trend analysis over the study area for the period 1990–2022.
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FIGURE 9
 Magnitude of change in precipitation for (A) annual, (B) summer monsoon, and (C) winter during the period 1990–2022.


The results obtained from the analysis showed that on the annual scale, an increasing trend of precipitation was found in cotton-wheat and rice-other Sindh during the study period, where the annual precipitation increased by ~30 to 60 mm in cotton-wheat Sindh, as shown in Figure 9A. In rice-other Sindh, the highest rainfall increment was found at the Jacobabad station, with the Sen's slope as +9.019 mm/year, as shown in Table 5. In Punjab, an increasing trend of annual rainfall was found in rice-wheat and mixed Punjab, where the rainfall increased by ~100 to 350 mm during the study period, with a significant increasing trend found at Gujranwala (+11.41 mm/year) and Faisalabad stations (+6.52 mm/year). On the contrary, a downward rainfall trend was detected in cotton-wheat Punjab, where the annual precipitation declined by ~40 mm, while mixed trends were found in rainfed and low-intensity Punjab.

For the monsoon precipitation, an increasing trend was found at all selected stations in Sindh province, where the rainfall rose by ~50 to 150 mm, as shown in Figure 9B, with the highest increment noted at the Jacobabad station, where the rainfall increased at the rate of ~4.5 mm/year. In Punjab, an upward trend of monsoon precipitation was found in rice-wheat, cotton-wheat, low-intensity, and mixed Punjab, where the rainfall increased by ~50 to 200 mm in rice-wheat Punjab, and by ~30 mm in cotton-wheat Punjab, with a significant rising trend was found at Gujranwala (+7.39 mm/year), Dera Ismail Khan (+9.93 mm/year), and Faisalabad (+4.46 mm/year). However, in Barani-rainfed Punjab, a declining trend of monsoon precipitation was found. For the winter precipitation, a downward trend was found in cotton-wheat and rice-other Sindh as shown in Figure 9C. Similarly, in cotton-wheat, rice-wheat, low-intensity, and Barani-rainfed Punjab, a declining trend of winter precipitation was found, where at the Mianwali station, the winter precipitation dropped at the rate of ~4.53 mm/year. Contrarily, in mixed Punjab, an upward trend of winter precipitation was found.

In a nutshell, an overall increasing trend of rainfall was noted in Sindh and Punjab during the analysis as shown in Figure 10. Seasonally, the monsoon precipitation was found to be increasing over Sindh, southern and central parts of Punjab, while in rainfed Punjab, a declining trend was found. For winter precipitation, a negative trend was found in Sindh, whereas an upward trend was found in mixed Punjab, while the remaining stations in Punjab showed a downward pattern. The declining trend of winter precipitation in Sindh and southern and northern Punjab may result in increased irrigation withdrawals for rabi crop production. On the other hand, the rising monsoon rainfall trends in Sindh and southern and central parts of Punjab may favor the kharif crop production, in case the rainfall-generated excess runoff is well-managed and utilized efficiently. Contrarily, the increasing monsoon precipitation coupled with poor drainage infrastructure across the country may result in increased rainfall-runoff inundation, rising water tables, increased water logging, and soil salinity, thereby threatening the crop production and state of food security in the country.


[image: Figure 10]
FIGURE 10
 Climate stations in Sindh and Punjab showing a significant rise in annual precipitation (mm) at a 95% confidence interval during the study period (1990–2022).




4.4. Potential impact and study significance

This study briefly investigated the varying climate patterns over the major agro-climatic zones of Sindh and Punjab, which have rich growing fields of important food, cash, and horticultural crops of the country and serve as a significant source of livelihood for the local farmers. The study outcomes may help policymakers formulate an effective climate change adaptation and mitigation strategy for the country.



4.5. Future directions

This study briefly investigated the past climate trends over the important agricultural zones of the country. However, the assessment of future possible climate trends using the global or regional circulation models can be conducted to assess the future possible climate variations over the major agro-climatic zones of Pakistan, which may help to conserve the available freshwater resources and ensure food and water security in the country.




5. Conclusion and recommendations

Based on the results obtained from the study, the following conclusions were reached:

1. Different studies conducted in the past have highlighted noticeable climatic changes in Pakistan that may potentially threaten the national water security, human health, economy, and agriculture.

2. As per the analysis, warming has significantly increased in Sindh and Punjab during the past decades, with the temperature rise found to be higher in Sindh than in Punjab. In Sindh, the mean annual temperature rose by ~0.1 to 1.4°C, whereas in Punjab, warming increased by ~0.1 to 1.0°C. Seasonally, soaring temperature patterns were found to be more inclined toward the spring season over the study area. During the summer season, the mean temperature increased by ~0.3 to 1.6°C in Sindh, while in cotton-wheat and rice-wheat Punjab, the seasonal temperature increased by ~0.1 to 0.9°C. During the winter season, an increasing temperature trend was found in Sindh, whereas in Punjab, an overall declining temperature trend was found.

3. For precipitation, an overall increasing trend of annual rainfall was found in Sindh, rice-wheat, and mixed Punjab, while a declining trend was observed in low-intensity, cotton-wheat, and Barani Punjab. For the monsoon precipitation, an increasing trend was found in Sindh, cotton-wheat, rice-wheat, low-intensity, and mixed Punjab, while a declining pattern was found in rainfed Punjab. For winter precipitation, a negative trend was noted at all stations, except the mixed Punjab.

4. In the author's opinion, the changing climate patterns as found in the study call for the formulation and implementation of a well-integrated climate change adaptation and mitigation policy for the country at the earliest, to protect the agriculture sector and the freshwater resources of the country from the adversities of changing climate patterns.
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SS +0.021 +0.064 +0.012 —0.003

Bahawalnagar MK +1.990* +2.750% +0375 —0573
S +0.029 +0.069 +0.003 —0.010

Low-intensity Punjab

Mianwali MK +0.968 +2.150* —1.797 +0.542
S +0.015 +0.065 —0.019 +0.013

Dera Ismail Khan MK +0.612 +1.639 +0.256 —0.572
SS +0.009 +0.060 +0.004 —0.022

Barani-rainfed Punjab

Jhelum MK +1.621 +1.453 +0.479 0.0
S +0.022 +0.046 +0.004 Nil

Islamabad MK +0.375 +0.792 —0.125 +0.969
s +0.008 +0.019 —0.002 +0.023

Mixed Punjab

Faisalabad MK +2.535* +2.501* 0.0 —0.286
SS +0.026 +0.071 Nil —0.006

Sargodha MK 0.0 +0.889 -2.43* —0.083
S Nil +0.032 —0.040 —0.001

Cotton-wheat Sindh

Nawabshah MK +2.790* +3.33* +1.086 +1.251
s +0.030 +0.086 +0.015 +0.024

Sukkur MK +2.994 +1.822 +3.762* +1.426
SS +0.034 +0.055 +0.056 +0.029

Naushahro Feroze MK +0.145 +1.605 +0.778 —0.827
SS +0.002 +0.035 +0.008 —0.017

Hyderabad MK +0.583 +1.620 —1.363 —0.908
S +0.003 +0.032 —0.013 —0.014

Umerkot MK +4.22* +3.25* +2.110% +1.673
SS +0.037 +0.076 +0.034 +0.031

Rice-other Sindh

Jacobabad MK —0.583 +0.928 —1.602 —1.793
SS —0.009 ~+0.036 —0.015 —0.053

Larkana MK +2.870* +2.830% +4.060* —1.481
sS +0.030 +0.074 +0.051 —0.020

Badin MK +3.080* +2.760* +2.746* +0.438
sS +0.028 +0.055 +0.025 +0.004

Dadu MK +1.980* +0.151 +0.948 +0.758
ss +0.045 +0.016 +0.029 +0.031

ificant trend at 95% confidence interval.
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Station tude (°E) Mean annual Mean annual

temperature (°C) precipitation (mm

Rice-wheat Punjab

Lahore 31.58 74.4 214 24.85 636.9
Sialkot 32.51 74.53 255.1 23.16 972.0
Gujranwala 32.18 74.19 231 23.90 581.0

Cotton-wheat Punjab

Multan 302 7143 122 25.64 2538
Bahawalpur 29.33° 7178 110 2578 1674
Bahawalnagar 29.33° 73.85 161.05 25.97 280.4

Low-intensity Punjab

Mianwali 32.58 71.53 210 2435 598.4

Dera Ismail Khan 31.86 70.90 165 24.35 317.70

Barani-rainfed Punjab

Jhelum 3294 7372 234 23.88 874.8
Islamabad 33.68 73.04 540 21.85 1200.0
Mixed Punjab

Faisalabad 3145 73.13 185.6 2435 382.0
Sargodha 32.07 72.68 187 24.65 501.0

Cotton-wheat Sindh

Nawabshah 26.24 68.39 34 27.20 161.4
Sukkur 27.72 68.82 67 27.0 87.6

Naushahro Feroze 26.84 68.12 38 26.4 108.5
Hyderabad 25.39 68.35 28 27.50 155.50
Umerkot 25.35 69.73 19 26.85 245.50

Rice-other Sindh

Jacobabad 28.28 68.44 55 27.05 222.90
Larkana 27.55 68.20 52.70 27.0 126.0
Badin 24.64 68.84 10 26.86 222.82
Dadu 26.73 67.77 35 26.97 190.57

Data source: Pakistan Meteorological Department (PMD).
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