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A Meteorological Drought Index-Based Approach: A Spatial and Temporal 

Investigation of Wet and Dry Period Trends in Bangladesh between 1980 and 2018. 

 

Abstract 

Drought is a stochastic climatic phenomenon that has detrimental and widespread effects that spread throughout 

the local community, the global economy, and ecological environments. Consideration of wet and dry periods' 

calculations through various drought indices has extensive consequences for better understanding and monitoring 

drought intensities over considering periods. As a high chance of implausibility could occur in predicting drought 

events, trend detection during wet and dry periods could play a vital role in assessing future events and providing 

a necessary equitable understanding of the events' variability. Although these event trend lines are statistically 

independent, they could be found to have a significant correlation in time lags. With the help of historical 

meteorological data (1980–2018) over Bangladesh, three drought monitoring indices were used to monitor wet 

and dry periods in this study, including SPI, PNPI, and ZSI. Besides, to detect the trend of wet and dry periods in 

time series, the Mann-Kendall nonparametric test has been used. The results reveal that, through the Mann-

Kendall test, the trend of wet and dry periods was negative in the majority of total stations. A total of eight stations 

among thirty selected stations showing increasing and decreasing trends were significant at the 95% confidence 

level, respectively. Serial correlation was used for better understanding and detecting non-randomness in rainfall 

data and drought indices, and it was found that rainfall and drought indices were dependent on small serial 

correlation lags. Moreover, a significant correlation was found on lag-1 coefficient values, which justified the 

preceding claim. The Theil-Sen slope estimator remarkably captured the changes in trend lines. 

Keywords: Meteorological Drought Indices, Trend Detection, Serial Correlation Coefficient, Bangladesh 
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1. Introduction  

Globally, the climate has been changed because of the increasing intensity of greenhouse gases, which might be 

produced from unaware human activities (Chu et al. 2010). Nowadays, existing water resources management has 

faced great challenges due to global climate change in combination with human-induced deterioration, which is 

considered a great danger (Huang et al. 2012; Manatsa, Chingombe, and Matarira 2008). That’s why, to reduce 

negative hydrological and environmental impact, proper understanding and management regarding water resource 

systems is an essential factor in evaluating the potential change of water resource systems (C. Y. Xu and Singh 

2004). The fifth IPCC report stated climate anomalies have occurred frequently because of an incontrovertible 

issue called global warming (IPCC 2013). Many studies reveal that extreme weather events, including floods and 

droughts, are the major adverse output of global warming as it alters the pattern of rainfall (Q. Zhang et al. 2009). 

These findings will undoubtedly play an important role in raising awareness of the risks of floods and droughts 

around the world (Herschy 2002; Monirul Qader Mirza 2002). 

Drought has become an irresistible scenario all over the world because of climatic variation as well as because it 

is a repeatable natural phenomenon in the arid and semi-arid regions (Montaseri, Amirataee, and Nawaz 2017). 

Drought is a gradual process that is impossible to predict and detect, as well as difficult to represent the negative 

impacts on several regions (Aleboali, Ghazavi, and Sadatinezhad 2016; Zarei and Moghimi 2019). Drought refers 

to a temporary condition because of the scarcity of water over a period of time in a certain geographical area, 

which is a natural periodic concern (Sivakumar and Stefanski 2007). A drought might be studied on the basis of 

two different perspectives, i.e., i) environmental and ii) water resources (Donald A. Wilhite and Glantz 1987). 

Environmental drought has been classified into four types: i) meteorological, ii) agricultural, iii) hydrological, and 

iv) socioeconomic drought (Jiang et al. 2018; X. Li et al. 2015; Donald A. Wilhite 2005). Meteorological drought 

refers to a deficit of precipitation over a period of time in a territory (Tabrizi et al. 2010). Meteorological drought 

is generally considered the most common and extensive type of drought, which has a cabalistic influence on the 

other three types of drought (WMO 2006). Furthermore, to mitigate the risk regarding water resources 

management and also the agricultural production sector, meteorological drought assessment plays a crucial role 

by providing a previous warning. That’s why scientists have suggested numerous quantitative and qualitative 

definitions of drought with indicators (Bhalme and Mooley 1980; Burke, Brown, and Christidis 2006; Keyantash 

and Dracup 2004; Shafer and Dezman 1982; Sousa et al. 2011; Vicente-Serrano, Beguería, and López-Moreno 

2010; A. Zhang and Jia 2013). A Drought index refers to a quantitative approach that acts as an indicator to assess 

the intensity of drought in a region where a numerical value is derived using assimilation of data from one or more 

variables, which makes it easier to understand drought conditions than raw indicator data, which depends on the 

climatic criterion such as precipitation, temperature, evapotranspiration, soil moisture, etc. (R. Li, Tsunekawa, 

and Tsubo 2017; Ta et al. 2018; Zargar et al. 2011). Despite the fact that annual rainfall data is used for parameter-

dependent drought indices such as Standardized Precipitation Index (SPI) (Mckee, Doesken, and Kleist 1993; 

Tsakiris and Vangelis 2004), Percent of Normal Precipitation Index (PNPI) (Willeke et al. 1994), Rainfall 

Anomaly Index (RAI) (Van-rooy 1965), Deciles Index (DI) (Gibbs and Meher 1967), Z-score, Modified China Z 

Index (MCZI) (Wu et al. 2001), China Z Index (CZI) (S. Morid and Paymozd 2012), etc. those are efficiently 

used to assess the characteristics and territorial dynamics of droughts (Mishra and Singh 2010). Numerous studies 

on drought conditions and trends have been conducted, and those studies have revealed that drought trends are 
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increasing all over the world (Bonaccorso et al. 2003; Brunetti et al. 2002; Piccarreta, Capolongo, and Boenzi 

2004; Rebetez 1999; Worrall, Burt, and Adamson 2006; Jain et al. 2015) conducted a study to assess the suitability 

of the drought-induced area named the Ken River basin, India among 6 indices, including SPI, EDI, Z-score, CZI, 

Rainfall Departure (RD), and Rainfall Decile based on Drought Index (RDDI). To assess drought conditions in 

Tehran province, (Saeid Morid, Smakhtin, and Moghaddasi 2006) conducted a comparison to evaluate the 

accuracy level of several drought indices (DI, PNPI, SPI, MCZI, Z-score, EDI, and CZI). (X. Wang et al. 2015) 

conducted another study to determine the trend and spatial behavior of drought in the Northeast China transect by 

applying the Mann-Kendall Test and the Theil-Sen estimator. Similarly, a study has been carried out by (Tabari, 

Abghari, and Hosseinzadeh Talaee 2012) in Iran to investigate the characteristics and trend of drought spatially 

and temporally, respectively, by applying SPI on an annual scale and also using Mann-Kendall test and Spearman 

tests, where a downward trend was observed for most of the stations, as well as using serial correlation, an 

approach where SPI-12 series showed a positive correlation in the case of Lag-1. Again, numerous studies have 

been conducted to investigate the trend and the behavior of drought events in Iran using a non-parametric test, 

namely, the Mann-Kendall test (Golian, Mazdiyasni, and AghaKouchak 2015; Kousari et al. 2014; Najafi and 

Moazami 2016).  

Bangladesh, which is considered the most disaster-amenable country in the world, every year faces different types 

of meteorological disasters, including floods, cyclones, droughts, storm surges, etc. Because of the increase in 

global warming, different climate models predict that precipitation events in South Asia will increase during the 

monsoon season and decrease during the dry season (Ahrens and Dobler 2015), extreme flood and drought events 

have occurred frequently in this region. Despite the fact that Bangladesh had experienced 20 extreme drought 

events in the previous 50 years, cyclones and floods received more scientific attention (Brammer 1987). In 

Bangladesh, extreme drought events were experienced in 1951, 1957, 1958, 1961, 1972, 1975, 1979, 1981, 1984, 

and 1989, i.e., severe drought events occurred between 1949 and 1991 (M. A. Hossain, Rahman, and Hasan 2020). 

Because of these drought events, almost 47% of the landmass has been affected, where 53% of the population 

lives (Ministry of Environment and Forest. Government of the People’s Republic of Bangladesh 2005). These 

drought events have an adverse impact on the agricultural sector, food security, and people’s livelihoods 

(Muhammad Abdullah and Rahman 2015; Rosegrant and Cline 2003). Rainfall plays a crucial role in every aspect 

of agriculture, i.e., from field preparation to harvesting, which requires rainwater in several parts of Bangladesh 

(Alam et al. 2011; Alamgir et al. 2015; Farooq et al. 2015). Between 1973 and 1987, Bangladesh lost about 2.18 

million tons of rice owing to extreme drought events (M. Hossain 1990). Besides, the production of crops has 

been decreased by about 25–30% in the Northwestern part of Bangladesh because of drought (Habiba et al. 2013). 

Several studies have been conducted in Bangladesh to assess the drought condition and cope with its damage, 

which is mentioned in table 1. The above mentioned studies follow the SPI and RAI indices for different time 

scales. But in Bangladesh, encompassing more indices to detect drought conditions, they are scantily available. 

They didn’t conduct trend analysis using the Mann-Kendall test or Spearman’s methods. Besides, autocorrelation 

is also absent in those studies that play a vital role during time series analysis. 

Hence, as per concern of the nobility of this study, as follows: 

The aim of this study is to monitor the wet and dry season trends in Bangladesh using temporal precipitation data. 

This study was conducted at the macro-level rather than the micro-level because detecting changes in climatic 
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variables at the micro-level is difficult. Since climatic variables don’t change uniformly, detailed spatial analysis 

is required to monitor the wet and dry conditions. To conduct this study, three drought monitoring indices, 

including SPI, PNPI, and ZSI, have been used to assess the spatial and temporal drought conditions, as a single 

index could not provide accurate results to address which areas are drought-prone or help to detect trends 

appropriately. In this research, historical meteorological data (1980–2018) has been used for 30 stations to avoid 

the misinterpretation of findings because missing data was a common scenario before 1980 for several stations. 

Besides, to detect the trend of wet and dry conditions over the country, the Mann-Kendall test has been used, as 

well as to measure the magnitude of the trend, the Theil-Sen slope has also been used. For example, the serial 

correlation was used to better understand and detect non-randomness and correlation between trend lines. It could 

tell if there was a correlation between the trend lines of wet and dry periods. 

Table 1: Previous studies regarding Drought Monitoring in Bangladesh 

Study area Historical year 

and stations 

Methods Variable Findings Reference 

Bangladesh 1971-2010. 

Stations-34 

SPI (3 January, 6 

April) 

Rainfall i) In terms of drought occurrence and 

severity, the Northwestern region was 

identified as the high-risk area.  

ii) ten years (1972, 1978, 1981, 1982, 

1995, 1997, 1999, 2004, and 2006) 

were identified as the drought-affected 

years. Also, they indicated that 45% of 

the area of Bangladesh is at high and 

very high risk. 

(Rahman and 

Lateh 2016)  

 

Bangladesh 1948-2008. 

Stations-23 

 

Rainfall Anomaly 

Index (RAI), 

Drought Area 

Index (DAI), CV 

anomalies 

 i) An upward trend of discrete 

seasonal rainfall anomalies was 

determined in Rajshahi.  

ii) The most negative rainfall anomaly 

years are 1969 and 1970. iii) 

Monsoonal rainfall decreased in 

Cumilla, as determined by seasonal 

normalized rainfall intensity analysis. 

(Akter and 

Rahman 2012)  
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Jashore, 

Jhinaidah, 

Kustia, 

Chuadanga 

1994-2018 

Stations-04 

Combined Drought 

Index (CDI), 

Precipitation 

drought index 

(PDI), 

Temperature 

drought Index 

(TDI), Vegetation 

drought index 

(VDI) 

Rainfall, 

Temperature, 

Soil moisture, 

ground water 

level 

Jashore faced a minimum drought and 

Kustia faced a maximum drought, and 

the groundwater level in those areas is 

decreasing gradually. 

 

(M. A. 

Hossain, 

Rahman, and 

Hasan 2020)  

 

 

2. Methods and Materials 

2.1 Study Area 

Bangladesh lies in the active monsoon and cyclone basins, which results in it being the most prone to natural 

disasters compared to other countries, and various factors ignite the root causes of those disasters (Ozaki 2017). 

The spatial coverage of this study is Bangladesh, which is geographically located in South Asia, the tropics 

between 20 34 and 26 38 north latitudes and 88 01 and 92 41 east longitudes. For this study, 30 synoptic stations 

(1st class observatories) from the Bangladesh Meteorological Department (BMD) were selected, and these stations 

cover the whole study area, which is shown in Figure 1. The average annual rainfall varies from 1194 mm to 3454 

mm, specifically 1500 mm in the west-central part of the country and over 3000 mm in the northeast and southeast 

parts, respectively (Banglapedia 2015). The coolest month in the country is January, whereas average 

temperatures range from 7.2°C to 12.8°C during the winter, and the hottest month during the summer is May, 

whereas the overall average temperature ranges between 23.9°C and 31.1°C. For better assessing and monitoring 

meteorological droughts, the study area was subdivided into five regions, shown in Figure 1. 
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Fig. 1: The geographic distribution of selected synoptic stations, as well as the study area's location 

2.2 Data Collection 

To monitor the wet and dry trend in Bangladesh, meteorological data, e.g., rainfall data, has been used in this 

research. A total of 30 meteorological stations were selected to conduct this study. Temporal rainfall (1948–2018) 

data has been collected by BMD (Bangladesh Meteorological Department) and BARC (Bangladesh Agricultural 

and Resource Council) respectively. Even though various stations have long-term data, missing data is a major 

challenge in preparing a long-term temporal resolution. Although the collected data time frame was approximately 

70 years, and after cross-checking with both sources to avoid any missing data, about 39 (1980–2018) years of 

precipitation data were used to conduct this research for 30 stations. After ensuring that there was no missing data 

in the period of 1980-2018, station-wise accumulation of annual precipitation data was conducted in preparing 

the drought indices time series. 

2.3 Drought indices 

Serval indices are available for estimating the wet and dry periods by using precipitation data for a given time 

period. Variation in these indices' categorical values could capture drought severity and wetness period separately. 

Some indices are better fitted than others based on their applicability (Monacelli, Galluccio, and Abbafati 2005; 

Sayari et al. 2013). In this study, three drought indices were selected, including the Standardized Precipitation 

Index (SPI), Percent of Normal Precipitation Index (PNPI), and the Z Score Index (ZSI). 

Table 2: Demarcation of selected synoptic stations and associated rainfall coefficient of variation (CV) for 1980-

2018 
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Marking Station 
Altitude 

(m) 
% CV Marking Station 

Altitude 

(m) 
% CV 

ST1 Barisal 2.1 17.79 ST16 Khulna 2.1 19.99 

ST2 Bhola 4.3 18.91 ST17 Kutubdia 2.7 24.11 

ST3 Bogura 17.9 22.68 ST18 Madaripur 7 19.58 

ST4 Chandpur 4.9 25.62 ST19 Maijdee Court 4.9 16.83 

ST5 Chattogram 33.2 18.10 ST20 Mymensing 18 21.10 

ST6 Cox's Bazar 2.1 17.36 ST21 Patuakhali 1.5 18.23 

ST7 Cumilla 9 19.78 ST22 Rajshahi 19.5 21.02 

ST8 Dhaka 6.5 23.33 ST23 Rangamati 68.9 22.80 

ST9 Dinajpur 37.6 23.91 ST24 Rangpur 32.6 22.17 

ST10 Faridpur 8.1 19.62 ST25 Sandwip 2 20.76 

ST11 Feni 6.4 21.05 ST26 Satkhira 4 15.30 

ST12 Hatiya 2.4 21.32 ST27 Sitakunda 7.3 25.27 

ST13 Ishurdi 12.9 20.08 ST28 Srimangal 22 19.63 

ST14 Jashore 6 19.52 ST29 Sylhet 33.5 16.75 

ST15 Khepupara 1.8 14.05 ST30 Teknaf 5 16.08 

 

2.3.1 SPI Calculation 

The Standardized Precipitation Index (SPI) (Mckee, Doesken, and Kleist 1993) is the most commonly used 

drought index (Patel, Chopra, and Dadhwal 2007) and powerful index as it is simple to calculate (WMO 1987). 

Many drought indices consider different weather parameters such as rainfall, temperature, or evapotranspiration 

as an input variable to investigate droughts, whereas SPI is a more flexible index using only one input parameter, 

rainfall. The fundamental strength of SPI is that it can be computed for multiple time scales (WMO 1987). As SPI 

examines precipitation deficits in different timescales, which allows droughts to be easily detected and tracked 

(D. A. Wilhite, Hayes, and Svoboda 2000). 

At least 30 years of monthly data are required for the calculation of the Standardized Precipitation Index (SPI) 

(Mckee, Doesken, and Kleist 1993). According to (Mckee, Doesken, and Kleist 1993), the SPI was defined as 

dividing the difference between normalized seasonal precipitation and the standard deviation, i.e. 

𝑆𝑃𝐼 =  𝑥𝑖 − �̅�𝑠  
(1) 

Where, 𝑥𝑖  = precipitation on the time series, �̅� = the mean value, and s = standard deviation. 

The assessment of SPI elaborated by (Giddings et al. 2005) where they explain that original precipitation values 

will be turned into SPI has the intent of: 

1. Shifting the mean: transformed mean of zero 
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2. Shifting the standard deviation: transformed value of 1.0 

3. Reducing the skew existing in the data towards zero. 

By achieving these goals, the resultant SPI can be defined as follows: 

𝑀𝑒𝑎𝑛 = �̅� =  ∑𝑋𝑁  
(2) 

The standard deviation of 1.0 was calculated by following: 

𝑠 = √∑(𝑋 − �̅�)𝑁   (3) 

Then the skewness was calculated: 

𝑆𝑘𝑒𝑤 = 𝑁(𝑁 − 1)(𝑁 − 2)∑[𝑋 − �̅�𝑠 ]2  (4) 

Afterward, the log-normal (ln) was calculated to transform the precipitation data and the associated meaning of 

these values also calculated. The constant U, shape, and scales were described of those transformed values. 

log𝑚𝑒𝑎𝑛 = �̅�𝑙𝑛 = ln(𝑋)𝑁  
(5) 

𝑈 = ln(𝑋) − �̅�𝑙𝑛 (6) 

𝑠ℎ𝑎𝑝𝑒 = 𝛽 = 14𝑈 [1 + √4𝑈3 ]  

(7) 

𝑠𝑐𝑎𝑙𝑒 = 𝛼 = �̅�𝛽 
(8) 

By using the shape and scale values, the transformation of ln values with the help of gamma distribution  was 

computed: 

𝐶𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒 𝐺𝑎𝑚𝑚𝑎 𝑡𝑟𝑎𝑛𝑠𝑓𝑜𝑟𝑚 = 𝐺(𝑥) = 1𝛼𝛽Γβ ∫ 𝑥𝛽−1𝑒−𝑥𝑎 𝑑𝑥𝑥
0  

(9) 

Furthermore, according to the magnitude of the gamma transformed values, different formulae are applied to 

transform the gamma transformed values. 

𝑡 𝑡𝑟𝑎𝑛𝑠𝑓𝑜𝑟𝑚 = 𝑡 = √𝑙𝑛 [ 1𝑋𝑔] where 𝑋𝑔 ≤ 0.5 
(10) 

𝑜𝑟, 𝑡 = √𝑙𝑛 [ 11−𝑋𝑔] where 𝑋𝑔 ≤ 1.0 
(11) 

𝑆𝑃𝐼 = − [𝑡 − 𝑐0+𝑐1𝑡+𝑐2𝑡21+𝑑1+𝑑2𝑡2+𝑑3𝑡3] where 𝑋𝑔 ≤ 0.5 (12) 

𝑆𝑃𝐼 = + [𝑡 − 𝑐0+𝑐1𝑡+𝑐2𝑡21+𝑑1+𝑑2𝑡2+𝑑3𝑡3] where 𝑋𝑔 ≤ 1.0 (13) 

By using the t transformations, the Standardized Precipitation Index values were calculated with different 

formulas according to the magnitude of the gamma transformed values: 𝑐0 = 2.515517, 𝑐1 = 0.802853, 𝑐2 = 0.010328, 𝑑1 = 1.432788, 𝑑2 = 0.189269,  
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𝑑3 = 0.001308 

In this study, the SPI was calculated using the SPEI (Standardized Precipitation-Evapotranspiration Index) 

package version 1.7 (Beguería and Vicente-Serrano 2017), available in RStudio. The SPEI-package has several 

widely used drought indices, including the SPI, and the calculation of SPI follows the same gamma distribution 

for the probability density function in precipitation time series. The SPI is computed at annual time intervals to 

better understand the wet and dry periods over the study area. The SPI classification scale, which was suggested 

by (Mckee, Doesken, and Kleist 1993) (table 3), was adopted in this study. SPI values have distinct characteristics, 

such as that positive SPI values indicate greater than median precipitation, whereas negative values indicate less 

than median precipitation. Drought can be defined by the SPI values when the SPI value continuously reaches an 

intensity equal to or below-1.0 and the event ends when the SPI intensity becomes positive. 

2.3.2 Percent of Normal Precipitation Index (PNPI) 

To assess the drought scenario, the Percent of Normal Precipitation Index (PNPI) is considered the simplest and 

most comprehensible index. PNPI is effective for a single region or season for the same geographical area during 

wet and dry times. Normal precipitation refers to the mean precipitation for a long-term period. The PNPI was 

calculated using the following equation: 

𝑃𝑁𝑃𝐼 = 𝑃𝑖�̅�  × 100 
(14) 

Where, 𝑃𝑖  and �̅� are precipitation in period i and mean precipitation for the period respectively. The classification 

of PNPI followed in table 3 (Sathya and Lalitha 2019).  

2.3.3 Z Score Index (ZSI) 

Often, ZSI is confounded with SPI, but it has a delicate distinguishing functionality. For fitting precipitation data, 

SPI required either the gamma distribution or the Pearson type III distribution, whereas ZSI did not. It can be 

applied in both monthly and annual calculations of drought periods, respectively. ZSI can be determined by the 

following equation: 

𝑍𝑆𝐼 = 𝑃𝑖 − �̅�𝑆𝐷  × 100 
(15) 

Where �̅� is the mean monthly or annual precipitation (mm), 𝑃𝑖  is precipitation in a specific month or annual (mm), 

and SD is the standard deviation of the month or annual precipitation (mm). The classification of ZSI is followed 

in table 3 for determining dry or wet states (Kutiel, Maheras, and Guika 1996). 

Table 3: Classification of drought conditions according to drought indices 

Category  SPI PNPI ZSI 

Extremely Wet 2.00 and above ≥ 160 >1.5 

Very Wet 1.50 to 1.99 145 to 160 1.0 to 1.5 

Moderately Wet 1.00 to 1.49 130 to 145 0.5 to 1.0 
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Near Normal -0.99 to 0.99 70 to 130 -0.5 to 0.5 

Moderately Dry -1.00 to -1.49 55 to 70 -0.5 to -1.0 

Severely Dry -1.50 to -1.99 40 to 55 -1.0 to -1.5 

Extremely Dry -2.00 and less < 40 < -1.5 

The annual time series of drought indices developed in the period 1980–2018 with the help of annual precipitation 

data. That it could be vividly distributed to understand the region-wise wet and dry periods across the selected 

stations. 

2.4 Trend detection processes 

2.4.1 Mann-Kendall test 

For detecting trends, various methods are available, and each method has its own strengths and weaknesses (Q. 

Zhang et al. 2009). Parametric methods such as the linear regression test, Pearson correlation coefficient, and non-

parametric tests, for example, the Mann-Kendall methods, Spearman’s Rho, filtering technology, etc., are widely 

used. As parametric methods are based on assumptions and are very sensitive to the presence of outliers in the 

data sets, non-parametric methods are less sensitive to outliers (Lanzante 1996). The rank-based non-parametric 

Mann-Kendall (MK) test that was developed by Mann (Mann 1945) and later modified by Kendall (Kendall 1948), 

can test trends in a time series without determining linearity or non-linearity (Duhan and Pandey 2013; Subash, 

Ram Mohan, and Sikka 2011; W. Wang et al. 2008; Yue et al. 2002), showing robustness when influenced by 

extremes (da Silva et al. 2015; Partal and Kahya 2006), which is also highly recommended by the World 

Meteorological Organization (Mitchell et al. 1966), and is used in this paper to study trends of annual precipitation, 

SPI, PNPI, and ZSI. 

The MK test statistic value for a given n data record is obtained by the following equations: 

S =∑ ∑ sign(xj − xi)n
j=i+1

n−1
i=1  (16) 

where 𝑠𝑖𝑔𝑛(𝑥𝑗 − 𝑥𝑖) = {+1      𝑖𝑓(xj − xi) > 00         𝑖𝑓 (xj − xi) = 0−1      𝑖𝑓(xj − xi) < 0 

The variance is computed as:  

Var(S) = [𝑛(𝑛 − 1)(2𝑛 + 5)] − ∑ 𝑡𝑖(𝑡𝑖 − 1)(2𝑡𝑖 + 5𝑚𝑖=1 )18  
(17) 

𝑍 =
{  
  𝑆 − 1√𝑉𝑎𝑟(𝑆)       𝑖𝑓 S > 00                     𝑖𝑓 𝑆 = 0𝑆 + 1√𝑉𝑎𝑟(𝑆)       𝑖𝑓 S < 0

 

 

(18) 
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Where the xj and xi are the sequential data values, m is the number of tied values, 𝑡𝑖 is the number of ties for the 

i value, and n is the length of the data set. The standardized statistics (Z) for one-tailed is formulated in equation 

18. If the value of Z statistics is negative, indicating a decreasing trend, and if the value of Z statistics is positive, 

indicating an increasing trend (M17,18). At the 5% significance level (𝛼 = 0.05), the null hypothesis of no trend 

is rejected if |𝑍| > 1.96. 

2.4.2 Serial Correlation 

Non-parametric trend tests like the Mann-Kendall test require that the sample time series be serially independent 

(Yue and Wang 2004). But in climatic data, correlations in time series can be found even if those time series could 

possibly be statistically independent (von Storch 1999). Serial correlation, also known as autocorrelation, can be 

used for detecting non-randomness in time series (Box, Jenkins, and Reinsel 2015). Given measurements Y1, Y2,…., YN at time X1, X2,….., XN the lag k the autocorrelation function is defined as 

𝑟𝑘 = ∑ (Y𝑖 − �̅�)(Y𝑖+𝑘 − �̅�)𝑁−𝑘𝑖=1 ∑ (Y𝑖 − �̅�)2𝑁𝑖=1  (19) 

Although the time variable, X, is not used in the formula for autocorrelation, the assumption is that the 

observations are equally spaced. 

2.4.2 Theil-Sen estimator 

Based on a simple non-parametric tool named after the Theil-Sen slope estimator (developed by (Sen 1968), one 

can significantly estimate the true slope of the linear trend, which has been used by various researchers to detect 

the magnitude of slope regarding hydrological time series as the Theil-Sen estimator gives a robust estimation of 

trend (Dinpashoh et al. 2011; Mohsin and Gough 2010). Extreme values don’t have any influence on the Sen’s 

slope, which is considered one of the advantages of the Theil Sen estimator (Yeh et al. 2015). Theil Sen’s estimator 

was used to determine the slope of "n" pairs of data points using the following equation: 

𝛽 = 𝑀𝑒𝑑𝑖𝑎𝑛 [𝑥𝑡 − 𝑥𝑠𝑡 − 𝑠 ] , ∀𝑠 < 𝑡 
(20) 

Where 𝛽 is the estimate of the slope of the trend, 𝑥𝑡 and 𝑥𝑠 are the data values at time 𝑡 and 𝑠 (t > s), respectively. 

An ‘upward trend’ demarcates by the positive value of 𝛽 and a negative value of 𝛽 indicates a ‘downward trend’ 

(Z. X. Xu, Takeuchi, and Ishidaira 2003). 

Using annual precipitation and drought index time series, the MK test was used to detect a trend. Serial correlation 

was performed to see whether there was any correlation that could be found in these trend lines. Finally, the 

magnitude of the trends was computed by using the Theil-Sen slope estimator. 

3. Results and Discussion 

3.1 Temporal distribution of drought indices 

The temporal distribution of different indices of the 30 synoptic stations during the period 1980–2018 is presented 

in Figure 2 as a box plot diagram. The upper and lower caps of the box plot represent maximum and minimum 

distributed values of indices, respectively, and 25%, 50%, and 75% of the values are also shown on the graphs. 

Figure 2(a) SPI values indicate that throughout the data period, years with similar drought conditions, and box 
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plot 50% values are remarkably around the mean of all stations' SPI mean values. From the observations, the 

leading SPI category was "near normal" by 71.20% of the total occurrence during the period 1980-2018. 

Meanwhile, other SPI categories such as "extremely dry" to "moderately dry" and "extremely wet" to "moderately 

wet" had an aggregate percentage of 14.62 and 14.19, respectively. The Hatiya station had the lowest annual SPI 

with -5.09 in 1993, whereas the highest annual SPI with 3.15 was found at the station Patuakhali in 1983. Extreme 

or adverse conditions of dry or wet characteristics were found at some stations, according to annual SPI values, 

while contrasting with the majority of the selected stations' behavior. Significant variation was found on PNPI 

analysis that the total occurrence of wet and dry periods according to the PNPI values during the period 1980-

2018, 88.38% of the values lie within the "near normal" category. Moreover, the wet and dry periods of PNPI 

were related to the coefficient of variation (CV) of annual rainfall (Montaseri and Amirataee 2017). More 

specifically, the normal state shows a decreasing trend whenever the CV of rainfall increases and the relative 

frequency of dry and wet periods also increases. The relationship between the relative frequency of PNPI 

normality and the CV of annual rainfall at 30 stations is shown in Figure 3. In Fig. 2(c), 32.56% of the occurrences 

fall between "extremely dry" and "moderately dry" and 29.83% of the occurrences fall between "extremely wet" 

and "moderately wet". 

To compare wet and dry periods between SPI, PNPI, and ZSI, all wet categories and dry categories were added 

up and then compared with each other. The occurrence characteristics of wet and dry periods on the annual SPI, 

annual PNPI, and annual ZSI time scales are shown in Figure 4, which shows the relative frequency of dry and 

wet categories. According to the results, "severely dry" is much higher than the "extremely dry" category in the 

SPI, whereas "extremely dry" is slightly higher than the "severely dry" category in the PNPI. Compared to other 

types of statistical ZSI, there are fewer of them in the category of "near normal." 

3.2 Spatial distribution and trend analysis 

To recognize the various trends in annual rainfall and drought indices, the Mann-Kendall test was executed. 

Annual rainfall variability was calculated to understand the variation of precipitation. For a better understanding 

of correlations between the wet and dry periods trend lines in the study area, serial correlation of the time series 

of drought indices was calculated, which results in different lags and autocorrelation dependency on different lags 

at the significance level. By using the Theil-Sen estimator, slope values were calculated for the time series of 

annual precipitation, SPI, PNPI, and Z score, respectively. 
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Fig. 3: Relationship between the relative frequency of PNPI normality and the CV of annual rainfall at 30 stations 

 

Fig. 4: Histograms of the drought occurrence categories of the SPI, PNPI, and ZSI for the selected stations in 

1980-2018 

3.2.1 Annual Trends of Precipitation 

To understand the annual variations of precipitation, the analysis of the variability in rainfall patterns using CV 

for 1980–2018 for the selected stations over the study has been done (Table 2). Figure 5 indicates the spatial 

distribution of annual variations which were computed through the inverse distance weighted (IDW) method over 

the study area. Maximum and minimum variations in the time series of annual precipitation of 25.62% and 

14.05%, respectively. It was found that the higher CV regions have a tendency towards higher inter-annual 

variability in rainfall. And these regions are highly exposed to experiencing wetness and drought events, 

respectively. 
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By using the Mann-Kendall test, annual trends of precipitation at selected stations were calculated to understand 

precipitation trends for different regions (Fig. 6a). The spatial distribution of Z values of the trend test indicated 

both positive and negative trends were identified in the annual precipitation data. The negative trends spread from 

the central regions to the northern regions and most of the southern-western regions. A total of 19 stations were 

detected that show a negative trend in the annual precipitation, and 6 of those were significant at a 95% confidence 

level (Table 4). Most of the synoptic stations that are from eastern regions show an increasing trend. According 

to the Theil-Sen slope estimator, the magnitudes of selected stations in the period of 1980–2018 are in the range 

of 1.904 at Hatiya station to -1.318 at Faridpur. 

 

Fig. 5: Rainfall variability (%CV) in annual rainfall series during 1980-2018 across the selected stations 

3.2.2 Annual trends of drought indices 

The spatial distribution of annual SPI, PNPI, and ZSI trends over the study area is shown in Figure 6 (b, c, d). It 

can be easily seen that the majority of the study area is dominated by decreasing SPI trends. PNPI and ZSI are 

also characterized by decreasing trends, respectively. From these negative trends, a small group is characterized 

by the decreasing trend of drought indices significantly at a > 95% confidence level (𝑍5% =±1.96). Some 

stations show noticeable increasing trends; in fact, 11 stations show increasing trends in all drought indices, but 

not all of those are significant at the 95% level. Only two stations, i.e., Hatiya and Kutubdia, satisfy the 

increasing trend at the given significance level, situated in the eastern-hilly regions. Dry tendencies spread out 

from the central regions to the northern regions and most of the south-western regions. The wet tendency is 

mostly identified in the eastern-hilly regions of the study area. Distinguishing characteristics of trends and 

Theil-Sen slope estimator values of annual precipitation and drought indices across the selected stations are 

shown in table 4. At a lower significance level, e.g., at a 10% confidence level (𝛼 = 0.10), more stations could 
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be significant and that would result in no significant change in the annual spatial distribution of wet and dry 

periods according to the drought indices. 
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Fig. 6: Spatial distribution pattern of Z values according to Mann-Kendall test on a) Annual Precipitation, b) 

Annual SPI, c) Annual PNPI, and d) Annual Z Score. Positive and negative values indicate increasing and 

deceasing trend, respectively. 

Table 4: Z values of Mann-Kendall test and Theli-Sen slope based on annual precipitation, SPI, PNPI, and ZSI 

Stations 

Mann-Kendall Test  Theli-Sen Estimator 

Annual  Slope Values 𝑍𝑃𝑟𝑒𝑝 𝑍𝑆𝑃𝐼 𝑍𝑃𝑁𝑃𝐼 𝑍𝑍𝑆𝐼  𝛽𝑃𝑟𝑒𝑝 𝛽𝑆𝑃𝐼 𝛽𝑃𝑁𝑃𝐼 𝛽𝑍𝑆𝐼  
Barisal -0.847 -0.835 -0.847 -0.847  -0.417 -0.013 -0.240 -0.014 

Bhola −2.214∗ −2.299∗ −2.214∗ −2.214∗  -1.075 -0.030 -0.572 -0.031 

Bogura -1.669 -1.682 -1.669 -1.669  -0.859 -0.027 -0.594 -0.027 

Chandpur -0.798 -0.811 -0.798 -0.798  0.500 -0.013 -0.274 -0.011 

Chattogram 0.702 0.097 0.702 0.702  0.765 0.001 0.308 0.017 

Cox’s Bazar 1.040 0.811 1.040 1.040  0.833 0.012 0.271 0.016 

Cumilla -0.907 -0.980 -0.907 -0.907  -0.532 -0.016 -0.306 -0.016 

Dhaka -1.766 -1.766 -1.766 -1.766  -1.042 -0.027 -0.609 -0.026 

Dinajpur −2.056∗ −2.069∗ −2.056∗ −2.056∗  -0.982 -0.027 -0.606 -0.026 

Faridpur −2.383∗ −2.347∗ −2.383∗ −2.383∗  -1.318 -0.045 -0.873 -0.045 

Feni -0.520 -0.472 -0.520 -0.520  -0.549 -0.010 -0.220 -0.011 

Hatiya 2.931∗ 2.907∗ 2.931∗ 2.931∗  1.904 0.026 0.712 0.034 

Ishurdi -1.053 -1.089 -1.053 -1.053  -0.392 -0.018 -0.316 -0.016 

Jashore -0.677 -0.738 -0.677 -0.677  -0.354 -0.013 -0.253 -0.013 

Khepupara 1.766 1.766 1.766 1.766  1.008 0.030 0.431 0.031 

Khulna 0.121 0.061 0.121 0.121  0.083 0.002 0.055 0.003 

Kutubdia 2.372∗ 2.349∗ 2.373∗ 2.372∗  1.739 0.024 0.688 0.029 

Madaripur −2.153∗ −2.202∗ −2.153∗ −2.153∗  -0.901 -0.030 -0.544 -0.028 

Maijdee Court -1.706 -1.658 -1.706 -1.706  -1.067 -0.027 -0.409 -0.025 

Mymensingh -1.718 -1.657 -1.718 -1.718  -0.900 -0.024 -0.476 -0.023 

Patuakhali -0.677 -0.835 -0.677 -0.677  -0.438 -0.012 -0.200 -0.011 

Rajshahi −2.274∗ −2.250∗ −2.274∗ −2.274∗  -0.739 -0.030 -0.621 -0.030 

Rangamati 0.242 0.157 0.242 0.242  0.257 0.003 0.119 0.005 

Rangpur −2.105∗ −2.129∗ −2.105∗ −2.105∗  -1.037 -0.027 -0.553 -0.025 

Sandwip 1.948 1.911 1.948 1.948  1.519 0.025 0.492 0.024 

Satkhira -0.799 -0.871 -0.799 -0.799  -0.275 -0.014 -0.192 -0.013 

Sitakunda 0.835 0.750 0.835 0.835  0.867 0.011 0.324 0.013 

Srimangal 0.532 0.302 0.532 0.532  0.269 0.006 0.134 0.007 

Sylhet -0.847 -0.835 -0.847 -0.847  -0.786 -0.013 -0.229 -0.014 

Teknaf 1.621 1.525 1.621 1.621  1.061 0.015 0.301 0.019 

Annual precipitation series denoted as ‘Prep’  ∗Significant at the 5% level (𝑍5% = ±1.96) 
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3.2.3 Serial (auto) correlation coefficient analysis 

Figure 7 (a, b, c, d) interprets the serial (auto) correlation coefficients of annual precipitation, SPI, PNPI, and ZSI 

and their corresponding lags in selected stations over the study area in the given time series, respectively. The 

95% confidence band indicates those sample values of the time series that, within the bands of the autocorrelation 

coefficient values, are not statistically different from zero. Moreover, these confidence bands are more dependent 

upon the actual autocorrelation. The annual precipitation autocorrelation values in Figure 7(a) show a much wider 

range (as annual rainfall varies across the selected stations, resulting in a wider range of critical values), and those 

values are not statistically different from zero. Contrastingly, the estimated values of the autocorrelation 

coefficient fall outside the shaded region and are statistically different than zero. Figures 7(b) and 7(d), 

representing annual SPI and annual ZSI, respectively, show a narrower range of critical values. Figure 7(c) annual 

PNPI, with 95% confidence bands, the majority of values fall outside the shaded region. From the analysis, it can 

be easily concluded that drought index autocorrelation values with the lags of 1 to 38 years have the tendency to 

have negative and positive correlation simultaneously, and negative correlation dominated across the selected 

stations. As the maximum values did not lie between the 95% confidence bands, it also indicates that the trend of 

annual precipitation and drought index time series has a dependency on small autocorrelation lags. In Figure 8, 

the lag-1 serial correlation coefficient is shown in different time series across the selected stations. 

Because annual precipitation and drought indices are dependent on small autocorrelation coefficient lag, 

interactivity among those was assessed using lag-1 autocorrelation coefficient values, with the results confirming 

the significance of lag-1 dependency. Firstly, annual precipitation time series lag-1 values are compared with the 

drought indices lag-1 values, which are presented in Figure 9 (a, b, and c), respectively. The correlation between 

annual precipitation and drought index time series lag-1 values is significantly higher. Finally, drought index lag-

1 autocorrelation coefficient values are compared with each other and the results are presented in Figure 9 (d, e, 

f). The correlation between SPI-PNPI, SPI-ZSI, and PNPI-ZSI time series lag-1 values is sufficiently high enough 

and the coefficient of determination (R square) values are about 0.825, 0.825, and 1.00, respectively. PNPI-ZSI 

has a noticeable correlation, although there was a significant difference between lag-1 autocorrelation coefficient 

values among the selected stations, e.g., in stations Bhola has distinguishable lag-1 coefficient values in PNPI and 

ZSI time series of about-0.07026 and -0.07068, respectively. But after rounding these values up to two or three 

decimal places, they have no significant effect on the actual correlation. 
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Fig. 7: Serial correlation coefficients of a) annual precipitation, b) SPI, c) PNPI, and d) ZSI time series in selected 

stations with indication of 95% confidence band and their corresponding lags 

 

 Fig. 8: Lag-1 serial correlation coefficient in different time series across the selected stations 
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Fig. 9: Correlation among annual precipitation and three drought indices at lag-1 autocorrelation coefficient 

values; a) Annual precipitation-SPI, b) Annual precipitation-PNPI, c) Annual precipitation-ZSI, d) SPI-PNPI, e) 

SPI-ZSI, and f) PNPI-ZSI 

3.2.4 Analysis of Theil-Sen estimator 

Based on the Theil-Sen estimator slope values, the magnitudes of annual precipitation and the tendency of wet-

dry periods based on drought indices are presented in Figure 10. It seems to be clear that whenever the magnitudes 

of annual precipitation are positive, they cause a significant positive tendency in the drought index time series. 

From the magnitude analysis, a negative tendency in trend lines is found in the majority of the selected stations. 

It was readily observed that the maximum positive slope was located in Hatiya station at about 1.904 mm/year 

according to annual precipitation. Following the positive tendency on the annual precipitation trend line, drought 

indices PNPI in that particular station were also high, at 0.712 mm/year, whereas the SPI and ZSI depicted a lower 

positive tendency of about 0.026 mm/year and 0.034 mm/year, respectively. On the other hand, Faridpur station 

has the maximum negative slope in annual precipitation of about 1.318 mm/year and that tendency is also readily 

observed on PNPI indices too, at about -0.873 mm/year. But in SPI and ZSI, they were found to be -0.045 mm/year 

respectively. These pieces of evidence give a clear indication of variation in determining wet and dry period trend 

lines according to those drought indices. Also, taking into account the slope, a significant change in annual 

precipitation results in noticeable changes in drought index trend lines. These upward-downward trend lines of 

drought indices are according to MK test Z statistics (values) remarkably captured in the slope. A comparison 

-0.50 -0.25 0.00 0.25 0.50
-0.50

-0.25

0.00

0.25

0.50

-0.50 -0.25 0.00 0.25 0.50
-0.50

-0.25

0.00

0.25

0.50

-0.50 -0.25 0.00 0.25 0.50
-0.50

-0.25

0.00

0.25

0.50

L
a
g

-1
 s

e
ri
a

l 
c
o
rr

e
la

ti
o

n

c
o

e
ff

ic
ie

n
ts

 o
f 

S
P

I

Lag-1 serial correlation

coefficients of annual precipitation

y = (-0.004) + (0.865) * x

R2 = 0.818

(a) (b) (c)

L
a
g

-1
 s

e
ri
a

l 
c
o
rr

e
la

ti
o

n

c
o

e
ff

ic
ie

n
ts

 o
f 

P
N

P
I

Lag-1 serial correlation

coefficients of annual precipitation

y = (0.003) + (1.021) * x

R2 = 0.994

L
a
g

-1
 s

e
ri
a

l 
c
o
rr

e
la

ti
o

n

c
o

e
ff

ic
ie

n
ts

 o
f 

Z
S

I

Lag-1 serial correlation

coefficients of annual precipitation

y = (0.003) + (1.021) * x

R2 = 0.994

-0.50 -0.25 0.00 0.25 0.50
-0.50

-0.25

0.00

0.25

0.50

-0.50 -0.25 0.00 0.25 0.50
-0.50

-0.25

0.00

0.25

0.50

-0.50 -0.25 0.00 0.25 0.50
-0.50

-0.25

0.00

0.25

0.50

L
a
g

-1
 s

e
ri
a

l 
c
o
rr

e
la

ti
o

n

c
o

e
ff

ic
ie

n
ts

 o
f 

P
N

P
I

Lag-1 serial correlation

coefficients of SPI

y = (-0.003) + (0.973) * x

R2 = 0.825

(d) (e) (f )

L
a
g

-1
 s

e
ri
a

l 
c
o
rr

e
la

ti
o

n

c
o

e
ff

ic
ie

n
ts

 o
f 

Z
S

I

Lag-1 serial correlation

coefficients of SPI

y = (-0.003) + (0.973) * x

R2 = 0.825
L

a
g

-1
 s

e
ri
a

l 
c
o
rr

e
la

ti
o

n

c
o

e
ff

ic
ie

n
ts

 o
f 

Z
S

I

Lag-1 serial correlation

coefficients of PNPI

y =  x

R2 = 1.00



22 

 

between those needs to be done to find out the relationship between the drought indices and magnitudes. It is 

found that the slope of these drought index time series is significantly correlated with each other, which is 

presented in Figure 11 (a, b, and c).  

 

Fig. 10: Distribution the results of Theil-Sen slope estimator based on a) annual precipitation and annual PNPI, 

and b) annual SPI and annual ZSI time series, respectively 

 

Fig. 11: Correlation regarding the values of Theil-Sen slope estimator; a) SPI annual-PNPI annual, b) SPI annual-

ZSI annual, and c) PNPI annual-ZSI annual 
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4. Conclusion 

In the current study, three meteorological drought indices, including SPI, PNPI, and ZSI, were used to examine 

the wetness and dryness trends all over Bangladesh during the 1980–2018 period. Firstly, the time series of 

drought indices were developed for the 1980–2018 period, and the temporal distribution of these indices was also 

computed to understand the regions' wet and dry periods. Then, trend analysis was done by using the Mann-

Kendall test, and the spatial distribution of the test results was depicted simultaneously. The serial correlation was 

used for better understanding and detecting non-randomness in rainfall data and drought indices so that it could 

detect whether there was any trend dependency in time series or correlation between wet and dry periods. 

Moreover, the Theil-Sen slope estimator was applied to compute the magnitudes of the trends. 

According to the analysis of drought index results, the temporal distribution of indices was relatively similar in 

terms of the "near normal" drought category, but the ZSI has relatively fewer occurrences in that particular 

category. Over the period of 1980–2018, wet and dry periods were relatively similar in all selected stations 

according to SPI. As there are higher percentages of "near normal" occurrences on the PNPI, the wet and dry 

periods differ from the SPI. Moreover, ZSI indicated quite a similar distribution (Fig. 1), but wet and dry periods 

vary between these indices. A significant relationship was found between the coefficient of variation of annual 

rainfall and PNPI. 

It was found that the regions with a higher CV in rainfall are highly susceptible to experiencing wetness and 

drought occurrences, respectively. The majority of the selected stations showed a decreasing trend in time series, 

whether it was annual precipitation or drought indices. The dry tendency extends from the central regions to the 

northern regions and the majority of the southern and western regions. Besides, an increasing trend is mostly 

identified in the portion of the eastern regions and eastern-hilly regions of the study area. A total of eight stations 

out of thirty were significant at the 95% confidence level. Graphical representations of Mann-Kendall test Z values 

indicated both increasing and decreasing trends simultaneously. 

The serial correlation coefficient of annual precipitation had a much wider range in the 95% confidence band, 

while drought indices had narrower ranges. It was found that annual precipitation and drought index trends were 

dependent on small serial correlation lags. The correlation between annual precipitation and drought index lag-1 

coefficient values and the correlation between drought indices with lag-1 coefficient values were significantly 

higher, respectively, and thus justified the aforementioned claim. 

The Theil-Sen slope estimator actually captured the magnitudes of the trends, whether they were positive or 

negative trends. From the magnitude analysis of trend lines of annual precipitation and drought indices, a negative 

tendency of trend lines is found in the majority of the selected stations. It could be concluded from the evidence 

that a significant change in annual precipitation results in noticeable changes in drought indices and trend lines. 
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