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Abstract: Drought, which occurs in all climate zones, is the most complex hydro-meteorological hazard. This paper presents an 
analysis of the spatial pattern of trends in drought variables carried out at 566 stations spread all across India over 102 
years (1901 to 2002). As a measure of drought intensity, standardized precipitation index (SPI) was computed at all 
stations. Six drought variables namely annual SPI, monsoon SPI, non-monsoon SPI, annual drought severity (ADS), 
annual drought duration (ADD) and annual drought peak (ADP) were computed at station level. Mann-Kendall (MK) 
test and Sen’s slope were used for trend analysis of drought variables. Discrete wavelet transform (DWT) along with 
MK test was used to identify the dominant periodic components in trends. Further, continuous wavelet transform 
(CWT) based global wavelet spectrum (GWS) was used to examine the significant periodic components. The results 
of the study show an increasing trend in drought for eastern, north-eastern and extreme southern regions, and a 
decreasing trend for northern and southern regions. Trends were influenced by 2-4 year periodic component in 
southern India, 4-8 years periodic component in western, eastern and north-eastern India, 8-64 year periodic 
components in middle India and 32-128 years periodic components in northern India. CWT based GWS shows that 
most of the periodic components were not significant. 
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1. INTRODUCTION  

Drought is a well-known natural phenomenon, which occurs frequently in different parts of the 
world. It is defined by the persistent shortage of water in meteorological, hydrological, agricultural, 
socioeconomic or groundwater systems for a longer period such as a season or year. The 
phenomenon is not limited to the arid regions (i.e. the regions with less rainfall) but occurs in all 
climate zones (i.e. in regions of high as well as low rainfall) (Mishra and Singh 2010). Rapid 
growth in population and the expansion of industrialization and agriculture have resulted in a rise in 
water demand in various parts of the world, especially in developing countries like India. Hence, in 
order to fulfill the demands, the available water resources have been exploited above the sustainable 
limits, which are leading to anthropogenic droughts. Further, global warming and climate change 
are believed to aggravate the drought patterns around the globe (IPCC 2007; Dai 2011; Trenberth et 
al. 2014).  

India is a developing country, which relies mainly on the agricultural sector for its economic 
growth. The rain-fed agriculture is predominant in India, which makes agriculture dependent on 
climatic conditions, primarily on rainfall. Droughts or long-term deficient rainfall are a serious 
threat to the national food security. Indian sub-continent had around 27 drought years between 1875 
and 2005 (Shewale and Kumar 2005), some of which had created a deficit in food production 
(Mishra and Singh 2010). The spatiotemporal assessment of drought occurrence is vital for the 
better understanding of drought patterns, forecasting, and preparedness. Many studies have 
examined the spatiotemporal patterns of droughts in India (Shewale and Kumar 2005; Pai et al. 
2011; Jain et al. 2015; Joshi et al. 2016). Most of these studies were focused on the traditional 
methods of trend analysis. However, it has been reported that these methods are not efficient for 
non-stationary hydro-climatologic variables (Adamowski et al. 2009). Hence, the wavelet methods 
have emerged as an effective tool for the analysis of hydro-climatological variables (Torrence and 
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Compo 1998). Adamowski et al. (2009) reported that the wavelet based methods offer an effective 
tool for detection and estimation of complicated signals present in hydrological time series. Araghi 
et al. (2015) used the discrete wavelet transform (DWT) along with Mann-Kendall (MK) trend test 
for find out the long term temperature trends and dominant periodicities in Iran. The continuous 
wavelet transform (CWT) is also found effective in trend detection and finding the dominant 
periodic components (Adamowski et al. 2009; Joshi et al. 2016).  

This study presents a long-term trend analysis of six drought variables at 566 stations in India 
over 102 years (1901 to 2002). The drought variables were computed based on standardized 
precipitation index (SPI). Drought variables include annual drought severity, annual drought 
duration, annual drought peak, annual SPI, monsoon SPI and non-monsoon SPI. DWT along with 
the Mann-Kendall Test was used for trend analysis and identification of periodic component at 
station level. CWT was used for finding the significant periods of variability.  

2. STUDY AREA AND DATA 

We took 566 districts of India for this study. In general, the northeastern region of the country 
receives high rainfall, whereas the western regions receive less rainfall. In the southern parts of the 
country, Western Ghats receive high rainfall. Mean monthly precipitation data for 102 years (from 
1901 to 2002) was used for this study. The source for data was India water portal. Complete rainfall 
time series of rainfall was available at all stations and hence no preprocessing was done on the data.  

3. METHODOLOGY 

3.1 Standardized Precipitation Index (SPI) 

SPI is one of many drought indices present in literature. It was proposed by McKee et al. (1993) 
and, thereafter, has been used in many drought studies. It offers some advantages such as: 1) it 
requires only rainfall data; 2) it can be used for different timescales; 3) it is not adversely affected 
by the topography; and 4) it can be used to compare stations in different climate zones due to the 
use of standard normal distribution. The negative values represent the dry conditions, whereas the 
positive values represent the wet conditions. For more details about SPI, its computation and 
applications, the reader is referred to McKee et al. (1993); Mishra and Desai (2005) and Goyal and 
Sharma (2016). 

3.2 Wavelet Transform (WT) 

Wavelet analysis, introduced by Grossmann and Morlet (1984), is an advanced mathematical 
tool that is capable of providing the time-frequency representation of a signal or time series. WT 
splits the signal into wavelets of finite duration and zero mean (Torrence and Compo 1998). These 
wavelets are localized in both frequency and time domains. There are two forms of WT, discrete 
wavelet transform (DWT) and continuous wavelet transform (CWT). In the case of DWT, the WT 
is applied using a discrete set of the wavelet scaling and shifting, whereas, in the case of CWT, the 
WT is applied for a continuous scaling and shifting. DWT decomposes the signal into high and low-
frequency components called detail (D) and approximation (A) components respectively. The A 
component provides information about important characteristics of the signal and is important for 
the trend analysis. A number of studies have used DWT for trend analysis and identification of 
dominant periodic components in the data (Araghi et al. 2015; Joshi et al. 2016). A wide range of 
literature is available on wavelet transform and its application in hydrology; hence, it is not 
discussed in detail here. For more details about the basic concepts of WT, the reader is referred to 
Grossmann and Morlet (1984); Mallat (1989) and Daubechies (1990). Further information 
regarding the applications of wavelet transform in hydrology and meteorology can be found in 
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Nason and von Sachs (1999), Adamowski et al. (2009), Belayneh and Adamowski (2013), Nourani 
et al. (2014) and Araghi et al. (2015). 

3.3 Procedure 

Based on the methods discussed above, following procedure was adopted to carry out this study: 
1. First, 6-month SPI (SPI6) was computed at 566 stations using the mean monthly rainfall data. 

SPI6 was used to identify the beginning and ending of drought events. The annual drought 
duration (ADD), annual drought peak (ADP) and annual drought severity (ADS) were 
computed at all stations. Further, annual SPI (A-SPI), monsoon SPI (M-SPI) and non-
monsoon SPI (N-SPI) series were also computed at all stations.  

2. MK test (Mann 1945; Kendall 1975) and Sen’s slope test (Sen 1968) were performed on six 
drought variables at all stations. To examine the statistical significance of the trend, a 
significance level of 0.05 (i.e. p-value ≤ 0.05) was used.  

3. The series of drought variables was decomposed using DWT to get the A and D components. 
MK test was used to analyze the presence of a trend in A, D, and the combinations of A and D 
components.  

4. Dominant periodic components were identified based on the comparison of MK test 
Z-statistics of original series and A + D components. 

5. Further, significant periods of variability was found using CWT based global wavelet 
spectrum (GWS). 

4. RESULTS AND DISCUSSION 

Figure 1 shows the results of the trend analysis of drought variables at 566 stations. Figure 1(a) 
shows that many stations had a non-significant trend for A-SPI. Significant increasing trends were 
found for north-western and southern parts, whereas significant decreasing trends were found for 
northern and central parts. It should be noted that decreasing trend in SPI implies an increase in 
drought events, whereas the reverse is true of ADS, ADS, and ADP. Table 1 presents the number of 
stations with increasing or decreasing trends for different variables. Stations having a decreasing 
trend (294) were more compared to those having an increasing trend (272). However, stations with 
the significant increasing trend (84) were more than those with the significant decreasing trend. In 
the case of M-SPI (Figure 1b), significant increasing trends were found for north-western regions 
and significant decreasing trends were found for northern regions. The southern part of the country 
showed increasing trend, however, only a few stations had significant trends. Stations with the 
significant decreasing trend (90) were more than the stations with significant increasing trends (39). 
This shows that overall there was a decreasing trend in M-SPI, which signifies an increase in 
monsoon droughts, especially in northern, eastern and north-eastern regions. Figure 1(c) and Table 
1(d) shows that there is no station with the significant decreasing trend for N-SPI. However, many 
stations (74) in north-central and northern regions had a significant decreasing trend in N-SPI. 
Figure 1(d) shows increasing trends in ADS for most of the stations in eastern and north-eastern 
regions. A cluster of stations with significant increasing trend can be seen in northern regions of the 
Bihar state. The significant decreasing trend can be seen for north-western and southern regions. 
Out of 566 stations, 90 stations had a significant decreasing trend in drought severity, whereas only 
50 stations had a significant increasing trend. Figure 1(e) shows a similar pattern of trends for ADD. 
Figure 1(f) shows significant increasing trends in ADP for northeastern, eastern and extreme 
southern parts; whereas station is northwestern regions and mid-southern regions showed 
significant decreasing trends. The number of stations with significant decreasing and increasing 
trend were 107 and 25 respectively. Overall, it can be summarized that increasing trend in droughts 
was found for eastern and north-eastern regions, whereas a decreasing trend was found for north-
western and mid-southern parts. No significant trends were found in western and central India.  
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Figure 1. Trend analysis for different drought variables at 566 stations in India 

The drought variables were decomposed using DWT as mentioned in the methodology section. 
After getting the decomposed A and D components at all stations, A+D components were 
calculated for six drought variables. Trend analysis was carried out for A, D and A+D components. 
Studies have shown that A + D combination is useful in determining the dominant periodicity 
components (Araghi et al. 2015; Joshi et al. 2016) Due to the space limitation, we are not presenting 
the complete results for trend analysis of A, D, and A+D components; instead, only results for 
dominant periodicity are discussed. The dominant periodic components were identified by 
comparing the MK-Z statistics of A + D component with the Z statistics for original series (Joshi et 
al. 2016). Figure 2 shows the results for dominant periodic components of trend for different 
drought variables. Figure 2(a) shows the spatial distribution of dominant periodic component for A-
SPI. It is seen that most of the stations were influenced by a dominant periodicity of 2 to 8 years, 
however, some parts of northern and northeastern India were influenced by higher periodic 
components (low frequency). From Figure 2(b), M-SPI was also influenced mainly by low periodic 
components (2-8 years). For N-SPI (Figure 2c), although, most of the stations were influenced by 
low periodic components, but trends at few stations in northern and extreme southern regions were 
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dominated by 32-64 years periodic components. Figure 2(d) shows that 2-4 year periodic 
components were dominant for trends in ADS in most parts of the country except for some parts of 
central and northern India. The 32-64 year periodic components were found dominating in these 
regions. Figure 2(e) shows that the number of stations with a dominant periodic component of 2-4 
years have reduced for ADD. More stations had 8-32 year dominant periodic component compared 
to other drought variables. The trend in northern regions and some parts of central regions were 
again dominated by 32-64 year periodic components. For ADP (Figure 2f), there was a wide range 
of periodic components influencing the trends. In eastern, western and southern regions, 2-4 year 
periodic components were dominating the trend. In northeastern and middle regions 8-16 year 
periodic components were more dominating, whereas in some parts of northern India 32-128 year 
periodic component was found dominating.  

 

Figure 2. Dominant period component for different drought variables at 566 stations in India 

Overall, it can be summarized that the trends in drought variables were influenced by 2-4 year 
periodic component in southern region, 4-8 years periodic component in the western, eastern and 
northeastern region, and 8-64 periodic components in the middle region and 32-128 years periodic 
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components in the northern region. To investigate whether the periodic components found using 
DWT and MK test, CWT based GWS was used to identify the significant periodic component in the 
series. Results are not discussed in details here. The number stations with a significant periodic 
component for different drought variables are shown in Table 1(e). It can be seen that for most of 
the stations there was no significant periodic component influencing the trend. Maximum (117) and 
minimum (27) number of stations with significant periodic components were obtained for M-SPI 
and N-SPI respectively.  

 
Table 1. Number of stations having increasing, decreasing, significant-increasing and significant decreasing trends for 

different drought variables. 

Drought variable 

Number of stations having 
Increasing 

trend 
(a) 

Decreasing 
trend 
(b) 

Significant 
increasing trend 

(c) 

Significant 
decreasing trends 

(d) 

Significant period of 
variability 

(e) 
Annual SPI 272 294 84 79 100 
Monsoon SPI 253 312 39 90 117 
Non monsoon SPI 400 164 74 0 27 
Annual drought severity 240 326 50 98 83 
Annual drought duration 254 310 44 90 97 
Annual drought peak 231 335 25 107 54 

5. CONCLUSIONS 

Trend analysis of six drought variables was carried out at 566 stations in India. Based on Mann-
Kendall (MK test), increasing trend in droughts in eastern, northeastern and extreme southern 
region was found, whereas decreasing trend was found for the stations in northern and southern 
regions. It should be noted that trends at most of the stations were non-significant. Discrete wavelet 
transform (DWT) along with MK test was used to find out the dominant periodic components in 
trend for different drought variables for all stations. It is found that trends in drought variables are 
influenced by 2-4 year periodic component in southern India, 4-8 years periodic component in 
western, eastern and northeastern India, and 8-64 periodic components in middle India and 32-128 
years periodic components in northern India. In order to identify the significant periodic 
components, global wavelet spectrum (GWS) obtained using continuous wavelet transform (CWT) 
was used. It was found that trends at most of the stations were not influenced by any significant 
periodic component. 
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