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A B S T R A C T   

Understanding the spatio-temporal distribution of rainfall characteristics has a major role in assessing the 
availability of water resources over a catchment. Therefore, it is necessary to understand the changes in rainfall 
characteristics using gridded precipitation data and robust statistical analysis for making decisions. In this study, 
the trends in rainfall and rainfall extremes over the Nagavali and Vamsadhara river basins are studied at three 
time steps (long-term-1901-2018, pre-1950, and post-1950) with four different Mann-Kendall (MK) tests using 
daily gridded rainfall data of 118 years (1901–2018). The spatial patterns of the trends are evaluated with the 
kriging interpolation method. Magnitude in rainfall and rainfall extremes (CDD, CWD, PRCPTOT, R10MM, 
R20MM, R40MM, R95PTOT, RX1DAY, and RX5DAY) are analyzed using the Sen’s slope method. Except in the 
monsoon season, a decreasing trend is observed in all the rainfall extremes in post-1950 compared to pre-1950 
period. Whereas, in the monsoon an increasing trend is observed for the extremes in post-1950 period. Overall 
period (i.e, 1901–2018) an increasing trend is observed for rainfall and rainfall extremes in the pre-monsoon 
(March–May), monsoon (June–Sep) seasons and a decreasing trend in the winter season (Dec–Feb) for both 
the basins. No obvious trends are evident in the post-monsoon season (Oct–Nov). At the annual scale, rainfall and 
rainfall extremes exhibited an increasing trend. Overall, the Nagavali basin experienced more extreme rainfall 
events indicating the higher vulnerability of floods while the middle and lower portions of the Vamsadhara basin 
shown increase in extremes. When linked with hydrological analysis, insights gained from this study are useful 
for flood vulnerability mapping and risk assessment for both the basins.   

1. Introduction 

The spatio-temporal variability of climate and climate drivers have 
caused changes in frequency and intensity of climate extremes such as 
floods, droughts and tropical cyclones which have significant impact on 
human life and socio-economic aspects of India (Jayadas and Ambujam, 
2019). Rainfall is one of the most important climate variables that varies 
both in space and time, and its response in modifying the basin scale 
hydrological processes are critical for water resources management in a 
river basin (Seong and Sridhar, 2017; Sridhar et al., 2013; Weldegerima 
et al., 2018). The spatio-temporal distribution of rainfall would have a 
direct impact on the availability of water resources in a river or a 
catchment (Adarsh and Janga Reddy, 2015). The uneven distribution of 

rainfall intensities leads to increased incidences of extreme events and 
their intensities which often lead to floods or droughts (Dhar and Nan-
dargi, 2003; Guhathakurta et al., 2011). The changes in extremes can 
also be directly related to changes in mean climate, because mean future 
conditions in some variables are projected to lie within the tails of 
present day situation (Seneviratne and Nicholls, 2012). Therefore, there 
is a need to understand the characteristics of rainfall and rainfall ex-
tremes in a river basin to enhance the water resources management 
strategies. 

Rainfall and extreme rainfall events were extensively studied in India 
at national and regional scales and have drawn different conclusions 
(Bisht et al., 2018a, 2018b; Dash et al., 2009; Deshpande et al., 2016; 
Dubey and Sharma, 2018; Ghosh et al., 2012; Goswami et al., 2006; 

* Corresponding author. 
E-mail addresses: gvenkat@student.nitw.ac.in (G. Venkata Rao), kvreddy@nitw.ac.in (K. Venkata Reddy), r-srinivasan@tamu.edu (R. Srinivasan), vsri@vt.edu 

(V. Sridhar), mahesh@nitw.ac.in (N.V. Umamahesh), prataprec@yahoo.com (D. Pratap).  

Contents lists available at ScienceDirect 

Weather and Climate Extremes 

journal homepage: http://www.elsevier.com/locate/wace 

https://doi.org/10.1016/j.wace.2020.100265 
Received 5 January 2020; Received in revised form 5 May 2020; Accepted 25 May 2020   

mailto:gvenkat@student.nitw.ac.in
mailto:kvreddy@nitw.ac.in
mailto:r-srinivasan@tamu.edu
mailto:vsri@vt.edu
mailto:mahesh@nitw.ac.in
mailto:prataprec@yahoo.com
www.sciencedirect.com/science/journal/22120947
https://http://www.elsevier.com/locate/wace
https://doi.org/10.1016/j.wace.2020.100265
https://doi.org/10.1016/j.wace.2020.100265
https://doi.org/10.1016/j.wace.2020.100265
http://crossmark.crossref.org/dialog/?doi=10.1016/j.wace.2020.100265&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Weather and Climate Extremes 29 (2020) 100265

2

Guhathakurta et al., 2011, 2017; 2015; Guhathakurta and Rajeevan, 
2008; Jain et al., 2017; Kumar et al., 2010; Rajeevan et al., 2008; Roy 
and Balling, 2004; Sharma et al., 2018). Some studies reported no clear 
long-term changes in rainfall over a period longer than a century at 
annual, seasonal and monthly time scale over India (Ghosh et al., 2012; 
Kumar et al., 2010; Rajeevan et al., 2008). However, Kumar et al. (2010) 
reported an increase in magnitudes of winter, pre and post monsoon 
rainfall and decrease in annual and monsoon rainfall at the national 
scale. At the same time, extreme rainfall events in India exhibited sig-
nificant trends in their occurrence at various scales. Roy and Balling 
(2004) reported an increasing trend in rainfall extremes during the 
period 1910–2000 over the whole of India. Goswami et al. (2006) 
showed increasing trends for heavy rainfall events and decreasing trends 
in moderate events over central India during monsoon in the last half 
century (1951–2000). Rajeevan et al. (2008) reported a 6% increase per 
decade in rainfall extremes over the central parts of India during 
1901–2004. Whereas, Guhathakurta et al. (2011) found that frequencies 
of extreme rainfall are decreasing in central and northern India and 
increasing in other parts of the country. Also, increasing heavy rainy 
days and decreases in moderate rainy days in the last half century was 
reported (Dash et al., 2009). Guhathakurta et al. (2015) reported that 
moderate events exhibited decreasing or no trends in frequencies of 
heavy or very heavy precipitation days during the monsoon over India 
from 1901 to 2011. In the monsoon season, the number of zero rainfall 
days were found to be increasing in major river basins of India (Desh-
pande et al., 2016; Dubey and Sharma, 2018; Sharma et al., 2018). 
However, the number of rainy days were increasing as reported by Jain 
et al. (2017) for the rivers flowing towards the east direction, suggesting 
that distinction should be drawn between the east and west flowing 
rivers when quantifying the trends in rainfall characteristics. 

Majority of the previous studies to detect the trends in rainfall and 
rainfall extremes used the original Mann-Kendall (MK) test. The MK test 
has proven to be useful in determining the significant trends in hydro-
logic data at different probability levels (Bisht et al., 2018a; Yadav et al., 
2014) which assumes spatial and temporal independence in 

hydrological time series data (Adarsh and Janga Reddy, 2015; Desh-
pande et al., 2016; Dubey and Sharma, 2018; Guhathakurta et al., 2015). 
It is well documented that the presence of either positive or negative 
autocorrelation influences the significance of trend (Kumar et al., 2009). 
The original MK test assumes no serial correlation in the hydrological 
time series data. However, most often, hydrological time series data are 
autocorrelated and leads to a disproportionate false rejection of the null 
hypothesis (Hamed, 2008; Hamed and Rao, 1998; Yue et al., 2003). 
Similarly, the presence of long-term persistence can lead to underesti-
mation of serial correlation and overestimation of the significance of 
trends (Su et al., 2018). To overcome these effects, trend analysis is 
performed in this study using four kinds of MK tests i.e., the original 
Mann-Kendall test (MK1), Mann-Kendall test with trend-free pre--
whitening (MK2), modified Mann-Kendall test (MK3), and 
Mann-Kendall test with long-term persistence (MK4). 

From the previous studies, it is clear that patterns and variability of 
rainfall characteristics at various temporal scales (i.e., annual, seasonal, 
and monthly) were widely investigated, while studies on rainfall ex-
tremes were limited to annual scales and for the monsoon period. 
Furthermore, only limited studies on monthly trends in rainfall extremes 
were available and no studies were performed for the winter, pre- and 
post-monsoon seasons. Bisht et al. (2018a) suggested that it is important 
to carry out trend analysis for rainfall characteristics for a basin at 
regional level rather than at national level for making better decisions. 
Along with the trend analysis, it is also very important to study the 
change point of the trend. The studies by Vittal et al. (2013) and Bisht 
et al. (2018a) reported that, urbanization in India has altered the sig-
nificant trends in rainfall and rainfall extremes. Urbanization is the 
change point of climate change adaptation due to increase global 
warming (Sridhar et al., 2019). Vittal et al. (2013) has found significant 
changes in the patterns of rainfall extremes in post-1950 compared to 
pre-1950 period. Whereas, Bisht et al. (2018a) has reported significant 
changes in post-1975 compared to ore-1975. From these studies, it is 
difficult to know the exact time of change in trends. To overcome the 
difficulty, Pettit’s test (Jaiswal et al., 2015) was performed over the 

Fig. 1. Geographical Location of the Study Area (NG represents grid point over Nagavali basin and VG represents grid point over Vamsadhara Basin).  
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Nagavali and Vamsadhara basins. The results are in good agreement 
with Vittal et al. (2013). Therefore, the hypothesis for this study is that 
the trends in rainfall and rainfall extremes for small river basins will be 
the same or differ, while generalizing from large river basin studies. No 
in-depth study on rainfall characteristics using long-term time series 
data is presently available for the two small river basins, Nagavali and 
Vamsadhara located between Godavari and Mahanadi basins in eastern 
India. Therefore, the present study aims to provide the comprehensive 
assessment of the trends in rainfall and rainfall extremes in three time 
periods i.e., long-term (1901–2018), pre-1950 (1901–1950), and 
post-1950 (1951–2018) for their better understanding in the Nagavali 
and Vamsadhara basins. In the following sections, study area, data, 
methodology and results are presented. 

2. Study area 

The Nagavali and Vamsadhara are two independent, adjacent and 
interstate eastern flowing rivers between Rushikulya and Godavari 
rivers in Odisha and Andhra Pradesh states in India (Fig. 1). The 
Nagavali and Vamsadhara rivers originate at Thuamul Rampur block of 
Kalahandi district of Odisha, flow through nine districts and drain into 
the Bay of Bengal at Bontala Koduru and Kalingapatnam in Andhra 
Pradesh, respectively. The total length of the Nagavali river is about 256 
km long with a catchment area of 9510 km2 and the Vamsadhara river is 
about 254 km long with a catchment area of 10830 km2. 

The Nagavali and Vamsadhara basins are divided into three parts 
such as lower, middle, and upper basins, respectively based on the 
spatial distribution of rainfall. The lower portion of the basin extends 
from the base of the Eastern Ghats to the coast. A total of 28 grids of 
rainfall data is falling over both the basins out of which 12 grids are over 
the Nagavali basin and the remaining over the Vamsadhara basin. The 
average annual rainfall over the Nagavali and Vamsadhara basins are 
1230 mm and 1260 mm, respectively for 118 years (1901–2018). During 
every monsoon season, more than 150 villages and 1000 acres of crop 
fields in both the basins are facing a flood threat apart from the cyclones 
and thunderstorms in other seasons. Therefore, there is a need to un-
derstand the trends in rainfall and rainfall extremes over the Nagavali 
and Vamsadhara basins to enhance the water resources management 
strategies. This investigation is carried out as part of development of a 
framework for real-time forecasting of floods using the Soil and Water 
Assessment Tool (SWAT) over the Nagavali and Vamsadhara basins. 

3. Data and methods 

3.1. Data 

Daily rainfall records for a period of 118 years (i.e., 1901–2018) from 
India Meteorological Department (IMD) are available in the gridded 
format at 0.25� spatial resolution. Monthly, seasonal and annual rainfall 
are derived from the daily rainfall records. More details about the data 
are reported in Pai et al. (2014). No missing data is observed in the daily 
time series. The rain gauge data for a period of more than 30 years for 
both the Nagavali and Vamsadhara basins was obtained from Mahanadi 
& Eastern Rivers Organization (M&ERO), Central Water Commission 

(CWC) Bhubaneswar. The details of the gauge data are shown in Table 1. 
As a quality control measure, the daily gridded rainfall data is compared 
with the gauge data and found a good correlation of 0.79 between them. 

The rainfall extremes plays an important role in understanding their 
hydrological impacts in a river basin (Yang et al., 2016). Based on the 
daily values of temperature and precipitation, the joint CCI/WCRP/J-
COMM Expert Team on Climate Change Detection and Indices (ETCCDI) 
defined a total of 27 indices out of which 11 for precipitation extremes 
and 16 for temperature extremes to gain insight to the changes in ex-
tremes (Yang et al., 2016). Among the 11 precipitation indices, 9 were 
selected to investigate the characteristics of rainfall extremes over the 
Nagavali and Vamsadhara basin. The details description of rainfall ex-
tremes are presented in Table 2. The rainfall extremes were calculated at 

Table 1 
Details of the gauge data in Nagavali and Vamsadhara basins.  

Name of the Station Latitude Longitude River Name Data Availability Data Type 

Gunupur 19� 050 0000 N 83� 480 2000E Vamsadhara 01.05.1978–31.05.2019 Daily 
Kasinagar 18� 500 5400 N 83� 520 2300E Vamsadhara 01.07.1980–31.05.2019 Daily 
Gudari 19� 230 0000 N 83� 470 3200E Vamsadhara 01.05.1978–31.05.2019 Daily 
Kutragada 19� 360 4000 N 83� 330 5200E Vamsadhara 01.07.1987–31.05.2019 Daily 
Mahendragarh 19� 130 2400 N 84� 150 4500E Vamsadhara 01.07.1987–31.05.2019 Daily 
Mohana 19� 260 4100N 84� 150 4100E Vamsadhara 01.07.1987–31.05.2019 Daily 
Gottabarrage 18� 420 0000N 83� 580 0000E Vamsadhara 01.07.1987–31.05.2019 Daily 
Srikakulam 18�180 4800N 85�530 0300E Nagavali 01.03.1988–31.05.2019 Daily  

Table 2 
List of Rainfall extremes in the present study and their definitions (Source: http: 
//etccdi.pacificclimate.org/list_27_indices.shtml).  

Extremes Units Definitions 

CDD Day Maximum length of dry spell, Maximum number of 
consecutive days with RR < 1 mm. Count the largest number 
of consecutive days where RRij < 1 mm 

CWD Day Maximum length of wet spell, Maximum number of 
consecutive days with rainfall �1 mm. Count the largest 
number of consecutive days where RRij � 1 mm 

PRCPTOT mm Total amount of rainfall in wet days. if I represents the number 
of days in j, then 
PRCPTOT ¼ 

PI
j¼1RRij  

R10MM Day Number of days when RR � 10 mm. Count the number of days 
where RRij � 10 mm. 

R20MM Day Number of days when RR � 20 mm. Count the number of days 
where RRij � 20 mm. 

R40MM Day Number of days when RR � nnmm. Count the number of days 
where RRij � nnmm. (Where nn ¼ User defined threshold) 

R95PTOT mm Total rainfall when RR > 95p. Let RRwj be the daily 
precipitation amount on a wet day w (RR � 1 mm) in period I 
and let RRwn be the 95th percentile of RR on wet days. If W 
represents the number of wet days in the period, then 
R95pj ¼ 

PW
w¼1RRwj  where  RRwj  >  RRwn95  

RX1DAY Day Maximum 1-day rainfall. The maximum 1-day values for 
period j are RX1DAYj ¼ max (RRij) 

RX5DAY Day Maximum 5-day rainfall. Let RRkj be the rainfall amount for 
the 5-day interval ending k period j. The maximum 5-day 
values for period j are RX5DAYj ¼ max (RRkj) 

*RRij be the daily rainfall amount on the day i in period j. 

Table 3 
Data format for computing rainfall extremes.  

Year Jday IMD Gridded Data 

1901 1 0 
1901 2 0 
1901 3 0.7 
1901 4 0 
1901 5 3 
1901 6 1.5 
1901 7 2 
1901 8 0  
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various temporal scales (i.e., monthly, seasonal, and annual) by using 
RClimDex package in R (Version 3.5.3) (Bronaugh, 2019) developed and 
maintained by Xuebin Zhang and Yang Fang at Climate Research Divi-
sion (CRD) or ETCCDI. It is the most commonly used package for 
calculating the rainfall extremes. The package will also conducts the 
simple quality control on the input data before calculating the rainfall 
extremes. The data format for calculating the rainfall extremes is pre-
sented in Table 3. For calculating consecutive dry days (CDD), the 
software will count the number of consecutive days with rainfall less 
than 1 mm. From the data provided in Table 3, the CDD is 4 days. 

3.2. Methodology 

3.2.1. Mann-Kendall test (MK1) 
The original Mann-Kendall (MK) (Kumar et al., 2009) test is widely 

used for detecting the trends in a hydrological time series dataset. If x1;

x2; x3;………; xn is the time series of length n, then the MK1 test sta-
tistics S is given as 

S¼
Xn

i¼1

Xn

j¼iþ1
sign

�
xj � xi

�
(1)  

where, 

sign
�
xj � xi

�
¼

8
<

:

1 if
�
xj � xi

�
> 0

0 if
�
xj � xi

�
¼ 0 � 1 if

�
xj � xi

�
< 0 (2) 

Null hypothesis ðH0Þ: there is no trend in a hydrological time series 
dataset. Alternate hypothesis ðH1Þ: there exists an increasing or 
decreasing trend in a hydrological time series dataset. As S is normally 
distributed the mean EðSÞ and variance of VðSÞ of statistic S in eq. (1) is 
given as 

EðSÞ ¼ 0 (3)  

VðSÞ ¼
n ðn � 1Þð2nþ SÞ

18
(4) 

The MK standardized test statistics Z is given by 

Z¼

8
>>>>><

>>>>>:

S � 1
ðVðSÞÞ1=2 S > 0

0 S ¼ 0
Sþ 1
ðVðSÞÞ1=2 S < 0

(5) 

The negative values of S indicates decreasing trend and vice versa. 
The test statistic Z gives significance levels (SL) of rejecting null hy-
pothesis. Confidence level (CL) of rejecting the null hypothesis is given 
by 

CL¼ 1 � SL (6) 

The magnitude of trends determined by the Theil-Sen approach 
(TSA) (Kumar et al., 2009). The TSA slope 

β¼median
�

xj � xi

j � i

�

 for  all  i  <  j (7) 

If the condition � Z
k

�
1� α

2

� � Zk � Z
k

�
1þα

2

� is satisfied then H0 will be 

accepted with a significance level of α, otherwise, H1 will be accepted. 

3.2.2. Mann-Kendall test with trend-free pre-whitening (MK2) 
Yue et al. (2003) recommended that there will be an increase 

(decrease) in S value when autocorrelation is positive (negative) which 
is underestimated (overestimated) by the original variance VðSÞ. Thus, 
when trend analysis is conducted for this data using MK-1, it will show 
positive or negative trends when actually there is no trend. So, trend free 

pre-whitening treatment is adopted where lag-1 serial correlation 
components are removed from the series prior to applying of MK test for 
trend detection. Following steps are used to determine trend analysis 
using MK-2 test. 

Calculate the lag-one (k ¼ 1) autocorrelation coefficient (r1) using 

rk ¼
1

n� k

Pn� k
i¼1 ðxi � xÞðxiþk � xÞ
1
n

Pn
i¼1ðxi � xÞ2

(8) 

If the condition � 1� 1:645
ffiffiffiffiffiffi
n� 2
p

Þ

n� 2 � r1 �
� 1þ1:645

ffiffiffiffiffiffi
n� 2
p

Þ

n� 2 is satisfied, then the 
series is assumed to be independent at 10% significance level and there 
is no need of pre-whitening. Otherwise, pre-whitening is required for the 
series before applying MK-1 test. 

Using eq. (9) remove the trend in time series data to get detrended 
time series. The value of β is obtained from eq. (7) 

x’
i ¼ xi � ðβ� iÞ (9) 

Using eq. (8) to calculate lag-1 autocorrelations for detrended time 
series given by x’

i . Using eq. (10) remove the lag-one autoregressive 
component (AR (1)) from the detrended series to get a residual series. 

y’
i ¼ x’

i � r1 � x’
i� 1 (10) 

Yet again, ðβ�iÞ value is added to the residual series as follows 

yi¼ y’
i þ ðβ� iÞ (11) 

The MK test is applied to the blended series Yi to determine the 
significance of the trend. 

3.2.3. Modified Mann-Kendall test 3 (MK3) 
Sometimes removing lag-one autocorrelation is not enough for many 

hydrological time series datasets. Hamed and Rao (1998) proposed a 
modified Mann Kendall test where the effect of all significant autocor-
relation coefficients are removed from a data set. The modified variance 
of S was used i.e., VðSÞ� instead of VðSÞ which is given as follows: 

VðSÞ*¼VðSÞ
n
n* (13)  

where n* ¼ effective sample size. Hamed and Rao (1998) proposed an 
equation for the calculation of n

n* given as 

n
n*¼ 1þ

2
nðn � 1Þðn � 2Þ

Xn

i¼1
ðn � 1Þðn � i � 1Þðn � i � 2Þri (14)  

where n ¼ actual number of observations, ri ¼ lag-i significant auto-
correlation coefficient of rank i of time series. After calculating VðSÞ�

substitute it in place of VðSÞ in eq. (4) when calculating the Z from eq. 
(5). 

3.2.4. Mann-Kendall test with long-term persistence (MK4) 
In addition to the lag-one autocorrelation i.e. short-term persistence, 

the presence of Long-Term Persistence (LTP) or the Hurst Phenomenon 
(H) (Hurst, 1951) can considerably influences the significance of trends 
in hydrological time series dataset. To overcome the LTP, considered the 
Mann Kendall test with LTP (Hamed, 2008). Following steps are used to 
determine trend analysis using MK-4 test. 

3.2.5. Procedure for calculating Hurst Phenomenon (H) 
A new time series x’

i is calculated from eq. (9). Using the ranks (Ri) of 
the detrended time series x’

i , Z variate is calculated as follows: 

Zi ¼∅� 1
�

Ri

nþ 1

�

(14a)  

where n ¼ observation size, ∅� 1 ¼ inverse of standard normal distri-
bution function with zero mean and standard deviation ¼ 1. 

For a given H, calculate the elements of the Hurst matrix as follows 
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CnðHÞ¼
�
ρjj� 1j

�
for  i¼ 1:n;  j¼ 1:n  (15)  

where ρl represents lag-l autocorrelation coefficient given as 

ρl ¼
1
2

h�
�lþ 1j2H

� 2jlj2H
þ
�
�l � 1j2H

i
for l > 1 (16) 

To calculate the exact value of H, the maximizing likelihood function 
is used 

logLðHÞ¼ �
1
2

logjCnðHÞj �
ZT ½CnðHÞ�� 1Z

2γ0
(17)  

where transpose of Z (ZTÞ is obtained from MK-1 test, CnðHÞ is the Hurst 
matrix, γ0 represents the variance. The eq (17) is solved for different 
values of H ranging from 0.5 to 0.98 with 0.01 step interval and the H 
value which produces maximum LðHÞ detected as answer. 

The mean and Standard Deviation of H in terms of n (Hamed, 2008) 
are as follows: 

μH ¼ 0:5 � 2:87n� 0:9067 (18)  

σH ¼ 0:77654n� 0:5 � 0:0062 (19) 

Then calculate Zc ¼
H� μH

σH 
for the significance of trend at 10% signif-

icance level. 
For significant H, calculate the modified variance for S, recom-

mended by Kumar et al. (2009). 

VðSÞH
’
¼
X

i<j

X

k<l

2
π sin� 1

 
ρjj � lj � ρji � lj � ρjj � kj þ ρji � kj

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð2 � 2ρji � jjÞð2 � 2ρjk � ljÞ

p

!

(20)  

where ρl is calculated from eq. (16). 
As the modified variance (VðSÞH

’
Þ is a biased estimator, correction is 

needed for bias as follows 

VðSÞ ¼VðSÞH
’
� b (21)  

where  

b¼ a0 þ a1H þ a2H2 þ a3H3 þ a4H4 (22) 

a0;a1; a2; a3, and a4 are coefficients which depends on the number of 
observations as given by Kumar et al. (2009). The modified variance 
VðSÞH

’ 
obtained from eq. (20) was substituted in place of V(S) (eq. (4)) in 

MK-1 test. The Mann Kendall Z statistics were tested for significance 
levels with the threshold values. 

3.2.6. Software packages 
Two open source packages in R Version (3.5.3) namely “mod-

ifiedmk” (Patakamuri and O’Brien, 2019) and “HKprocess” (Tyralis, 
2016) are used to perform MK tests. The modifiedmk was used to 
perform MK1, MK2, and MK3 tests and Sen’s slope test. Another package 
HKprocess is used to perform MK4 test. To get the spatial patterns of 
trends from point observations, the technique based on the kriging 
interpolation is implemented. 

4. Results 

Monthly, seasonal, and annual trends in rainfall and rainfall ex-
tremes are analyzed using four different MK tests (i.e., MK1/MK2/MK3/ 
MK4) for 28 grids covering the Nagavali and Vamsadhara basins at a 
confidence level of 90% or higher. If any grid is showing either positive 
or negative trends in at least 3 tests, then it is considered as a threshold 
value and the trends of those grids are analyzed. The total number of 
grids showing significant trends (positive/negative) at a 90% confidence 
level are presented in Table 4. The spatial patterns of trends in rainfall 
and rainfall extremes are mapped using the kriging interpolation 
method for the Nagavali and Vamsadhara basins. Present research is Ta
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Fig. 2. Spatial plot of trends in rainfall during winter, pre-Monsoon and monsoon seasons.  

Fig. 3. Spatial plot of trends in post - monsoon rainfall and annual rainfall.  
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mainly focused on planning and management of water resources in the 
study river basins for agriculture and flood management. Hence, the 
detailed analysis of the annual and seasonal results are presented in the 
following sections and the monthly results are presented in supple-
mentary material. 

4.1. Trends in seasonal and annual rainfall 

4.1.1. Long-term trends (1901–2018) 
The Z statistics of the trends in seasonal (i.e., winter, pre-monsoon, 

monsoon, and post-monsoon) and annual rainfall are evaluated and 
presented in Supplementary Table S1. As illustrated, 4 out of 12 grids in 
the Nagavali basin and 3 out of 16 grids in the Vamsadhara basin 
showed negative trends in the winter season. In the pre-monsoon and 
monsoon seasons, positive trends are observed in both the basins. The 
anecdotal evidence for the positive trends in pre-monsoon can be tied to 
the landfall of cyclones in this region that are formed in the Bay of 
Bengal (BoB) (Uddin et al., 2019). It is observed that the grids that are 
showing significant trends (positive/negative) in the pre-monsoon and 
monsoon seasons have also shown some similar trends at the annual 
scale. (Figs. 2 and 3). Whereas, in the post-monsoon season, a negative 
trend is observed in the Nagavali basin and no significant trend is 
observed in the Vamsadhara basin. 

The spatial patterns of trends in seasonal and annual rainfall using 
four MK tests are presented in Figs. 2 and 3. From these figures, it is 
evident that the grids with decreasing trends in winter are present in 
both the basins except at the lower portion of the Vamsadhara basin. 
However, no significant trend was found in the northern parts of the 

Vamsadhara basin. The grids with increasing trends in the pre-monsoon 
are present in the lower portion of the Nagavali basin and at all locations 
in the Vamsadhara basin. Due to barotropic and baroclinic instabilities 
caused by tropical depressions formed in the BoB and their interactions 
with mean monsoonal flow (Krishnamurthy et al., 2009), the grids 
showing increasing trends in monsoon and annual rainfall are present in 
the lower and middle portions of both the basins. Whereas, in the 
post-monsoon season decreasing trends are present in the middle of the 
Nagavali basin. 

4.1.2. Pre – 1950 (1901–1950) period 
The Z statistics of trends in the seasonal and annual rainfall for pre- 

1950 are evaluated and presented in Supplementary Table S2. In Nag-
vali basin, an increasing trend is observed at grids NG6 and NG11 in the 
pre-monsoon season and no obvious trends are found in rest of the 
seasons and in annual scale. In Vamsadhara basin, a decreasing trend is 
observed in the monsoon season and no significant trend is observed in 
other seasons and in annual scale. 

From the spatial patterns it is observed that, the grids showing 
increasing trend in the pre-monsoon season are present at the middle 
and upper portions of the Nagavali basin. Whereas in Vamsadhara basin, 
the grids with decreasing trend are present in the middle portion of the 
basin. 

4.1.3. Post-1950 (1951–2018) period 
The Z statistics of trends in seasonal and annual rainfall for post-1950 

period are evaluated and presented in Supplementary Table S2. In the 
winter season, no significant trends are observed in both the basins. 

Fig. 4. Spatial plot of trends in annual rainfall extremes (CDD, CWD, and PRCPTOT).  
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Except winter season, a decreasing trend is observed in Nagavali basins 
in all other seasons and in annual scale. In Vamsadhara basin, a 
decreasing trend is observed at grid VG13 in both the pre- and post- 
monsoon seasons. Whereas, an increasing trend is observed in the 
monsoon season and in annual scale. 

The spatial patterns trends in seasonal and annual rainfall for the 
period of post-1950 are presented in Supplementary Figs. S1 and S2. 
From these figures, it is evident that the grids showing decreasing trend 
in the pre-monsoon are present in the lower and middle portions of the 
Nagavali basin and at the upper portion of the Vamsadhara basin. 
Whereas, in the post-monsoon, the grids with decreasing trend are 
presented in all portions of the Nagavali basin and upper portion of the 
Vamsadhara basin. In the monsoon season, the grids showing decreasing 
trends in Nagavali basin are present at lower and middle portions of the 
basin whereas, in Vamsadhara the grids with increasing trend are pre-
sent all over the basin. The grids showing decreasing trends at annual 
scales in Nagavali basin are present at middle and lower portions of the 
basins and the grids with increasing trend in Vamsadhara basin are 
present in the middle portion of the basin. The girds which showed 
significant trends in post-1950 in both the basins has shown similar 
trends in the overall period (i.e., 1901–2018) trend analysis. 

4.2. Trends in rainfall extremes 

4.2.1. Trends in annual rainfall extremes 
The Z statistics of annual rainfall extremes at three time steps (i.e., 

long-term, pre-1950, and post-1950) are computed. However, only the Z 
statistics of long-term annual rainfall extremes are presented in the 

Supplementary Table S3. In pre-1950, no obvious trends are observed 
for all the extremes in both the basins. Whereas, in post-1950 an 
increasing trend for CDD and decreasing trend for all other rainfall ex-
tremes is observed in Nagavali basin. However, an increasing trend is 
observed for the extremes CWD, R10MM, R40MM, R95PTOT, and 
RX1DAY at very few grid points (i.e., �2). As validation, the results of 
R95PTOT are in good agreement with Bisht et al. (2018a). In the 
Vamsadhara basin, no significant trend is observed for the extremes CDD 
and RX5DAY. An increasing trend is observed for the extremes 
PRCPTOT, R20MM, R40MM, R95PTOT, and RX1DAY. However, CWD 
has shown decreasing trend and both the trends are observed for 
R10MM. 

In Long-term, an increasing trend is observed for all the rainfall ex-
tremes in the Nagavali basin. However, a decreasing trend is observed at 
grid NG12 for CWD and at grid NG3 for PRCPTOT, R10MM, and R20MM 
in the Nagavali basin. In the Vamsadhara basin, no significant trend is 
observed for R40MM and RX1DAY. Whereas, an increasing trend is 
observed for other rainfall extremes. As validation, the trends in 
R95PTOT and RX5DAY are found to be in good agreement with Bisht 
et al. (2018a). 

The spatial patterns of the trends in long-term annual rainfall ex-
tremes are presented in Figs. 4–6. Increasing trends in CDD at a rate of 2 
days/decade are present in the upper portion of both the basins and as 
expected the same grids showed a decreasing trend for CWD. Interest-
ingly, the rate of decrease in CWD is also found to be the same. For the 
extremes, PRCPTOT, R10MM, and R20MM a decreasing trend is present 
in the lower portion of the Nagavali basin and the upper portion of the 
Vamsadhara basin. For CWD, the grids showing increasing trends are 

Fig. 5. Spatial plot of trends in annual rainfall extremes (R10MM, R20MM, and R40MM).  
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present in both the basins except at the upper portion of the Nagavali 
basin. The grids showing increasing trends for PRCPTOT, R10MM, and 
R20MM are present in the lower and middle portions of both the basins. 
For the extremes, R95PTOT, RX1DAY, and RX5DAY the increasing 
trends are present in the middle and upper portions of the Nagavali 
basin. In the Vamsadhara basin, the grids showing increasing trends for 
R95PTOT are present in the lower portion of the basin and for RX5DAY 
at the middle and upper portions of the basin because of cyclonic storms 
as they produce rainfall for more than 5 days (Dash et al., 2009). 

4.2.2. Trends in seasonal rainfall extremes 
The Z statistics of the rainfall extremes in the monsoon season are 

presented in Supplementary Table S4. In the winter season, no trend is 
evident for R40MM and R95PTOT in the Nagavali basin and R20MM in 
the Vamsadhara basin. Except CDD, a decreasing trend is observed for 
all the rainfall extremes in the winter season. In both the pre-monsoon 
and monsoon seasons, a positive trend is observed for all the rainfall 
extremes except for CDD and R10MM in the Vamsadhara basin and CWD 
in the Nagavali basin and NG3 in the monsoon season. In the Vamsah-
dara basin, a clear negative trend is observed for CDD in the pre- 
monsoon season. Whereas, in the monsoon season a negative trend is 
observed over 3 grids and a positive trend for 2 grids in the basin. For 
CWD in the Nagavali basin, a negative trend is observed at NG8 in the 
pre-monsoon and at NG12 in the monsoon. A positive trend is observed 
at NG4 and NG11 in the monsoon season. At grid NG3, a negative trend 
is observed for all the rainfall extremes except for CDD and CWD. For 
R10MM in the Vamsadhara basin, a clear positive trend is observed 
during the pre-monsoon season. Whereas, in the monsoon season a 

positive trend is observed at 9 grids and a negative trend at 3 grids. No 
significant trend is observed for the rainfall extremes in the post- 
monsoon season except for CDD where it showed a positive trend for a 
few grids in both the basins. 

The spatial patterns of rainfall extremes in all seasons are computed. 
However, only the spatial patterns of rainfall extremes for the monsoon 
season are presented in Figs. 7–9and the spatial patterns of winter sea-
son are presented in Supplementary Figs. S6–S8. The grids showing 
increasing trends for CDD in the winter season can be seen in all parts of 
the Nagavali basin. For the extremes, CWD, R10MM, and RX1DAY the 
grids showing decreasing trends are present in most of the Nagavali 
basin. Whereas, for R95PTOT and RX5DAY a decreasing trend is present 
in the middle and upper portions of the Nagavali basin and in the middle 
for R20MM. In the Vamsadhara basin, the grids showing decreasing 
trends for CWD, R10MM, and PRCPTOT are present in the middle 
portion of the basin. For the extremes, R95PTOT and RX1DAY the grids 
showing decreasing trends are present in the upper portion of the basin 
and for R40MM and RX5DAY the grids are present in the middle and 
upper portions of the basin. 

In the pre-monsoon season, the decreasing trend for CDD is present 
in both the basins except at the lower portion of the Vamsadhara basin. 
In the Nagavali basin, the grids with decreasing trends for CWD and 
increasing trends for PRCPTOT are present in the lower and middle 
portions. The increasing trends for R20MM, R95PTOT, and RX1DAY are 
present in the middle and upper portions of the Nagavali basin. For 
R40MM, increasing trends are in the upper portion of the basin. In the 
Vamsadhara basin, increasing trends are present in the entire basin 
except for CDD and CWD. For CWD, the grids showing increasing trends 

Fig. 6. Spatial plot of trends in annual rainfall extremes (R95PTOT, RX1DAY, and RX5DAY).  
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are present in the upper portion of the basin. 
In the monsoon season, increasing trends with all rainfall extremes 

for all portions of the Nagavali basin are evident except at NG12 in the 
upper portion of the basin for CWD. Interestingly, grid NG3 in the lower 
portion of the Nagavali basin has shown a decreasing trend for all the 
rainfall extremes except for CDD. In the Vamsadhara basin, the 
increasing trend for all the rainfall extremes are present in the lower and 
middle portions of the basin except for CDD, CWD, and RX5DAY. CDD 
has shown a decreasing trend at few grids in all portions of the basin and 
an increasing trend at few grids in the upper portion of the basin. For 
CWD and RX5DAY, the grids showing increasing trends are present in 
the entire basin. In the upper portion of the Vamsadhara basin the grids 
showed a decreasing trend for R10MM. In the post-monsoon season, the 
grids are having an increasing trend for CDD in the middle and upper 
portions of the Nagavali basin and in the middle portion of the Vam-
sadhara basin. 

In the post-monsoon season no significant trend is observed in 
rainfall extremes except for CDD where it showed increasing trend. The 
grids showing increasing trend are present in all parts of the Nagavali 
basin and upper portion of the Vamsadhara basin. 

4.2.3. Trends in seasonal rainfall extremes in pre- and Post-1950 periods 
In the winter season no significant trend is evident in pre- and post- 

1950 period for all the rainfall extremes in both the basins. In the pre- 
1950 period, an increasing trend is observed for most of the extremes 
in both the Nagavali and Vamsadhara basins in the pre- and post- 
monsoon seasons. Whereas, in post-1950 a decreasing trend is 
observed in the pre- and post-monsoon seasons. In the monsoon season, 

in post-1950, a decreasing trend is observed in all the extremes in the 
Nagavali basin compared to pre-1950. Whereas, in Vamsadhara basin an 
increasing trend is observed in all the extremes in post-1950 where they 
showed decreasing trend in pre-1950. The detailed explanation about 
the spatial patterns of rainfall extremes in pre- and post-1950 are pro-
vided in supplementary material. 

4.3. Magnitude of the trends 

The magnitudes of rainfall and rainfall extremes are calculated using 
the Sen’s slope method. It is observed that the annual rainfall in the 
Nagavali basin has increased at a rate of 2 mm/decade and in the 
Vamsadhara basin it has increased at a rate of 8.5 mm/decade in the last 
118 years. The maximum rate of increase in seasonal rainfall is observed 
in the monsoon season. Rainfall in the monsoon season has also 
increased at a rate of 4 mm/decade in the Nagavali basin and 9 mm/ 
decade in the Vamsadhara basin. A very slight increase or decrease in 
the magnitude of rainfall extremes is observed over decadal scales. 

4.4. Drivers of rainfall variability 

Both the Nagavali and Vamsadhara basins have shown significant 
trends in rainfall and rainfall extremes in the past 118 years at various 
temporal scales. The trend analysis has been carried out using high 
resolution daily gridded data. According to Klein Tank et al. (2006), 
changes in data observation practices and irregular spatial distribution 
of rainfall stations, inhomogeneities are introduced in the time series 
data which could impact the computation of extreme indices. Due to 

Fig. 7. Spatial plot of trends in rainfall extremes (CDD, CWD, and PRCPTOT) during Monsoon Season.  
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this, there might be uncertainties in the trend analysis carried out using 
gridded products. In the present study, regions with higher density of 
rainfall stations has shown significant trends in both the Nagavali and 
Vamsadhara basins. It is also known that Bay of Bengal is one of the hot 
spots for the genesis of tropical cyclones which propagates either 
westwards or northwards playing a major in rainfall extremes (Krish-
namurthy et al., 2009). Both the Nagavali and Vamsadhara basins are 
coastal basins and receive high rainfall in pre- and post-monsoon sea-
sons. Hence, the results exhibited significant increasing trend in the 
pre-monsoon season. 

Another possible reason for increasing trends in rainfall and rainfall 
extremes in both the basins is because of changes in land use and land 
cover. In the last three decades, the forest cover in the Nagavali basin has 
decreased rapidly because of urbanization (Rao et al., 2019). The 
increasing trend in the Nagavali basin may be attributed to the effect of 
urbanization, as Bisht et al. (2018a) suggested that the basin has shown 
a decreasing trend in the pre-urbanization era (1901–1970), an 
increasing trend in the post-urbanization era (1971–2015) and an 
increasing trend over the long term for both annual and monsoon 
rainfall. Whereas, in the Vamsadhara basin no significant changes in 
land use and land cover are found. Hence, the results from trend analysis 
results in the Vamsadhara basin for rainfall and rainfall extremes at 
various temporal scales are in good agreement with the existing 
literature. 

With regard to spatial patterns in rainfall and rainfall extremes, the 
Vamsadhara basin has shown significant increasing trends in the lower 
and middle portion of the basin when compared with the Nagavali basin. 
These increasing trends may be attributed to the local convective 

processes as well as the extreme topography of the region, as the Eastern 
Ghats are densely located in the middle and upper portions of the 
Vamsadhara basin. 

5. Conclusions 

In the present study, the spatial and temporal variations of trend in 
rainfall and rainfall extremes over the Nagavali and Vamsadhara basins 
are examined using the long-term rainfall time series at three time pe-
riods (i.e., long-term (1901–2018), pre-1950, and post-1950) which 
provides extensive information about variations in rainfall patterns over 
the basins. From the results, significant difference in the patterns of 
rainfall and rainfall extremes are observed in both the Nagavali and 
Vamsadhara basins during pre- and post-1950 periods. In the long-term 
trend analysis, an increasing trend is confirmed in rainfall and rainfall 
extremes in the monsoon season in both the basins as expected. Inter-
estingly, increasing trends are observed in rainfall and rainfall extremes 
in the pre-monsoon. It may be possible because of landfall cyclones in 
this region that are formed in Bay of Bengal. From this hydroclimatic 
analysis, the assessment of onset of monsoon along the west coast region 
and its gradual progression towards the vast regions of the Indian 
continent can have profound impacts in understanding the rainfall 
characteristics and their role over water related-disasters for current and 
changing climatic conditions. The increasing trends in the lower and 
middle portions of both the basins is partly related to the urbanization 
and local land use and land cover changes. A vast majority of the people 
in both the basins are dependent on agriculture for their livelihoods, and 
the increasing trends in rainfall and rainfall extremes and the resulting 

Fig. 8. Spatial plot of trends in rainfall extremes (R10MM, R20MM, and R40MM) during monsoon season.  
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recent flood events in this region deserves careful extension of this study 
into evaluating extreme hydrologic-hydraulic flow regimes. Findings 
from this study will be useful for developing and improving flood 
simulation models, agricultural operations and management, and un-
derstanding the streamflow characteristics for better management of 
available water resources in the basins. 
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