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Abstract:  
 
Investigating the trends and changes in rainfall over vulnerable regions is of huge 
importance in this global warming era. The present study intensively investigates 
the rainfall over the Indian state, Andhra Pradesh (AP), and its 13 districts using a 
high-resolution (0.25°×0.25°) gridded rainfall analysis dataset from India 
Meteorological Department (IMD) for the study period of 118 years (1901-2018). 
For this, normality, homogeneity, persistence, and change-point tests are 
performed and changes in the district-level rainfall in the present global warming 
period (1991-2018) as compared to the pre-global warming period (1901-1990) is 
also analyzed. 

The results suggest that the long-term average annual rainfall over AP is 882 mm 
and most of the rainfall is contributed by the monsoon (55.7%) and the post-
monsoon rainfall (32.8%). The coefficient of variation is low (high) during monsoon 
(winter). The coastal region receives more rainfall than the inland districts. The 
post-monsoon rainfall over AP is more consistent than in other seasons, and the 
persistence is only during the southwest monsoon season. The southwest 
monsoon and post-monsoon rainfall have increased (by about 10%) over most of 
the districts in the recent period. The Nino3.4 region SST (South Oscillation Index; 
SOI) has a significant negative (positive) relationship with southwest summer 
monsoon rainfall in most of the districts. The relationship of Nino 3.4 SST and DMI 
is strikingly similar for post-monsoon and has significantly weakened in recent 
decades. This study is useful for proper planning and mitigation measures for the 
agricultural and water resources sector at the district level over AP in this global 
warming era. 
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1. INTRODUCTION 

Global warming-induced climate change, accompanied 
by a rise in temperature, can pose a serious threat to 
mankind in numerous ways [1]. One of which arises 
due to the increase in the water-holding capacity of the 
atmosphere that may lead to changes in the 
precipitation frequencies and patterns all around the 
world, which impacts various sectors such as 
agriculture, and hydropower generation, which are 
highly dependent on rainfall [2-3]. So, the analysis of 
rainfall changes at the regional/local level in the 
present global warming era is highly important to 
explore the impacts of climate change on water 
resource management and to control, adapt and 
mitigate with proper planning and management 
strategies [4]. Various studies shows that an increasing 
trend an increasing trend in extreme precipitation 
events globally and in India [5-8]. During the last few 
decades, India has experienced a subtle decrease in 
rainfall, frequency of rainy days, and increased relative 
humidity [9-11]. A recent study of Indian River basins 
reveals that the annual rainfall and the number of rainy 
days have remarkably decreased in 15 out of 22 basins 
[12]. There is conclusive evidence from recent studies 
that rainfall is decreasing in Asia [10-11, 13-16]. These 
significant changes in variability and trends in climate 
over South Asia are mostly caused due to 
anthropogenic influence, which is high over regions 
with a population of about 2 billion; South Asia is one of 
the regions most vulnerable to global warming [17-21]. 
Even though plenty of global and continental-scale 
studies related to global warming are available, they 
are rarely useful in local or regional scale planning [22-
23]. Hence, there is a need to study the changes in 
rainfall at a regional/ local level, especially in regions 
where agriculture is highly dependent on it. In the 
present study, an effort has been made to unravel the 
climatological patterns, trends, and recent changes in 
the rainfall over the Indian state, Andhra Pradesh (AP) 
at a district level in the past century. A year is divided 
into four seasons viz. winter (Jan-Feb), Pre-monsoon 
(March-May), Monsoon (June- September), and Post-
monsoon (October-December), and the study is carried 
out for the period 1901-2018 (118 years). 

Apart from the apparent reasons, such as global 
warming, that have an increasing effect on the rainfall, 
Ocean-atmosphere phenomena such as the Indian 
Ocean Dipole (IOD) and the El Niño Southern 
Oscillation (ENSO) are also known to affect the 
regional rainfall over the Indian region [20-21, 24-33]. 
The inter-annual variability of post-monsoon rainfall 
over India has a strong positive relationship with 

ENSO, while the relationship is inverse for the 
monsoon rainfall [26-27, 29-30, 34-36]. These same 
studies also point out that the relationship between 
monsoon rainfall and ENSO has weakened in the 
previous decade, while the relationship of post-
monsoon rainfall has strengthened [19-21]. There is a 
significant positive relationship between the Indian 
Ocean Dipole mode (IODM) and Northeast monsoon 
over South Peninsular India (SPI) [25], which has 
weakened in recent periods as compared to that of 
ENSO [37]. In the decades, the southern oscillation 
index (SOI) has been negatively correlated with the 
post-monsoon rainfall over AP [38]. The relationship 
between these global climate indices and local scale 
rainfall in AP needs to be evaluated to explore the 
global climate indices' influences for a better 
understanding of recent changes in seasonal rainfall at 
the regional level in AP [19-21, 39-40]. For better 
planning and implementation of adaptation strategies in 
agriculture, water resources, and hydro energy sectors, 
rainfall information at higher spatial resolution at 
specific district levels are highly necessary. A few 
studies found that there is a significant increasing trend 
of southwest summer-monsoon and post-monsoon 
rainfall over AP, and it was confirmed that the increase 
is mostly due to the increase in the high-intensity 
rainfall events [20, 41-42]. But these studies only focus 
on AP as a whole and do not address this at a district 
level, which is critical for proper planning and 
management of water resources in a rain-dependent 
seasonal agriculture-based locality. Therefore, this 
study attempts to investigate rainfall characteristics 
during four distinctive seasons at a district level over 
the state of AP using long-term high-resolution gridded 
analysis datasets from India Meteorological 
Department (IMD). This study will be beneficial for a 
retrospective understanding of the behavior of district-
level rainfall in AP and its global teleconnections, which 
would help prepare better water resource management 
strategies and catastrophe preparedness, such as 
flood control at the district level. In this paper, a brief 
description of the study domain, data and analysis 
methodologies are provided in section 2. The results 
are presented in section 3, and the broad conclusions 
are summarized in section 4. 

2. STUDY DOMAIN, DATA, AND METHODOLOGY 

2.1. Study Area 

AP is a state located at the southeast coast of India 
between the latitudes 12°41'N and 19°07'N and 
longitudes 77°E and 84°40'E and shares about 974 km 
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of coastline with the Bay of Bengal (Figure 1). It is 
known as the “Rice Bowl of India” and its economy is 
mainly based on agriculture where about 60% of the 
population is engaged in agriculture and related 
activities, and it contributes 34% to the state’s Gross 
Domestic Product. Hence, there is a huge economic 
dependency on rainfall which is now highly vulnerable 
to variability under the influence of climate change. The 
detailed analysis of rainfall characteristics and trends of 
the seasonal rainfall for all four seasons, at each of the 
13 districts and AP as a whole is carried out, which is 
very crucial for local-scale planning and proper 
analysis-based implementation of newer technologies 
for sustainable development in the present global 
warming era. The 13 districts are shown in Figure 1 
and abbreviated in Table 1. 

2.2. Data used and Methodology 

The IMD daily gridded rainfall analysis dataset which is 
available at a high-resolution of 0.25° × 0.25° for the 
study period (1901-2018) has been obtained from the 
National Data Centre, IMD Pune archives, and utilized 
to perform this study. This high-resolution daily gridded 
dataset is prepared using 6955 rain gauge station 
records in India available at different periods; more 
details about the preparation of this dataset are 

available in [43], and evidence of its superiority 
compared to existing datasets can be found in [44]. To 
study the district-level seasonal rainfall over AP, a year 
is divided into four seasons namely winter (January-
February, JF), pre-monsoon (March-May, MAM), 
southwest monsoon (June–September, JJAS), and 
post-monsoon (October– December, OND). The 
analysis of long-term time series of seasonal rainfall for 
13 districts is carried out. To have an overwied 
understanding of the general characteristic of rainfall 
over AP, the climatological mean, inter-annual 
variability (IAV), and coefficient of variation (CV) are 
computed for the study period (1901-2018) of 118 
years. 

Various statistical tests such as the Shapiro–Wilk 
normality test (SWNT), Hurst exponent (H), Pettit’s test 
(PTT), Buishand range test (BRT), Buishand U test 
(BUT), and standard normal homogeneity test (SNHT) 
were performed to quantify the homogeneity, normality, 
persistence and sudden changes of seasonal rainfall 
over the 13 districts of AP for the study period. The 
Shapiro–Wilk normality test is done to know whether 
the seasonal time series of rainfall for the 13 districts of 
AP are normally distributed at a 95% confidence level 
[45-46]. The other four tests, i.e., PTT, BRT, BUT and 
SNHT are performed to test the homogeneity of the 

 
Figure 1: Districts and Elevation of Andhra Pradesh. 
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same [47]. However, it is necessary to mention that the 
BRT, BUT, and PTT are more convenient in detecting 
the discontinuities in the middle of the time series, 
while the SNHT is more sensitive in detecting the same 
near the beginning and end of the series [47]. The 
Hurst-exponent (H) test is used to quantify the 
persistence of a time series and also determines 
whether the series is completely random or has a long-
term memory. In order to compute the Hurst exponent, 
the estimation of the dependence of the rescaled range 
on the timeline of observations is required. Out of the 
various ways to calculate the Hurst exponent [47-49], 
the most used method is the R/S analysis [50-51]. The 
value of H ranges from 0 to 1. Depending on the value 
of H, the time series is categorized as random (if H = 
0.5), an anti-persistent, i.e., having negative 
autocorrelation (if 0 < H < 0.5), and persistent, i.e., 
having positive correlation (if 0.5 < H < 1), all at 95% 
confidence level [52]. The persistence of a series 
indicates that the next value is more likely to follow the 
same direction of the current value, and in the opposite 
direction for an anti-persistent series.  

In order to determine the concurrent relationships of 
district-level rainfall with ENSO and IOD for all the 
seasons, the SOI, Nino3.4 region SST and Indian 
Ocean Dipole Mode Index (DMI) for the period 1901-
2018 is obtained from the Climate Research Unit 
(CRU), University of East Anglia (http://www.cgd.ucar. 
edu/cas/–catalog/climind), while the time series of the 
seasonal rainfall is prepared using the IMD high-
resolution gridded dataset itself. The secular variations 
of the relationship between seasonal rainfall over AP 
and the climate indices are analyzed by calculating the 
sliding correlations between them for a 31-year moving 
window during the study period. To determine the 
significance of the correlation coefficients, Student’s t-
test is performed for 3 different confidence levels, i.e., 
90%, 95%, and 99%. 

3. RESULTS AND DISCUSSION: 

3.1. Monthly Rainfall Distribution over AP 

Figure 2 illustrates the climatological mean, inter-
annual variability (IAV), and coefficient of variation (CV) 

Table 1: Short Forms used in this Study 

Short forms Full form 

ANT Anantapur 

CHT Chittoor 

CV Coefficient of Variation 

DMI Dipole Mode Index 

EG East Godavari 

GNT Guntur 

IAV Interannual variability 

IMD India Meteorological Department 

JF January-February 

JJAS June-July-August-Sep 

KDP Kadapa 

KRI Krishna 

KRN Kurnool 

MAM March-April-May 

NINO 3.4 SST index NINO3.4 region sea surface Temperature index 

NLR Nellore 

OND October-November-December 

PRK Prakasam 

SOI South Oscillation Index 

SRK Srikakulam 

VSP Visakhapatnam 

VZM Vizianagaram 

WG West Godavari 
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of monthly scale rainfall over AP for the study period 
(1901-2018). AP receives most of its rainfall during the 
retreating phase of the summer monsoon and during 
the post-monsoon season [8, 29-31, 53] which can be 
well perceived from the Figure 2a. AP receives its 
maximum rainfall during October (163 mm) specifically 
when the post-monsoon season onsets over south 
peninsular India (SPI) [20]. The peak is however 
followed by 149 mm which is during September and 
adequate rainfall during June (126 mm) and July (131 
mm). The least rainfall is received during February (8 
mm), followed by 9 mm during January and March. 
About 55.7 % (492 mm) of the annual rainfall over AP 
is received during the monsoon season and 32.8 % 
(290 mm) during the post-monsoon months, whereas 
the rest of the rainfall is received during pre-monsoon 
(10.6 %) and winter months (1.9 %). During southwest 
summer monsoon and post-monsoon months, the 
monthly IAV is similar to that of its climatological mean 
(Figure 2a). However, the IAV during May (42 mm) is 
more than that of IAV during June (36 mm), which is 
the other way around for climatological mean (Figure 
2a). The CV is a little more interpretable when it comes 

to the extent of variability, The CV is large during 
January (147 %), February (165 %), and March (159 
%), which is high because it rarely rains during these 
months (Figure 2b). However, the CV is high (105 %) 
during December as most of the rainfall contribution 
comes from the cyclonic disturbances over the Bay of 
Bengal, which is highly inconsistent [20]. The variability 
of monsoon rainfall over AP is considerably less than 
that of the rainfall received during the post-monsoon 
season [54].  

3.2. Characteristics of District-Level Seasonal 
Rainfall over AP 

The statistical characteristics of seasonal rainfall such 
as climatological mean, IAV, and CV for four respective 
seasons at district-level over AP during the study 
period of 118 years (1901-2018) have been computed. 
The analysis of rainfall distribution patterns during four 
distinctive seasons reveals that the seasonal rainfall 
over AP is highly heterogeneous in both spatial and 
temporal scales (Figure 3). As stated earlier, it can be 
seen that the rainfall is lowest during winter (18.4 mm) 

 
Figure 2: Statistical analysis of Andhra Pradesh rainfall (mm) at monthly scale (a) climatological mean and Inter-annual 
variability and (b) Coefficient of variation for the study period 1901-2018. 
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Figure 3: Climatological mean and IAV of district-level seasonal rainfall over Andhra Pradesh during four distinctive seasons for 
the study period 1901-2018.  



Journal of Basic & Applied Sciences, 2023, Volume 19 

 

7 

 
Figure 4: Coefficient of variation (CV in %) of district-level seasonal rainfall over Andhra Pradesh during four distinctive seasons 
(a) JF (b) MAM (c) JJAS and (d) OND for the study period 1901-2018.  

and maximum during the monsoon season (550 mm), 
followed by post- (289 mm) and pre-monsoon (89 mm) 
seasons. During the monsoon season, the seven 
northern districts of AP above 16°N receive above 500 
mm rainfall, which is particularly concentrated over five 
northern parts at above 700 mm. It is evident that the 
coastal districts receive more rainfall during all four 
seasons, which contributes to the entire state’s rainfall, 
i.e. the rainfall amounts decrease spatially as we move 
away from the coast. The coastal region receives more 
rainfall than the interior parts of AP, especially during 
the post-monsoon season due to the influence of 
cyclonic disturbances over the Bay of Bengal as it 
decreases towards interior parts of the AP. The north-
south gradient almost reflects a mirror image during the 
southwest monsoon and the post-monsoon seasons, 
where the rainfall is higher in the northern part districts 
during the southwest monsoon season and in the 
southern part districts during the post-monsoon season 
and vice versa. The climatological rainfall occurring in 
the northern part districts of AP is due to the monsoon 
convective systems over the southern Bay of Bengal, 
which propagates to the land and hence precipitates in 
the coastal districts, which is anomalous to when the 
convection takes place over the northern Bay of Bengal 

and is transmitted towards northwestern India normally 
during monsoons [55]. The interior districts of AP seem 
to receive the least rainfall during all seasons. The 
rainfall over the northern region districts of AP during 
the post-monsoon is due to the retreating monsoon 
circulation bringing convective systems to peninsular 
India and the cyclonic formations in the Bay of Bengal 
[53]. The pattern of IAV is identical to the climatological 
mean, although it is noticed that the IAV value of pre-
monsoon and winter season rainfall over a few districts 
is almost similar and more as that of their respective 
climatological mean, which supports the fact that most 
of the rainfall occurring during this season is of high 
intensity and brought in by the westward propagating 
cyclones from the Bay of Bengal. The magnitude of CV 
exhibits an opposite characteristic than that of the 
climatological rainfall during the southwest monsoon 
and post-monsoon seasons (Figure 4). During the 
monsoon season, the CV is higher in the southern part 
of AP as it rarely rains in the region during normal 
monsoon seasons [56]. The CV during the post-
monsoon season is high over the regions where the 
magnitude is low, as seen in the case of regions where 
monsoon rainfall is low as well. In terms of the inter-
seasonal facet, the CV is highest during the winter 
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season overall followed by the pre-monsoon season, 
as the ratio of climatological rainfall and the variability 
is very low, which is just another indication of rare, but 
heavy rains during these seasons. 

To understand the statistical characteristics of district-
level rainfall over AP with more lucidity, statistical tests 
such as Shapiro–Wilk normality test (SWNT), Hurst 
exponent (H), Pettit’s test (PTT), Buishand range test 
(BRT), Buishand U test (BUT) and standard normal 
homogeneity test (SNHT) are conducted on the time 
series of seasonal rainfall. These tests help us to 
comprehend the normality, homogeneity, persistence, 
and abrupt changes in the district-level seasonal 
rainfall over AP. The SWNT, which signifies the 
normality at the 95 % confidence level (where the p-
value is greater than 0.05) is computed for p-values 
and displayed in Table 2. It is evident that the rainfall 
during the winter and the pre-monsoon season does 
not follow a normal distribution, although interestingly 
during monsoon, rainfall only over EG and WG follow a 
normal distribution. During post-monsoon, the rainfall 
follows a normal distribution over WG, NLR, KDP, and 
ANT. In the case of annual rainfall, the normal 
distribution of rainfall is only over WG, KDP, and ANT. 
Over AP as a whole, the normal distribution of rainfall is 
only during the post-monsoon season, which is the 
normal rainfall season and explicable, as the post-

monsoon rainfall is more consistent over AP as a whole 
in comparison with the rainfall in the other seasons. 

The persistence test of the district-level rainfall over AP 
is done by computing the Hurst exponent (H) and 
shown in Figure 5. If H > 0.5, it indicates that the series 
is persistent, anti-persistent if H < 0.5 and random if H 
= 0.5. It is observed that the monsoon rainfall over AP 
and all its districts is persistent, which is attributed to 
the low variability during this season. Although the 
same is not observed for other seasons. Over AP, the 
rainfall is persistent over SRK, KRI, GNT, PRK, NLR, 
CHT, KDP, and KRN during the pre-monsoon season 
and over VZM, VSP, EG, WG, PRK, NRK, CHT, KDP, 
KRN during the post-monsoon season (The expansion 
of the abbreviations used can be found in Table 1). The 
annual and winter rainfall over AP is persistent over all 
the districts except for WG.  

The change point years with 90%, 95%, and 99% 
confidence levels in the time series of district-level 
seasonal rainfall over AP is analyzed by carrying out 
the PTT, BRT, BUT, and SNHT. The season-wise 
change point years for individual districts are given in 
Table 3. From the PTT, it is perceived that there are 7 
change point years for 13 districts (1938, 1939-3, 1944, 
1977, 1982-2, 1983, 2005-2 during the winter season, 
the BRT and BUT suggests 8 change point years 

Table 2: Shapiro-Wilk normality test (SWNT) for testing the normality of district-level seasonal rainfall over Andhra 
Pradesh during the four distinctive seasons for the period of 118 years (1901-2018). The p-value is >  0.05 
(<  0.05) with bold (without bold) indicates that the associated district-level seasonal rainfall is following (not 
following) the normal distribution. 

P values of Shapiro-Wilk normality test 

District JF MAM JJAS OND Annual 

SRK 0.000 0.000 0.029 0.000 0.002 

VZM 0.000 0.000 0.025 0.000 0.001 

VSP 0.000 0.000 0.000 0.001 0.004 

EG 0.000 0.000 0.173 0.027 0.028 

WG 0.000 0.000 0.576 0.085 0.060 

KRI 0.000 0.000 0.010 0.002 0.001 

GNT 0.000 0.000 0.004 0.003 0.006 

PRK 0.000 0.000 0.001 0.027 0.007 

NLR 0.000 0.000 0.000 0.546 0.010 

CHT 0.000 0.000 0.001 0.004 0.004 

KDP 0.000 0.000 0.000 0.120 0.112 

ANT 0.000 0.042 0.001 0.107 0.054 

KRN 0.000 0.000 0.000 0.000 0.000 

AP 0.000 0.000 0.039 0.184 0.014 
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(1929, 1932, 1936-2, 1937-2, 1938-3,1977, 1984-2 and 
2000) exactly same for all districts, while the SNHT 
suggests 6 change point years (1901-6, 1929, 1932-3, 
1938, 2000 and 2008). The change point years for 
rainfall over AP during the winter season is 1938 (for 
PTT, BUT, and BRT) and 1937 (for SNHT). These 
change point years are at a 99% confidence interval 
over 2 (PTT), 3 (BRT), 2 (BUT) and 5 (SNHT) districts 
respectively and at a 95% confidence interval over 3 
(BRT), 1 (BUT) and 5 (SNHT) districts and 90% 
confidence interval over 1 (PTT), 2 (BRT), 1 (BUT) and 
1 (SNHT) districts respectively. During the pre-
monsoon, season rainfall, there are about 12 (PTT), 7 
(BRT, BUT, and SNHT) change point years for different 
districts and it is at 90% confidence level for 3 districts 
and 95% for 1 of them. Over AP as a whole, the 
change point year as computed by PTT is 1992, and 
1989 computed by BRT, BUT, and SNHT. During 
monsoon season, the change point years are the same 
for all 4 tests over 6 districts and AP as a whole (the 
year 1952). It is noticeable that BRT and BUT tests 
however show the same change point years for all the 
districts for all rainfall seasons. There are about 7 
(PTT), 6 (BRT, BUT, and SNHT) change point years for 
the rainfall during the post-monsoon season. The 
change point year over AP as a whole is 1914 (based 
on PTT, BRT, and BUT) and 2015 (based on SNHT). 
Most of the change point years during the winter 
season are from 1932 to 1939 and pre-monsoon 
season from 1985 to 1989. From this analysis, it is 
concluded that the changes in district-level regional 
rainfall for all four seasons range from 1930 to 1990 for 
most of the districts as well as AP as a whole. The 
inter-comparison between the four tests, however, for 

the sudden changes clearly establishes the sensitivity 
in detecting these changes at the beginning and end of 
the time series is higher for SNHT than the other three 
tests. 

3.3. Comprehensive Analysis of Seasonal Rainfall 
over AP 

The normalized time series of rainfall over AP for four 
distinctive seasons JF, MAM, JJAS, and OND from 
1901 to 2018 (118 years) has been prepared. Here, a 
particular year is categorized as normal if the 
standardized rainfall anomaly (SDR) is ± 1, as excess, 
if SDR > 1, and as a deficit, if SDR < -1. The 
normalized time series indicates a notable year-to-year 
variation in seasonal rainfall over AP for all the seasons 
(Figure 6). It is observed that 20 years (1901, 1906, 
1909, 1915, 1917, 1918, 1920, 1921, 1923, 1926, 
1932, 1936, 1937, 1984, 1986, 1990, 1995, 2000, 
2002, and 2008) have received excess rainfall and 
there has been no year with deficit rainfall during the 
winter season (JF), but most of the years usually 
receive below normal rainfall over AP during winter 
(Figure 6a). It is interesting to notice that there is no 
excess rainfall year for consecutively 45 years from 
1938 to 1983 during the winter season over AP (Figure 
6a). During the pre-monsoon season (MAM), AP has 
experienced about 16 years (1925, 1930, 1940, 1943, 
1944, 1952, 1955, 1969, 1971, 1979, 1990, 1995, 
2004, 2006, 2008, and 2010) of excess rainfall and 6 
years (1906, 1912, 1932, 1947, 1964, and 1985) of 
deficit rainfall (Figure 6b). Although it is needed to 
mention that rainfall during the pre-monsoon season for 
most of the years is below the mean just like the 

 
Figure 5: Hurst exponent (H) of district-level seasonal rainfall time series over Andhra Pradesh during four distinctive seasons 
for the long-term of 118 years (1901-2018). The Hurst-exponent values on the figure H>0.5, H<0.5, and H=0.5 values indicate 
that the time series of district-level seasonal rainfall is persistent (positive autocorrelation), anti-persistent (negative 
autocorrelation) and random (no memory of previous values) time series, respectively. 
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Table 3: Years identified as change points by four change-point detection tests (Pettit’s test (PTT), Buishand range 
(BRT), Buishand U test (BUT), and standard normal homogeneity test (SNHT) in seasonal rainfall at district 
level over Andhra Pradesh during JF, MAM, JJAS, OND seasons for the period of 118 years(1901-2018). *, **, 
***Indicates that the abrupt changes in the seasonal rainfall is significant at 90, 95, and 99% confidence 
levels, respectively 

JF MAM 

District PPT BRT BUT SNHT PPT BRT BUT SNHT 

SRK 2005 2000 2000 2000 1980** 1985 1985* 1985 

VZM 1944 1938 1938 1938 1985 1989 1989 1989 

VSP 2005 1938 1938 2008 1935 1968 1968 1935 

EG 2008 1938 1938 1901*** 1985 1987 1987 1989 

WG 1982 1937 1937 1901* 1920 1987 1987 1987 

KRI 1982 1984* 1984 1901** 1998 1989 1989 1989 

GNT 1983 1984* 1984 1901*** 1956 1989 1989 1989 

PRK 1977 1977** 1977 1901** 1986 1989 1989 1989 

NLR 1939** 1936** 1936 1932** 1994 1938 1938 1938 

CHT 1939*** 1936** 1936*** 1932*** 1989* 1989 1989 1989 

KDP 1939*** 1932*** 1932*** 1932*** 1987 1938 1938 1924 

ANT 1944 1929*** 1929* 1929** 2003 2003 2003 2003* 

KRN 1938* 1937*** 1937** 1901*** 1987 1935 1935 2003 

AP 1938* 1938*** 1938** 1937** 1992 1989 1989 1989 

 

JJAS OND District 

PPT BRT BUT SNHT PPT BRT BUT SNHT 

SRK 1952*** 1952** 1952*** 1952** 1914** 1914 1914 1914 

VZM 1946 1946 1946 2005 1914 1963 1963 1914 

VSP 1995 2002*** 2002* 2004*** 1914 1914 1914 1914 

EG 1987 1987 1987 1987 1977 1914 1914 2013 

WG 1946 1946 1946 2014 1914 1914 1914 2013 

KRI 1987 1987 1987 2009 1914 1914 1914 1914 

GNT 1953** 1953** 1953*** 1953** 1914 1914 1914 2014 

PRK 1952*** 1952** 1952*** 1952** 1971 1971 1971 2015 

NLR 1953* 1948* 1948** 1948* 1946 1946 1946 2015 

CHT 1960* 1972* 1972** 1972* 1974* 1965 1965 1903 

KDP 1953 1953 1953 1953 1965 1965 1965 2015 

ANT 1919 1919 1919 1919 1989 1989 1989 1903 

KRN 1952* 1946 1946 1946 1989 1970 1970 1992 

AP 1952 1952 1952** 1952 1914 1914 1914 2015 

 

other seasons (Figure 6b). The high excess rainfall 
(having more than 5-SDR) that occurred during the 
year 1990 due to the super cyclonic storm over the Bay 
of Bengal, which caused a lot of damage to AP [57] is 
evident from the figure. During the monsoon season 

(JJAS), there are 21 years (1903, 1910,1916,1917, 
1938, 1949, 1962, 1964, 1975, 1978, 1983, 1988, 
1989, 1991, 1996, 1998, 2000, 2007, 2010, 2017) with 
excess rainfall and 16 years (1901, 1904, 1911, 1914, 
1918, 1920, 1922, 1923, 1932, 1937, 1952, 1968, 
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Figure 6: The normalized time series of (a) winter (JF), (b) Pre-monsoon (MAM), (c) Southwest summer monsoon (JJAS), and 
(d) Post-monsoon (OND) seasonal rainfall of Andhra Pradesh from 1901 to 2018. 

1972, 1987, 1994, 2002) with deficit rainfall (Figure 6c). 
It is noticed that there have been more excess 
monsoon years in the recent half of the study period 
(1961-2018) than in the earlier half (1901-1960), which 
is the opposite in terms of deficit monsoon years 
(Figure 6c). During the post-monsoon season (OND), 
there are 21 years with excess rainfall and 20 years 
with deficit rainfall (Figure 6d). There are no 
interrelationships with the excess, the deficit, and 
normal rainfall years between the monsoon and post-
monsoon seasonal rainfall over AP, contrary to what is 
observed in an all-India rainfall. 

To identify the extent of the impact of intense global 
warming on rainfall over AP in the recent decades, the 
mean difference of the district-level rainfall in the pre-
global warming period (1901-1990) and the global 
warming period (1991-2018) for the respective seasons 
is computed and illustrated in Table 4. This recent 
period is selected as there has been an intense rise in 
the Earth’s temperature since before the cessation of 
the 20th Century [3]. The magnitude of monsoon rainfall 
has drastically increased in the recent period, and the 
increase is even more than 10% in a few districts. This 
increase is statistically significant at the 90 % 
confidence level over GNT, NLR, CHT, and AP as a 
whole and the 95% confidence interval at SRK, VSP, 
and PRK (Table 4). It is interesting to notice that the 
post-monsoon rainfall has increased over all of the 
districts except for the 4 northern coastal districts of 
AP, where it has decreased notably over VZM, VSP, 
and EG and no change over SRK (Table 4). Although 
not significant, there is an increase in the overall 

magnitude of rainfall over the majority of the districts in 
the most recent period for the pre-, and post-monsoon 
seasons (Table 4), which could be mainly due to the 
increase in the frequency of cyclones over the Bay of 
Bengal in the recent times [58]. No significant decrease 
of rainfall is noticed in any of the districts during any 
season over AP (Table 4) except CHT, whereas a 
significant decrease is observed during winter. 
Changes that have occurred in the Annual rainfall over 
AP are mostly due to the changes in the post-monsoon 
and monsoon rainfall for most of the districts (Table 4). 
The significance of the increase in annual rainfall is of 
90% confidence level over SRK, KRI, and AP as a 
whole and at a 95% confidence interval over KRN and 
PRK.  

3.4. Empirical Relationships of Seasonal Rainfall 
over AP with ENSO and IOD 

The secular variations in the simultaneous relationship 
between the rainfall over AP with Nino 3.4 SST, SOI, 
and DMI are analyzed by computing the sliding 
correlation between them on a 31-year moving window, 
the same is illustrated in Figure 7. Any year mentioned 
here would mean the central year of the window of 31 
years, for instance, the year 1916 defines the years 
from 1901 to 1931 and so on. The relationship of 
rainfall over AP with SOI and Nino 3.4 SST has an 
opposite pattern, although not exact (Figure 7a-d). It 
can be inferred that the relationship of DMI with winter 
rainfall has weakened significantly in the last century 
(Figure 7a). The relationship with SOI and Nino 3.4 
SST was positive in the beginning years of the century 
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which has weakened with SOI and has become 
negative for Nino 3.4 SST. It is observed that the 
relationship of DMI with pre-monsoon rainfall was 
statistically significant at 95 % confidence from 1956 to 
1975, although it has drastically weakened as well 
(Figure 7b). The SOI depicts a weak relationship with 
the pre-monsoon rainfall throughout the past century. 
The monsoon rainfall over AP has a significant 
relationship with Nino3.4 SST and SOI, and the 
relationship with DMI is not as strong (Figure 7c). 
However, it is interesting to notice that the DMI and the 
Nino 3.4 SST have the same relationship with the 
rainfall over AP during the post-monsoon season 
(Figure 7d). It is also intriguing to see a periodic pattern 
in the running relationship between these indices and 
the post-monsoon rainfall, which has a period of 
approximately 60 years for all three indices. Overall, 
this suggests that the Indian Ocean Dipole and the 
ENSO have an opposite influence on the monsoon and 
the post-monsoon rainfall. However, the relationship 
between monsoon and DMI has decreased in recent 
decades, and the relationship of post-monsoon rainfall 
with DMI and Nino 3.4 SST has weakened as well. 

The relationship of seasonal rainfall over AP at a 
district level with global climate indices has not been 
explored before, which is a huge gap in the study area 
and needs to be investigated to have a proper insight 

into the various factors that influence local rainfall. In 
this analysis, the correlation of district-wise rainfall 
during the respective seasons with Nino 3.4 SST, SOI, 
and DMI for the study period of 118 years and 
illustrated in Figure 8. It is noticed that there is an 
insignificant positive relationship of the district-level 
seasonal rainfall with Nino 3.4 SST during all the 
seasons except for the monsoon. The monsoon rainfall 
has a negative relationship with the Nino 3.4 SST over 
all the districts, and it is significant at the 99 % 
confidence level over most districts except for SRK, 
VZM, and VSP (90% confidence level). A similar 
inference can be derived from analyzing the 
relationships of district-level rainfall over AP with the 
Southern Oscillation Index (SOI). The monsoon season 
rainfall has a significant positive relationship over most 
of the districts (Figure 8) and an insignificant negative 
relationship over most of the districts during the other 
seasons (Figure 8). There is a significant positive 
relationship between SOI and monsoon rainfall over 
the entire state except for the three northern districts, 
which have a positive but insignificant relationship 
(Figure 8). The Indian Ocean Dipole mode has a 
significant impact on the rainfall over the Indian region, 
and it has been well discussed in various studies 
[25,31, 59-60], whereas its implications on local rainfall 
are yet to be reviewed thoroughly. There is no 
significant relationship between DMI and seasonal 

Table 4: Mean difference in the district-level seasonal rainfall between the global warming period (1991-2018) and pre-
global warming (1901-1990) periods over Andhra Pradesh during four distinctive seasons. *,**, ***Indicates 
that the recent changes in the monthly rainfall are significant at 90, 95, and 99% confidence levels, 
respectively 

Mean difference in the district-level rainfall  District 

JF MAM JJAS OND Annual 

SRK -5.9 26.9 77.8** 0.0 95.5* 

VZM -5.9 8.6 3.2 -30.1 -24.3 

VSP -5.1 -7.4 88.7** -17.7 58.6 

EG -2.3 0.3 49.8 -13.4 34.4 

WG -2.7 -3.6 17.1 2.2 13.0 

KRI 3.9 7.1 58.3 20.1 89.4* 

GNT 5.7 3.4 59.8* 2.7 71.5 

PRK 9.9* 15.3 56.7** 25.8 107.8** 

NLR -3.7 6.7 40.4* 34.3 77.7 

CHT -14.2* 17.8 38.9* 19.5 62.0 

KDP -7.9 11.4 12.9 17.6 34.1 

ANT 2.0 8.0 12.8 12.5 35.4 

KRN 1.3 12.5 36.3 21.9 71.9** 

AP -1.4 8.5 40.7* 11.2 59.1* 
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Figure 7: The sliding relationships on a 31–year moving window of climate indices such Nino3.4 region SST, SOI and DMI with 
Andhra Pradesh seasonal rainfall during four distinctive seasons (a) JF (b) MAM (c) JJAS and (d) OND for the period 1901–
2018. The 95% significance level of 31-year period correlation value is ± 0.29. 
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Figure 8: The relationship (correlation coefficient) of JF (Row-1), MAM (Row-2), JJAS (Row-3) and OND (Row-4) seasonal 
rainfall at district level over Andhra Pradesh with climate indicies such as Nino3.4 Region SST (Column-1), Southern Oscillation 
Index (Column-2) and IOD-DMI (Column-3) for the period 1901–2018. The different symbols on the figures indicate the 
relationship's significance. 

rainfall in most of the districts over AP (Figure 8). The 
pre-monsoon and post-monsoon rainfall are positively 
correlated for most of the districts over AP (Figure 8). 
The winter rainfall has a significant inverse relationship 
with DMI over NLR, CHT at 90%, and KDP at a 99% 
confidence level. In summary, the DMI has no 
significant relationship with the rainfall in any season 
over the northern districts of AP; however, there is a 

significant relationship in a few southern districts during 
winter and monsoon seasons.  

4. SUMMARY AND CONCLUSIONS 

In the present study, a detailed retrospective analysis 
of the patterns and statistical features of the district-
level seasonal rainfall over AP for 13 districts has been 
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carried out for the period 1901 to 2018 using the high-
resolution (0.25° × 0.25°) gridded rainfall dataset from 
IMD. Further, the relationships of the seasonal rainfall 
over AP with climate indices (Niño–3.4 region SST, 
SOI, DMI) during the study period is deliberated, and 
the key findings of this study are given below: 

• The long-term average annual rainfall over AP is 
882 mm, and its coefficient of variation is about 
82 % for the annual rainfall; nevertheless, the 
variation is low during the monsoon season (34 
%) and mostly during the winter season (56 %) 
when the rainfall is low. 

• An estimated 55.7 % (492 mm) of the annual 
rainfall over AP is received during the monsoon 
season and 32.8 % (290 mm) during the post-
monsoon months, whereas the rest of the rainfall 
is received during pre-monsoon (10.6 %) and 
winter months (1.9 %). 

• The climatological mean and IAV of monthly 
rainfall pose a similar intra-year pattern, but 
judging by the extent of variability, it is inferred 
that the variability is highest during the winter 
and the pre-monsoon season, followed by post-
monsoon and lastly, the monsoon season. 

• The coastal districts receive more rainfall than 
the inland districts, especially during the post-
monsoon season, due to the influence of 
cyclonic disturbances over the Bay of Bengal, 
assisting the northeast monsoon circulation. 
Another notable pattern shows that the rainfall is 
higher (lower) in the northern (southern) parts of 
AP during the southwest monsoon. This pattern 
reverses during the post-monsoon season. 

• The CV of rainfall is highest during the winter 
season as the ratio of climatological rainfall, and 
variability is very low. Spatially, the CV is highest 
over the regions where the rainfall is lowest and 
vice versa. 

• The Shapiro–Wilk normality test confirmed that 
the rainfall follows a normal distribution, i.e., 
more consistent only during the post-monsoon 
season over AP as a whole, but rainfall over EG 
and WG during the monsoon and over WG, 
NLR, KDP, and ANT during the post-monsoon 
season does follow a normal distribution. 

• The Hurst exponent test revealed that the rainfall 
is persistent over SRK, KRI, GNT, PRK, NLR, 

CHT, KDP, and KRN during the pre-monsoon 
season and over VZM, VSP, EG, WG, PRK, 
NRK, CHT, KDP, KRN during the post-monsoon 
season. The annual and winter rainfall over AP is 
persistent over all the districts except for WG. 
However, the monsoon rainfall is persistent in all 
the districts. 

• The change point years for abrupt changes in 
the district level rainfall during all four seasons 
are within the time range from 1930 to 1990 for 
most of the districts and AP as a whole (as 
confirmed by the four tests PTT, BRT, BUT, and 
SNHT). 

• The total number of excess rainfall years is more 
than that of the deficit rainfall years during all 
four seasons. There are 21 years of excess 
rainfall during the monsoon and the post-
monsoon rainfall, whereas there are 16 years 
with deficit monsoon rainfall and 20 years with 
deficit post-monsoon rainfall, although these 
years are entirely different and have no 
interrelationship with one another. 

• The magnitude of monsoon rainfall has 
drastically increased in the recent period (1991-
2018), and the increase is even more than 10% 
in a few districts. This increase is statistically 
significant at the 90 % confidence level over 
GNT, NLR, CHT, and AP as a whole and a 95% 
confidence interval at SRK, VSP, and PRK. The 
post-monsoon rainfall has also increased in all 
the districts over AP except for 4 northern 
districts. 

• It was found that the monsoon rainfall over AP 
has a significant negative relationship with the 
Nino 3.4 SST at the 99 % confidence level over 
most of the districts except over SRK, VZM, and 
VSP (90% confidence level). A similar 
relationship is found with the SOI but in the 
opposite direction; the relationship during the 
other season, however, is insignificant. 

• Although there is no significant relationship of 
the seasonal rainfall over AP with that of the 
Indian Ocean Dipole Index for most of the 
districts, there is some positive correlation with 
the pre and post-monsoon rainfall in some. The 
DMI has no significant relationship with the 
rainfall over the northern districts, whereas there 
is a significant relationship in a few southern 
districts during the winter and monsoon seasons. 
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• The relationship of ENSO and Indian Ocean 
dipole is opposite to the monsoon and post-
monsoon seasons, the relationship of Nino 3.4 
SST and DMI is strikingly similar to the post-
monsoon season and has weakened in recent 
decades. 

This study will be beneficial for a detailed 
understanding of the behavior of the district-level 
rainfall in AP and its relationship with respective global 
teleconnections, which would help in preparing better 
strategies for water resource management, catastrophe 
preparedness, such as for flood control to plan for a 
sustainable future in the present global warming era. 
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