
Statistical Model for Rainfall and Drought
Analysis of Tumakuru District, Karnataka
State, India Using Geospatial Technology

A thesis submitted in fulfilllment of the requirement for the degree of

Doctor of Philosophy
in

Geoinformatics

by

Sanjay Kumar

under the supervision of

Prof. Syed Ashfaq Ahmed

Department of P.G. Studies & Research in Applied Geology
Kuvempu University, Jnanasahyadri, Shankaraghatta

Shivamogga, Karnataka - 577 451

2022





Certificate

This is to certify that the thesis entitled "Statistical Model for
Rainfall and Drought Analysis of Tumakuru District,
Karnataka State, India Using Geospatial Technology"
submitted by Mr. Sanjay Kumar for the partial fulfillment of the
requirement for the award of Doctor of Philosophy in Geoinformatics to
Kuvempu University, Shankaraghatta is a bonafide record of his original
work carried out under my guidance and supervison. The matter
embodied in this thesis is original and has not been submitted for the
award of any other degree/diploma.

Prof. Syed Ashfaq Ahmed
Department of Applied Geology

Kuvempu University
Shankaraghatta, Shimoga

Karnataka-577451
Date:
Place:



Declaration

I hereby declare that the thesis entitles "Statistical Model for

Rainfall and Drought Analysis of Tumakuru District,

Karnataka State, India Using Geospatial Technology" carried

out by me under the supervision of Prof. Syed Ashfaq Ahmed,

Department of Applied Geology, Kuvempu University, Jnanasahyadri,

Shankaraghatta is my own work. To the best of my knowledge it

contains no materials previously published or written by another person,

or substantial proportions of material which have been accepted for the

award of any other degree or diploma at Kuvempu University or any

other educational institution except where due acknowledgement is

made in the thesis. Any contribution made to the research by others,

with whom I have worked at Kuvempu University or elsewhere, is

explicitly acknowledged in the thesis. I also declare that the intellectual

content of this thesis is the product of my own work, except to the

extent that assistance from others in the project’s design and conception

or in style, presentation and linguistic expression is acknowledged.

Sanjay Kumar



Acknowledgement

At the outset, I express my sincere thanks to Kuvempu University and

the Department of Applied Geology for the opportunity to complete my

long-standing dream of pursuing PhD. The University has been kind

enough to provide fellowship and a serene environment conducive for

academic progress.

I proudly declare my heartfelt gratitude to my supervisor Prof. Syed

Ashfaq Ahmed firstly for choosing me as a research scholar. His

exceptional supervision and support have not only made this an

enriching adventure but has also made this mammoth of a task

tremendously convenient. I appreciate and draw inspiration from your

knowledge, patience, availability, and research ideas. For giving me

space to confidently develop myself as a researcher thanks to his

kindness and strong support, and conceiving the fundamental idea

behind the research, I would time and again choose him as my

supervisor if given a chance.

Prof. G Chandrakantha, I greatly acknowledge your precious insights

during the conception of my research proposal and your support of my

whole PhD journey. I appreciate the invaluable contribution of Prof.

Govindaraju who shared ideas, spent time discussing research and was a

member of my Doctoral committee. Thank you for your inexplicable

enthusiasm and assurances that you’ll read this thesis. The contribution

of the Doctoral Committee members is duly acknowledged. Thanks also

goes to the committee members for reading this dissertation and giving

valuable feedback to make it better.

I am also deeply indebted to Ms. Jyothika Karkala for spending time in

numerous discussions and support, particularly regarding data analysis,

MATLAB, R, and programming, which helped me a lot during thesis



writing. I greatly acknowledge her patience and precious insights during

my publications. She has enabled refining my approach to

problem-solving and the way I present my research. I would like to thank

my friends, colleagues, and collaborators for their undying

encouragement in every step and involvement in various ways. I wish

them all the best of success in their future work.

Harishnaika N has been my companion during the term of Phd both

personally and academically. We have worked together on research with

the same supervisor. I thank him for his support and all the help

rendered at every instance.

During the trying times of the COVID-19 pandemic, Mr. Krishna Kumar

S was the one who stood by me and helped me through the tough

situations. A huge thanks to a friend like him.

The efforts of Dr. Mohd Sayeed Ul Hasan (Assistant professor, Aliah

University, Kolkata) and Mr. Aditya Deshmukh (Research Scholar,

UNSW, Australia) in providing me with timely advice and assurance in

research are of utmost value to me for which I’ll forever be grateful. I

owe a lot to my long-time friends Mr. Chirag Arya and Mr. Ashok

Sharma for truly supporting me emotionally and financially. A thanks for

unburdening me which made this journey a lot smoother.

I owe much to my wife, Naresh, and son Jayesh who sustains me in hard

times and champions my success in good times. May everyone have

such a family in their life. Nothing would be possible without the

blessing and unwavering love and support from my parents, brother, and

the rest of my family. Many people have helped directly or indirectly in

my entire journey of PhD, who have stood by my side. Although not

listed here, you remain loved and special to me.

Sanjay Kumar



Abstract

Tumakuru district of Karnataka state is situated in the semi-arid

climatic region which is considered to be a sensitive zone in response to

climate change. The unpredictable weather phenomenon is a cause for

major concern as it brings along with it a series of difficulties. This

draws our attention to drought which is one of the reasons of concern

and needs to be dealt with in an effective manner.

The analysis of the spatiotemporal changes of meteorological drought in

the Tumakuru district during 1951-2019 is analysed. To understand the

spatial and temporal characteristics of drought, annual and seasonal

drought trends were examined using standardized precipitation index.

Based on three-seasons, pre-monsoon (Jan-May), southwest monsoon

(Jun-Sep), and northeast monsoon (Oct-Dec) along with the annual SPI

were calculated. The correlation between precipitation and SPI was

similar and strong in nature. The wettest (1962 2006), and driest years

(1968,1954, 1965, 1976) during the study were identified. The higher

frequency distribution of the driest years addresses roughly 57% drought

years detected for Madhugiri and Tumakuru-1 in SW monsoon of the

total years of study, in pre-monsoon Kunigal has 21.73%, and in

NE-monsoon it was 50.72% at Kunigal.

A detailed account of frequency, run length, and temporal trend of the

drought events are presented in the study from 1981 to 2019 at the 1-,

3-, 6-, 9-, 12-, and 24-month timescale using the Standardized

Precipitation Index (SPI) and Standardized Precipitation

Evapotranspiration Index SPEI. SPI recorded more drought months in

extreme category while SPEI showed longer drought length in moderate

and severe category for agricultural and hydrological drought. At

1-month timescale, both the indices reported extreme drought events

where Tiptur station in May 2016 (-4.75) and Chikkanayakanahalli



station in March 1992 (-2.76) were the worst-case scenarios.

The trend detection and analysis of rainfall in Tumakuru district during

1952–2019 have been performed using Mann-Kendall (MK), Modified

Mann Kendall test (MMK), and Innovative Trend Analysis (ITA)

techniques. The significance and slope result of the precipitation trend

extracted through the ITA technique is compared with the classical MK

method and Sen’s approach. The ITA result calculated at a 5%

significance level for annual rainfall reported seven stations with a

significant increasing trend and three stations having a significant

downward trend while one of the stations (Koratagere) shows a

non-significantly negative pattern. The rainfall analysis showed that the

northern region received the least rainfall while the southern region

received the maximum rainfall all except one of the stations had a

positive kurtosis. The trend was very well defined by all the methods,

though Modified Mann Kendall z statistics showed more occurrences of

significant changes in the rainfall pattern. The northeast monsoon

carried a significantly decreasing trend at Chikkanayakanahalli station

while all of the significantly increasing trends were defined by the

Modifies Mann Kendall test in the annual, and southwest monsoon

season. Seasonal scale evaluation also gives the correct and impressive

result using ITA than the Mann-Kendall test.

Homogeneity tests such as the Pettitt test, SNHT, and Buishand test

were employed to identify the change point in the rainfall series. The

result was found to have the most correlation between the Pettitt test

and the Buishand test in comparison to SNHT. Later ARIMA model was

run for the precipitation dataset to predict the rainfall value from 2019

to 2029 which showed a decline in the amount of rainfall in the entire

study area.

Nowadays there is an increase in the utilization of satellite-based

precipitation products which makes it crucial to examine the accuracy of



such products. Although the rain gauge stations with a resolution of 250

x 250 provide precipitation data, the emerging satellite products show

bigger promise. The valuation of Tropical Rainfall Measuring Mission

(TRMM) data with the gauge data for 11 stations was conducted over

the semi-arid region of Karnataka by means of data comparison and the

drought indices such as Percent of Normal (PN), Modified China Z

Index (MCZI), and Rainfall Anomaly Index (RAI). Comparative analysis

was carried out for the monthly data using various statistical methods

from the year 1998 to 2019 using the MAE, NSE and Pearson

correlation methods. The study focuses on determining the feasibility

and reliability of precipitation products in the analysis of drought. There

is about 27.13% of similarity amongst the dataset for RAI while only

10.88% of data match for PN index. It was found that the satellite data

is most suitable for the large-scale area while there are uncertainties

when it comes to regional studies.

In the conditions of monsoon failure and very less rainfall during

southwest monsoon, farmers could not able to sown new crops and

existing rain-fed crops would be decimated on the field. The study aims

at providing informative and practical results to facilitate decision

makers for water resource and drought risk management.
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1 Introduction

1. Introduction

1.1. Climate Scenario

A vast country such as India experiences various characteristics of climatology. The
Himalayan Mountain ranges in the north, the Indo-Gangetic plains, the Peninsular
Deccan Plateau, the western Thar Desert, Coastal Plains along with the islands
make the six physiographic regions of India’s land surface. India deals with a
consistently high temperature throughout the summer with the mountain ranges
being an exception. Since 1901, the average temperature of India has risen by 0.7◦C
and the large part of it is due to the greenhouse gases – induced warming, and
partially due to the land use and land cover changes and anthropogenic aerosols7.
Towards the end of the twenty first century, the temperature is projected to rise by
around 4.4◦C relative to the last three decades. In the Indian Ocean, the sea surface
temperature has risen by 1◦C from 1951 to 2015 which is significantly higher in
comparison to the global rise of 0.7◦C. The study of temperature from 1901-2020
revealed that there is an increase in the average annual mean temperature of
0.62◦C/100 years. The maximum and minimum temperature increased at a rate of
0.99◦C/100 years and 0.24◦C/100 years respectively. There is an apparent rise in
both the minimum and maximum temperatures in the last 30 years confined mainly
to the northern, central, and eastern regions. A small pocket in the north western
part has seen a dip in the temperature. Precipitation patterns along the various
climate zones of the country cause variations in the winter temperature. The least
rainfall of 300 mm is recorded in the arid and semi-arid regions of the west including
the desert. High annual rainfall of more than 1500 mm is commonly seen in the wet
tropical SW region while the east coast also endures high temperature and high
precipitation conditions and is prone to high degree of variation8. A greater
fluctuation in the seasonal temperature is seen mainly in the central regions. There
has been a 6% decline in the Indian summer monsoon relative to 1951-2015, and
this decline is especially evident over the Western Ghats and the Indo-Gangetic
Plains. Based on multiple datasets and various climate models, there is a clear
evidence that the anthropogenic aerosols forcing over the Northern Hemisphere
has had its radiative effects causing offset on the summer monsoon precipitation
and Greenhouse gases warming9.

Heat waves are on a rise in the world and India has been regularly experiencing
record high temperatures with an average maximum being 36◦C. Climate models
have projected that the average number of summer heat waves in India from 2040
to 2069 will rise to about 2.5 events per season and further rise to 3 events by the
end of the twenty first century. The west coast of the country is projected to bear
brunt10. There is a historical trend where an increase in sea surface temperature and

Ph.D. Thesis Page 6



1 Introduction

the resultant decrease in the Indian monsoon is strongly influenced by ENSO.
Despite the inter-annual fluctuation, the rainfall received over the Indian summer
monsoon has stayed stable11. Extending from June to September is the SW
monsoon which delivers a monthly rainfall of 150 mm to 270 mm on average. The
NE monsoon generates about 10 mm to 75 mm of an average monthly rainfall from
October to December. The crucial feature of the rainfall regime of India is the huge
variability in the inter-annual precipitation which is a result of the climate influence
of the Indian Ocean Dipole and El Nino Southern Oscillation (ENSO) on the
monsoon12.

Historically what should have been an extreme event occurring once every 100 year
is going to be a once in 50 year occurrence or event 25 year in most of Asia
countries13. Most of the annual losses from a disaster in India is associated with
flood events. Multiple factors affect the magnitude of the disasters which is highly
dependent on physical and socioeconomic vulnerabilities of the people and the
asset which is exposed to the disaster14. Naumann’s research provides a global
perspective on how the varying warming of the Earth has affected the drought
conditions. With 1.5◦C to 2◦C of warming the frequency of dry spells is bound to be
twice the amount. Many studies have been focused in detail at the changes
particularly in Indian Summer Monsoon which is a major contributor to the
precipitation amount15. Over the past few decades there has been a dramatical
increase in the potential risks caused by weather and climate related events leading
to loss and damage. A significant rise in the intensity, duration and frequency of
extreme weather events are on the rise. Furthermore, it is recognised that merely
mitigation and adaptation will not be good enough but rather there is a need to
implement management techniques and bring in effective climate risk assessment
so that the damage can be addresses and minimized. Many a short term managerial
techniques exist and are being implemented but a long term approach to combat
the effects of the slow-onset changes due to climate change need to be
implemented .

1.2. Monitoring the precipitation extreme: Drought

Defined by the various disaster management organizations in India, disasters can be
categorized as human-induced and natural. This classification can be further divided
into water and climate related; chemical, nuclear, and industrial related; accident
related; geological; and biological related disasters. Some of the typically occurring
disasters in India is listed based of the National Disaster Management Plan given by
the National Disaster Management Authority (NDMA). Annually 1/8th of the country
faces flooding conditions making it one of the highly affected country in the world.
The coastline of nearly 7516 km is exposed to about 10% of the global cyclones and
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are likely to experience tsunamis. Around 68% of the country is drought prone in
varying degrees. Abnormally high temperature (heat waves) are on the rise across
the land. India also experiences earthquakes as it is placed on the boundary of two
continental plates, while the Himalayan and the Western Ghats bear about 30% of
the world’s landslides. Thunderstorm, Hail, Dust storm and Cold Wave and Fog are
also prevalent16.

To select a system of interest, it is eminent to have an understanding of the
potential climate risks in the area and the fluctuations in weather patterns leading
to an increase in extreme events. Therefore, studying these risks will help in
classifying the area into multiple risk zones. Disasters bring along with them a
stream of impacts causing loss and damage to property and life. Direct impacts of
the disaster refer to the immediate outcome of the event mainly concerning
casualties and infrastructure destruction. Indirect impacts of the disaster is not
essentially provoked by the event but rather a consequence that follow-on such as
poverty induced by loss and others. Drought Background: Drought differs from the
rest of the natural disasters since it has slow progression and takes a prolonged
time to evolve while having a wide spatial extent and not much structural damage.
Hence determining the exact duration and intensity of the disaster tends to be a
hard task. Like any other disaster, the effects of drought span the environmental,
social and economic sectors and these impacts can be reduced by carrying out
mitigation, management and preparedness techniques. Drought is commonly
found worldwide with varying duration, intensity, impacts, and contributing factors
hence putting focus on development on plans to deal with it in timely and effective
manner to avoid water shortage. Drought occurs in areas of high as well as low
rainfall in India, where scarcity of water is common even in the Himalayan region.
Our country has more than 300 river basins among which some are shared by up to
two or more countries and acceleration in drought conditions which eventually
cause international water conflicts. In certain regions, drought can leave its impact
on recreation and tourism, forest fires, energy sector, transportation, ecosystem,
environment, soil erosion, endangering life system and much more. Drought cannot
be defined just as a shortage of rainfall but is equally attributed to ineffectiveness in
the management of water resources. Lack of water harvesting, over exploitation of
water, pollution, increase in impermeable surface, limitation in the recharge of
water, encroachment of surface water bodies has only added on to the problem.
Due to this about 80 to 90% of the drinking water requirement and about 50% of the
irrigation water requirement is met by the groundwater which increases the stress
on the sub surface hydrology. Although there is an overall increase in drought
events throughout the country, the probabilities varies from 2 years to 15 years in
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Rajasthan and Assam respectively.

Classification of Drought: Primarily three types of drought are seen in India namely
meteorological, agricultural, and hydrological drought. Meteorological Drought is
defined when a dry weather pattern is dominant in the area and there is a
significant drop in the rainfall with respect to the normal value. Agricultural Drought
is in play when the crops tend to become affected by the drought event where the
health or yield of the crop is impacted due to lack of soil moisture and insufficient
rainfall and increased transpiration. Hydrological Drought deals with the shortage
in the water is evident in the surface and the groundwater hydrology system usually
occurs due to long term prevalence of the dry spell17. Drought risk is the
combination of the water shortage in the area and the exposure of the community
to the ill effects of drought. It is crucial that the nations take the issue seriously and
begin planning accordingly to reduce the vulnerability factor. This can be done
through awareness, resource allocation, management and mitigation methods
taken up by the administration and the public. It is critical to understand the spatial
and temporal pattern of drought in different regions to put in place an early warning
system for the disaster which incorporates parameters such as temperature,
precipitation, snowpack, soil moisture, surface water storage, stream flow, and
ground water level.

Management in India: A paradigm shift is apparent in India in recent times
concerning the disaster management owing to a large number of casualties and
huge economic losses which has made us realise that Disaster Management is
crucial if we aim at sustaining the development of the country. Correspondingly, the
Government of India has been proactively adopting a multidisciplinary holistic
approach to build disaster resilience structures and other iniciatives. India need to
have a different approach at tackling drought in arid, semi-arid and other regions. It
is shocking to realize that Cherrapunji in Meghalaya known for receiving the one of
the highest rainfall in the world (over 11000 mm), now for nine months of the year
faces drought whereas the wettest region of Jaisalmer District in Rajasthan, known
for being one of the driest part of the country now records about 9 cm of annual
rainfall. In the Himalayan Mountains, at elevations above 1500 m, the annual
precipitation is from 20 to 1000 cm but with the challenge of water storage, the dry
season that follows can create scarcity of water. The state of Odisha with average
precipitation of 1100 mm is severely affected by drought. This draws attention to
the fact that drought is not just a result of water scarcity but an issue deeply related
to the water resource management. India is going through an increased propensity
for drought over the last 6 to 7 decades owing to the decrease in the summer
monsoon rainfall resulting in decreased spatial extent and frequency of rainfall.
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Particularly, regions such as central India, southern peninsular, southwest coast,
and north-eastern India have been going through twice the amount of drought than
usual with an increase of 1.3% in the area affected by drought per decade. By the
end of this century, India is expected to witness an increased frequency and
intensity of drought conditions as a result of monsoon variability and a rise in the
demand for water vapour in the warming atmosphere.

Though Karnataka has reported less number of deaths due to heat waves, the
Northern Interior parts are more vulnerable. Air pollution fluctuates partly due to
climate and weather abnormalities. The geographical placement of Karnataka is on
a tableland that is bounded by the Western Ghats and Eastern Ghats ranges which
converge at the Nilgiri hill range. Karnataka states falls within the latitude of 11.5◦N
and 18.5◦N and longitudes of 74◦E and 78.5◦E neighbouring the states of
Maharashtra and Goa in the North and Northwest, Northeast and East by Telangana
and Andhra Pradesh, Tamil Nadu in the South and Southeast and Kerala in the
South, while the Arabian sea lies on the west. Karnataka can be divided into the
regions geographically as the Western Ghats, the Coastal Plains and the Deccan
Plateau. With 77% of the area covered by arid and semi-arid regions, drought is a
serious issue in need of consideration as two third of the state records rainfall of less
than 750 mm yearly. 18 of the 33 districts and 88 among the 176 taluks are in
drought prone adding up to 54% of the total area of the state. The limited water
resources of the state are stressed and are depleting at a fast pace. With increasing
population, and sub-sequential increases in urbanization and industrialization, the
demand for water supply has been growing from all the sectors. 45% of the water
for irrigation is provided through the ground water. With 64.6% of the area under
cultivation and 56.5% of the workforce employed in agriculture, the need for
sustainable water resource management is of importance18.

Tumakuru district falls in the South Interior region of Karnataka and experience less
than average rainfall. There is a high inter-annual variability of rainfall over certain
districts including Tumakuru19. Tumakuru has a 92% coefficient of variation in
rainfall with a precipitation trend of 7.55 mm/day/100yr, minimum temperature
trend of 0.321 ◦C/100yr and maximum temperature trend of 0.403 ◦C/100yr.
Tumakuru has shown an increasing trend in the SW Monsoon while a decreasing
trend is observed for the pre-monsoon, NE monsoon and annual normal rainfall20.

1.3. Description of study area

The focus of the study lies in Tumakuru District in the South-Eastern part of
Karnataka, one of the southern states in India. The geographic extent of the area
extends between the latitudes 12°44’31” to 14°21’2” N and longitudes 76°21’2” to
77°30’12” E making up for a total area of 10603 Km2. The digital elevation model of
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the area as specified in , undulates between 406 m to 1193 m above the mean sea
level.

The area characterized as a semi-arid zone, the Koppen-Geiger climate classification
categorizes it as arid steppe hot and tropical savannah zone. The precipitation in the
area is measured by the 11 grid stations in the 10 taluks of the District as seen in Figure
1. With an average rainfall of 668.74 mm during the 1981-2019 period, the maximum
rainfall is observed at Tumakuru in 1962 with 2429.11 mm and minimum rainfall at
Gubbi in 1976 with 136.30 mm. The maximum temperature reaches its highest in April
at around 33◦C and the minimum at 18◦C in December. The rate of annual potential
evapotranspiration is over 1800 mm and monthly rate is less than 100 mm during
December and January while May record over 250 mm monthly. The Eastern part of
the Tumakuru district is covered by a narrow range of Granite hills. In the west, the
Tumakuru district is covered by a long range of hills running up to South East. The
district is surrounded to the north by Anantapur district (Andhra Pradesh state), in
the south by Mandya and Ramanagara, in the East by Chikkaballapur and Bangalore,
and in the west by Hassan and Chikmagalur.

Figure 1: Study area with grid stations

In the north, the Tumakuru district is drained by Pennar and lower Tungabhadra
and in the south drained by Lower Cauvery river. Jayamangali, Shimsha and
Suvarnamukhi are the principal streams found in the district. The district has no
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perennial rivers while the streams flowing in the rainy seasons dry up as the
seasons’ progress. Ragi, groundnut, paddy, horse gram, maize, sunflower,
sugarcane makeup of the major crops which are local to the area along with the
coconut and arecanut plantations according to the 2009-10 agriculture statistics.
Only about 4.3% of the total area is designated as forest which lie mostly in the
lower slopes having vegetation inferior than the ones found in the evergreen
forests. Open forest comprising of mixed species ranging from dry deciduous to
thorny bushes are common to this area while trees tend to be short, and twisted
due to scanty rainfall. Barren land and depletion of forest are on the rise in the past
decades mainly due to deforestation and overgrazing. The geomorphology of the
area covered by denudational uplands are found to be ideal for agriculture, urban
settlement, and industrialization.

1.4. Why do we need to study drought?

Although the Tumakuru District receives a significant amount of rainfall, it is often
prone to drought conditions of varying intensities. Lacking the presence of any
major river in the area, the agricultural and industrial functioning is mainly
dependent on rainfall. Drought conditions have resulted in extreme impacts on the
farmer’s livelihood and this forms the inspiration for the research.

1.5. Objective of the research

1. Investigate the drought hazard and prone area of Tumakuru District.

2. Examine the Spatio-temporal Pattern and characteristics of Meteorological
Drought.

3. Visualization of seven decadal rainfall variations as a result of climate change
using non-parametric tests.

4. Change point detection in the time series data using statistical techniques to
identify the vulnerable region and forecast rainfall for the next decade.

5. Implementing a statistical model to evaluate the consistency of TRMM over the
Rain Gauge for Drought Monitoring.

1.6. Data

The scenario of low precipitation over prolonged duration along with changes in
atmospheric conditions such as climate change and ocean temperature are the key
factors leading to drought. The research prominently observes data concerning
rainfall, and temperature collected from multiple sources to assess the drought in
the study area. Meteorological data from 11 grid stations were used in the study as
mentioned in Table 1.
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Table 1: Description of Meteorological parameters of Grid stations

Station Lon Lat
Elevation

(m)

Mean

Rainfall

(mm)

Min

Rainfall

(mm)

Max

Rainfall

(mm)

Min

Temp

(0C)

Max

Temp

(0C)

Chikkanayakanahalli 76.5 13.5 660 612.62 273.60 2073.87 18.24 29.38

Gubbi 76.75 13.5 686 551.84 136.30 1091.50 20.76 27.10

Koratagere 77.25 13.5 675 624.41 291.14 1363.19 19.18 31.31

Kunigal 77 13 673 884.31 351.01 1553.00 18.78 30.64

Madhugiri 77.25 13.75 654 585.28 136.84 1247.30 20.22 28.94

Pavagada 77.25 14.25 524 502.04 223.32 2282.16 20.84 33.30

Sira 76.75 13.75 579 628.47 242.80 1286.97 18.60 30.51

Tiptur 76.5 13.25 763 683.90 347.49 1135.34 18.37 30.76

Tumakuru 77 13.25 714 653.35 206.73 1914.99 18.50 30.36

Tumakuru-1 77 13.5 718 796.27 337.02 2429.11 18.94 29.47

Turuvekere 76.75 13.25 741 712.98 275.90 2282.70 18.78 30.44

1.6.1. Rain gauge

The ground-based precipitation data were obtained from India Meteorological
Department (IMD)21 with a spatial resolution of 0.25◦ x 0.25◦. Apart from the
systemic error due to evaporation, IMD data has been known to be reliable in both
spatial and temporal aspects. The daily gridded dataset was collected from 1998 to
2019 and the daily rainfall data is averaged to obtain the monthly data for all the 11
grid stations for meteorological observations in the extent of the study area. The
data is available in the .grd file format which is converted to excel readable format
by using a C program which is available at
(https://www.imdpune.gov.in/Clim_Pred_LRF_New/Grided_Data_Download.html).

1.6.2. Temperature

The temperature data are acquired from POWER | Data Access Viewer (nasa.gov) to
compute the SPEI. The MERRA-2 temperature data which is assimilated using the
GEOS-DAS (Goddard Earth Observation System – Data Assimilation System) is a
reanalysis product and has been in operation since 1979.

1.6.3. Satellite

ALOS PALSAR – Radiometric Terrain Correction (RTC) Digital Elevation Model having a
high spatial resolution of 12.5m is used for calculating the elevation of all stations. It
was converted to ellipsoid heights using the ASF Map Ready geoid_adjust tool22. This
high-resolution data was used to extract the drainages of the district. The river and
stream networks were outlined utilizing the Spatial Analyst tool of ArcGIS software
by filling the sinks, generating the flow direction, assessing the flow accumulation,
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and depicting the stream and river line. The flow direction is dictated by recognizing
the adjoining cells which have the highest positive distance weighted drop23, 24.

The Tropical Rainfall Measuring Mission (TRMM) was devised to understand the
variability and distribution of rainfall in the tropics and the sub-tropics. With the
monthly temporal resolution and a spatial resolution of 0.25 degree x 0.25 degree,
rainfall data from 1998 to 2019 was obtained from Goddard Earth Sciences Data and
Information Services Center (GES DISC) in NetCDF format.
(10.5067/TRMM/TMPA/MONTH/7). The TRMM 3B43 provides monthly precipitation
values which are obtained by adjusting the 3B42 daily product. The NetCDF format
of TRMM data is imported to ArcMap as a raster layer. Later spatial analysis was
performed where based on a grid, values from the raster were extracted to points.
This step is done so that the grid points from TRMM can be compared to the rain
gauge data. The study of meteorological conditions especially when it comes to
prediction models heavily depends on long term data patterns and fluctuations.
Even though TRMM products such as 3B43 are discontinued, they will still hold
prominence when it comes to acquiring long term data.

1.7. Methodology Framework

The methodology employed to fulfil the objectives of the research is represented in
the flowchart in Figure 2. The ground and satellite based rainfall data is used along
with the temperature data for this analysis.

1. Meteorological drought is established using the SPI index and the spatial and
temporal aspects are described in detail.

2. The drought indices such as SPI and SPEI and chosen to comparatively assess
the parameters of drought such as frequency, run length, and temporal
characteristics. A conclusion is drawn at which of the indices is better suited
to measure the different aspects of drought.

3. Studying the trend of precipitation is of prominence when it comes to the
topic of drought analysis. Rainfall trend is derived using the popular statistical
methods such as Mann Kendall Test, Sen’s slope, and Innovative trend
analysis. Further, the Modified Mann Kendall Test and the improved ITA where
the type-1 error is removed is also computed to arrive at an in depth
knowledge of the rainfall pattern over the years from 1952 to 2019.

4. Time series analysis is derived to understand the fluctuation in rainfall in the
long term. Homogeneity tests such as Pettitt test, SNHT and Buishand test are
utilized to understand the extent of the homogeneous nature of rainfall and
also giving an insight at the change point in the rainfall trend. Autoregressive
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5. Multiple options are available to assess the rainfall data. In order to choose
the better representation of the ground truth, a comparison of IMD and TRMM
precipitation product was conducted. To complete the objective, direct
comparison of the data was done based on the MAE, NSE and Pearson
correlation. Later the rainfall data were tested for their ability to detect
drought accurately using the drought indices such as RAI, MCZI, PN, and DI
(Table 2). The results obtained from these indices are evaluated using
statistical techniques such as RMSE, t-test, and Pearson correlation.

Table 2: Magnitude of precipitation extremes through indices

Category SPI/SPEI RAI MCZI PN DI

Extreme wet 2.0 ≤ ≥ 4 ≥ 2.0 >115 9 to 10

Severe wet 1.5 to 2.0 2 to 4 1.5 to 1.99 110 to 115 8

Moderate wet 1.0 to 1.49 0 to 2 1.0 to 1.49 80 to 110 7

Near Normal -1.0 to 1.0 – -0.99 to 0.99 70 to 80 5 to 6

Moderate dry -1.49 to -1.0 -2 to 0 -1.49 to -1.0 55 to 70 4

Severe dry -2.0 to -1.5 -4 to -2 -1.99 to -1.5 40 to 55 3

Extreme dry ≤ −2.0 ≤ −4 ≤ −2.0 <40 1 to 2

1.8. Research Significance

The research aims at contributing to better understanding of drought
characteristics such as spatio-temporal aspects, duration, and intensity in
Tumakuru District. The knowledge of drought paves way to implement better
monitoring and mitigation methods to bring down the socio-economic and
agricultural impacts of drought.

1.9. Thesis Structure

Chapter 2 defines the drought prone area of Tumakuru District using the
Standardized Precipitation Index as a parameter. The spatial and temporal
characteristics of the drought is discussed in detail in the chapter. The drought
years for all the 11 meteorological stations are defined.

Chapter 3 concentrates on studying drought at various time scales such as 1-, 3-, 6-,
9-, and 12- month. The various categories of meteorological, agricultural, and
hydrological drought are studied using the drought indices. A comparison is drawn
using the Standard Precipitation Index and Standard Precipitation
Evapotranspiration Index.

Chapter 4 focuses on analysing the rainfall trend using the non-parametric tests
such as MK, MMK, Sen’s Slope, and ITA. The pattern of long time rainfall data is
studied and comparison is drawn for the best suited trend detection method.
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Chapter 5 presents the shift in rainfall trend through the homogeneity tests such as
Pettitt, SNHT and Buishand. The ARIMA model is employed to forecast the rainfall
for a decade.

Chapter 6 evaluates the reliability of TRMM product over the ground based rain
gauge data to study drought characteristics using drought indices.

Chapter 7 summarises the outcomes of this research. The conclusions of the
research and possible applicability of the work is presented in this chapter.
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2. Meteorological Drought

2.1. Introduction

Now-a-days, the scope of development, water resource management, and planning
is affected by an adverse change in climatic conditions25. Conceptual definition of
drought expressed in relative terms e.g. a long period of dry season, whereas
operational definition defines the starting of drought, severity, and end of dry
periods26. Usually drought severity, duration, and its frequency analysis for a given
time period comes under operational definition of drought27. Drought happens in
any environmental zone, and their properties (recurrence, time duration, and
seriousness) may vary. Quantitative evaluation of drought characteristics and their
improvement is necessary for understanding distinctive types of drought at scales
from the local to the worldwide28. American Meteorological Society summed up
many drought definitions into four types of categories: Hydrological,
Meteorological, Agricultural and socio-economic drought29. These four classes are
related to various segments of the hydrologic cycle30. For the most part,
precipitation is the primary and major factor in the hydrologic cycle. Drought is
defined as the costliest natural disaster characterized by the prolonged insufficiency
of rainfall or having significantly less availability of water during a long time over a
huge area. In the past, many researchers have investigated the spatial fluctuation of
the dry season utilizing drought indices and precipitation attributes31–41.

Drought characteristic risk portrayed as having underneath ordinary precipitation
because of numerous factors following up on different time scales (months to long
time) and it can change spatially as well as a drought can have impacts on different
areas, particularly on hydrology, agriculture, environments and society42. Hence,
drought evaluations depend on the time, severity and affected region. As a
hydroclimatic disaster, drought represents terrible intimidation to the economy,
environment and society43. Meteorological Drought defined by lack of rainfall and
duration of this period over a region44. When over a region received long term
average rainfall value less than 25% of seasonal rainfall, occurs meteorological
drought. If this seasonal rainfall average value is between 26% to 50% is known as
moderate drought and further, it is classified as severe drought if received rainfall
deficit is more than 50% of its long term average value45. Meteorological drought
restricts the agricultural water resources during drought conditions and it leads to
reduction of crop yield32. Agriculture is the essential land use across the world, and
it is exceptionally sensitive to climate change, and also known as a major cultural,
economic and social activities46. According to a prediction by 2050 worldwide food
demand will be high and indicating that agricultural production should be double47.
Agriculture drought, generally refers an insufficient quantity of moisture in the soil
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to fulfil the need of a particular agriculture crop at a specific point of time. Crop
water demand relies upon existing weather conditions, growing stage of plant,
biological properties of specific plant and biophysical properties of soil. Many
drought indices have been developed and derived to understand the agricultural
drought based on combination of temperature, rainfall and soil moisture, in other
words soil moisture deficiency is strongly responsible for crop failure44.
Hydrological Drought is related to the inadequacy of water on the surface and
subsurface because of deficiency in precipitation for a long time48. The annual
precipitation gained by the India was 117.7cm (109%) of normal rainfall which is
118.7 cm since 190149. Only southwest monsoon season from June to September
receive more than 75% of annual rainfall50, which is known to most rainy season in
India and play a vital role for kharif crop36.

Rainfall distribution of the Karnataka state vary from 5051 mm to 408 mm. Highest
annual rainfall observed at Western Ghats and minimum rainfall observed in the
eastern parts of Chitradurga51. 13% of total rainfall was received in pre-monsoon
season, 71% of the total rainfall received in southwest monsoon and 16% rainfall
received during northeast monsoon52. The study area, Tumakuru district is one of
the district of Karnataka state situated in southeast part of the state. The annual
rainfall value of district during 1951-2019 vary from 2429.99 mm (at Tumakuru) to
136.30mm (at Gubbi) and it observed that rainfall increase with the altitude and it
decrease as the altitude decrease. The terrain elevation is 720m at Tumakuru-1 and
136.30 at Gubbi. Southwest monsoon is very important rainy season and total 54%
of the rainfall received in these four months (June-September). According to
Koppen’s classification, Tumakuru District witnesses two climatic zones. North
Tumakuru lies in very dry which has less than minus 60% moisture availability and
adjoining area of Mysore and Tumakuru comes in semi-arid with less than 50%
moisture53, 54. District is categorized into three Agro-climatic zones by University of
Agricultural Sciences (UAS) Bangalore. Zone 4 is central dry zone, (Madhugiri,
Pavagada, Koratagere, CN Halli, Sira and Tiptur), zone 5 is eastern dry zone (Gubbi
and Tumakuru), and zone 6 is southern dry zone (Turuvekere and Kunigal). These
different types of agro-climatic zones of the district permit the cultivation of
different crops. In the district, kharif is major cropping season and about 70% of the
cultivated land occupied by Ragi and Groundnut followed by Maize, Paddy and Red
gram and drained by southwest monsoon. When in the south monsoon season does
not received the sufficient rainfall during the crop growth, and less rainfall and soil
moisture inadequacy causes extreme moisture stress and wilting the plant. The
motivation behind this study is to research precipitation inconsistency and its
spatial pattern over the Tumakuru district. In this research, the SPI was adopted due
to its great characteristics in drought recognition. Standardized Precipitation Index
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(SPI) was broadly used during the primary decade of the 21st century55.
Standardized Precipitation Index work on the basis of probability of rainfall for any
time scale. Due to its ability to compute for different time scale, this index is very
useful for long term hydrological and short term agriculture drought56, 57. SPI index
suited to compare the different conditions of drought with many time scales.
Previous many researches have been done on meteorological drought in the
country but no one seems attempted earlier on spatio-temporal change and
expansion of drought on Tumakuru district. So, the overall purpose of this research
to endow the explication of the various time scale drought variability in
meteorological drought over Tumakuru district through Standardized Precipitation
Index (SPI). Particular objectives are following (1) investigating the spatial and
temporal distribution of meteorological drought in the district; (2) characteristics of
rainfall in the Tumakuru district during 1951-2019 through applying the SPI
technique; and (3) understanding the variation in rainfall characterizing the changes
in drought pattern. This research work confers in-depth perusal of the trend in
rainfall variations using Standardized Precipitation Index technique over 69 years of
precipitation data as well as output of pattern of rainfall and wettest and driest
years in the study area.

2.2. Methodology

2.2.1. Inverse Distance Weighted (IDW)

Spline interpolation methods is known to produce extreme value of data along
edges of the study region and the kriging interpolation technique revealed that the
tendency of kriging method has to underestimated the data value, compared with
real values58. To avoid these above error, IDW method was used in this research. The
benefit of IDW is that it is simple to understand, easy in computation and has more
efficient. Disadvantage is that there is no error indication and if the distributed
sampled point is uneven, and output quality of result can decrease. The IDW
technique is a basic and deterministic interpolation technique that works based on
Tobler’s First Law of Geography59 that expects that sample values near to the
unmeasured points have more impact on the interpolated value than farther points.

Zj =

∑
i zi/d

n
ij∑

i 1/d
n
ij

(1)

Zj is indicating the unknown value and it reminds to estimate the value of
unsampled points. zi is the value of the known point. dij is the Euclidean distance
from unsampled points to a known point. n is a user-selected exponent that directly
influencing the weight of Zj and is working as a medium of the inverse of spatial
and temporal in between unsampled points and nearer points.
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2.2.2. SPI

Standardized Precipitation Index was created by1 to demonstrate the precipitation
deficiency at various time scales that indicate the meteorological drought which
entirely depends on rainfall data. The SPI is widely used to express the
characteristics of the probability and amount of precipitation that include the
long-term monthly rainfall data at multiple time scales. Two primary benefits
emerge from the utilization of the SPI index. At first, SPI depends on precipitation
data only and ease of computing60. Second, the index makes it conceivable to
depict drought on different time scales61. The fundamental analysis of the SPI is
that it depends entirely on precipitation information, not considering different
factors that play a vital role to decide drought conditions like wind speed,
evapotranspiration and temperature data, etc. The calculation and analysis of
Standardized Precipitation Index (SPI) compute through Meteorological Drought
Monitoring (MDM) software which is developed by Agricultural and Meteorological
Software (AgriMetSoft)62. MDM was downloaded from
https://agrimetsoft.com/MDM.The standardized precipitation Index used Γ

distribution probability to detect the variation in precipitation. This long-time
rainfall data needs to be fitted in gamma probability that transformed into a normal
distribution through equal probability transformation. The higher positive value of
SPI with more than median precipitation indicates the wet sequences and the
higher negative value less than median precipitation corresponds to dry periods.
The formula includes Γ distribution probability density function is formulated by:

f(xi) =
1

βαΓ(α)
xα−1
i e− xi/β (2)

In this formula, α > 0 is the shape and β > 0 is the scale parameters as well as
x indicate the monthly amount of precipitation. Where xi indicate the precipitation
within i consecutive months.

xj
i =

i∑
k=i

Pjk, j = 1, 2, 3, ..., N (3)

HerePjk indicate the precipitation data value of kth month of the jth year. N denotes
the number of years. The value near the normal distribution curve having a larger
value of shape parameter. For the estimation of α the gamma functions Γ expressed
by:

Γ(α) =

∫ ∞

0

yα−1e−ydy (4)
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Therefore, fitting the gamma distribution to a given frequency of rainfall sum for a
station to be estimated α and β63 using maximum likelihood for estimating the
optimal values of and parameters adopting the maximum likelihood methods64:

α =
1

4A

(
1 +

√
1 +

4A

3

)
(5)

β =
xi

α
(6)

A = ln(xi)−
1

n

n∑
j=1

ln((xi)j) (7)

Where x showing the amount of mean precipitation and n is the observation record
number. A is determined through the above formula. The wet intensity and dry
periods corresponding threshold for SPI1 can be classified based on SPI categories
respectively as shown in Table 2 .

2.3. Results and Discussion

2.3.1. Drought characteristics and analysis of SPI

Drought intensity, frequency and duration of drought are generally used to depict
the characteristics of drought. The intensity of drought shows the seriousness of
drought during the drought duration, which can be determined by the aggregated
deficiency with the SPI value continuously below 0. Drought frequency alludes to
the quantity of drought in a particular period, which is determined by the
proportion of the number of drought months that occurred in the total months in a
particular period. Duration of drought shows the number of months lies in drought
conditions from the start to the end of the dry season.65. The result from the SPI
program has been a huge contribution of ArcMap GIS to create drought severity
maps for the study area. To acquire a spatial coverage of the drought index, each
point of the rain gauge station is allocated a region of impact using the IDW
technique. By permitting joins between spatial feature and attribute information, a
drought severity map with the spatially varying seriousness has generated. To
describe the temporal change in drought during pre-monsoon, SW monsoon, and
NE monsoon were averaged at each rainfall stations for each SPI accumulation
period (January-May, June-September and October- December respectively). At
that point, the annual SPI value was averaged of monthly aggregated SPI.
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2.3.2. Season wise Rainfall Analysis

Pre-monsoon season from January to May have contributed not much significant
amount of precipitation (19% of the total rainfall); maximum average rainfall was
191.7mm in Kunigal and minimum average of rainfall detected 84.3mm in
Pavagada. As portrayed in Figure 3, SW monsoon (June-September)season had
leading rainfall season in the study area that contributes about 54% of the
aggregate precipitation (where almost 25% contributed by the Kunigal and
Tumakuru) which evident the presence of higher rainfall. SW monsoon had mean
rainfall varying from 465 mm in Kunigal to 284 mm in Pavagada. During the NE
monsoon (October to December), 27% rainfall of total had been recorded.

Figure 3: Percentage occurrence of rainfall at the different season

The mean seasonally precipitation (October–December) in the investigation region
from 1951 to 2019 was 227.7mm and a minimum average of 133.7 mm for Kunigal
and Pavagada. While the result of NE monsoon presented the highest value of
average rainfall 749 mm in Kunigal (1956), however, 1.9 mm observed as the
minimum average rainfall in 1965.

2.3.3. Statistical Parameters and variability analysis of annual rainfall

Statistical parameters of rainfall in Tumakuru district at 11grid points/ stations
during 1951– 2019 are summed up in Table 3. The minimum ever recorded
precipitation was 136.30 mm for Gubbi stations (in 1976- the driest year) and the
maximum precipitation observed at Tumakuru which was 2429.11mm (in 1962- the
wettest year). The average annual precipitation of the study area is varying from
884.31 mm/year (Kunigal) with 257.8mm standard deviation and 502.04 mm/year
rainfall (Pavagada) with 275.4 mm standard deviation.
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Table 3: Descriptive statistics of seasonal rainfall

Stations Pre-monsoon SW Monsoon NE Monsoon

Max Min Mean Max Min Mean Max Min Mean

CN Halli 470 6 116.2 1461 86.7 324.7 421 20 171.7

Gubbi 343 2.6 100 619.9 56.3 306 421 6.2 145

Koratagere 272 1.5 113 811.3 110 344.1 451 18 170.1

Kunigal 376 57 191.7 1213 162 465 749 42 227.7

Madhugiri 392 4 102 867.8 127 319.6 498 2.9 163.6

Pavagada 372 15 84.3 1702 64.5 284 402 1.9 133.7

Sira 783 9.6 124.8 677.9 128 336.6 537 10 167

Tiptur 346 47 143.2 879.2 98.8 356.6 421 32 184.1

Tumakuru 483 34 147.1 1767 187 458.7 402 26 190.5

Tumakuru-1 765 0 117.7 981.5 55.9 347.6 605 42 188.1

Turuvekere 374 36 136.6 1672 91 384.2 421 37 192.2

2.3.4. Rainfall Trend and temporal distribution of SPI at Tumakuru district

The R2 (Figure 4) values showed the relationship of Y and X axes of rainfall, the
patterns of yearly precipitation were not as significant at all stations and it is
showing that there is a slight shortage of extreme drought over the whole Tumakuru
district. The yearly precipitation showed a mixed type of fluctuation. Annual pattern
of SPI and rainfall clearly indicate that linear regression equation of Tiptur station
showing the highest positive slope value of R2 comes about 0.1887 which explain
that 18% of variability in the annual rainfall and gradually it has significant
increasing trend. Tiptur area were detected under the dryness condition during
1956- 61 and the result of Tiptur rainfall trend line variation illustrated relatively
higher significant trends with values of 4.222 mm/year. The average of annual SPI
-0.63 in Chikkanayakanahalli (2003) and 1993-97, 2001-2003 have been found the
continuous drought year and yearly precipitation decreased at the rate of
-1.194mm/year in the Chikkanayakanahalli stations with a large fluctuation in 1962
and the R2 value (0.0088) of the station indicate most of the negative trends in this
station. R2 value of rainfall variability indicate the 0.0088% variation in rainfall
during 69 years of study.
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Figure 4: Evolution of annual rainfall and temporal distribution of SPI
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Figure 4: continued
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Figure 4: continued

2.3.5. Seasonal detection and monitoring of the wet and dry period

In this research from 1951 to 2019, the Standardized Precipitation Index (SPI) has
been calculated based on the season as well as annually and a spatial interpolation
map has been prepared. The severity of drought has varied with time and a blend of
wetness and dryness years have been noticed. Within 69 years of the research
period, Tumakuru-1 has observed only one station having not a single drought year
in pre-monsoon. Apart from that, none of the stations from all three seasons has
been untouched from drought. Therefore, each season during the research period
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has experienced some serious or moderate drought. The entire pre-monsoon
season has encountered a maximum of 15 years of drought in Kunigal (Table 4). The
highest SPI detected in 2006 at Turuvekere which was 2.76 in SW monsoon, and the
lowest SPI was -1.74 observed in 1965 at Tumakuru-1 in NE monsoon.

Table 4: Evolution of season wise drought frequency

Stations Pre-monsoon SW Monsoon NE Monsoon

CN Halli 7 34 28

Gubbi 4 32 26

Koratagere 9 34 28

Kunigal 15 31 35

Madhugiri 11 39 32

Pavagada 7 38 28

Sira 4 38 25

Tiptur 10 30 32

Tumakuru 16 32 35

Tumakuru-1 0 39 23

Turuvekere 10 32 30

Table 5: The intensity of SPI series at different timescale

Category Pre-Monsoon SW Monsoon NE Monsoon Annual

Minimum SPI Value -0.58 (2003) -1.71 (1954) -1.74 (1965) -0.89 (1968)

Maximum SPI Value 1.98 (2004) 2.85 (1962) 1.72 (1956) 1.70 (1962)

Positive SPI Frequency 65 39 46 60

Negative SPI Frequency 16 39 35 25

2.3.6. Spatial Pattern of Drought

Annual: The spatial extension of annual SPI drought years portrayed in the Figure 7
indicates the wettest condition (j) and driest condition (k) of the area. During
1951-1955, the district had wetness. Moreover, the dryness between 1952-1953 was
existing in Tumakuru, Tiptur and Kunigal grid stations. Similarly, during 1963, 1972,
1983, 2006 and 2007 almost whole district was overwhelmed by severe drought
except Turuvekere grid station. The dryness in the years 1956, 1959, 1961
concentrated in the southwest part of the area suffered with severe drought. In
1957-1958, 1960, 1964-1968, 1979, 1980, 1987, 1988, 1999, 2003, 2008, 2015 and
2019 wetness was found in most part of the district, with some drought in 1967 at
Gubbi and Turuvekere (Figure 5). While the North-eastern part of the district, from
1984-1987, 1994, 1999, 2000, 2004 and 2018 Pavagada grid station presented the
severe drought. Moderate drought events occurred in 1959 (except Pavagada),
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1961(except the northern part of Madhugiri), 1972, 1981 (except Kunigal), 1983, 2016
and most of the eastern part of the district in 2018 and the remaining stations
observed as wetter during 1954, 1958, 1964, 1968, 1988, 1999, 2008, 2015, and 2019.

Figure 5: Spatial pattern of annual SPI as a response of drought
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Pre-monsoon: To characterize the drought intensities of the SPI, the classification
of drought given in Table 5 is utilized. Figure 6, show the driest(a), wettest (b) and
normal (c) condition of the drought.

Figure 6: Spatial pattern of pre-monsoon SPI as a response of drought
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Southern part of the district is struck by the drought in years 1955, 1956, 1957, 1959,
1966, 1967, 1988, 1990, 1998, 2001, 2002, 2015 and 2016. It means, mostly south and
south-eastern parts of the district is affected by drought events during the
investigation period (1951–2019).The years 1955, 1957, 1981, 1988 and 2002 imprint
the most fragile dry years. The year 1998 was most awful year when most of the
district was under dry condition, followed by the years 1957 and 1981 with the
highest percentage of the total area of the district, influenced by drought events.

Figure 7: Spatial pattern of pre-monsoon (a,b,c); southwest monsoon (d,e,f);
northeast monsoon (g,h,i); and annual (j,k) SPI in response to drought frequency
during the period 1951-2019
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SW monsoon: The years 1955, 1963, 2006, 2009 and 2018 addresses the driest period
of the SW monsoon season and 1954, 1964, 1967, 1978, 1981, 1984, 1986, 1987, 1989,
2007 2008, 2013, 2014 and 2015 addresses the retreating period of dryness (Figure 8).

Figure 8: Spatial pattern of SW monsoon SPI as a response of drought

Ph.D. Thesis Page 32



2 Meteorological Drought

From a drought perspective, 2006 and 2018 were more effective because of their
impact on meteorological drought. The year 1967 had a more noteworthy number
of grid stations under wetness compared to the rest of the years in the time scale.
The year 2006 had almost all number of grid points under drought except
Turuvekere. Even though in 2018 Turuvekere and neighbour station Tiptur come
under wet conditions (Figure 7). Further, the extent of the region under severe and
moderate drought was huge in 2006. Some other years having broad dry territories
in SW monsoon including 1953, 1955, 1959, 1963, 1973, 1979, 1991, 2009 and 2018.
During these years, 1955, 1963, 1973, and 2018 were accounted wide spreading dry
years in the district.

NE monsoon: The spatial variability of northeast monsoon drought severity is
presented in Figure 7 with the average of season SPI. Results showed that district
experienced very wet to severe dry conditions in almost years under examinations
though the wet condition was seen in this season for the years 1953, 1958, 1959,
1964, 1987, 1988, 1989, 1999, 2001, 2004, 2010 and 2011, 2012, 2013, 2017, 2018 and
2019 (Figure 9). The highest positive SPI in NE monsoon was noticed 1.72 at Kunigal
in 1956 and the lowest mean SPI was observed -1.74 at Tumakuru grid station in
1965 (Table 5). Severe drought conditions were knowledgeable about almost all the
grid stations of the district during the years of 1954, 1996, 1998 2005, 2006 and 2008.
In the period of 69 years spatial dissemination of drought frequency, Gubbi was the
critical grid station that encountered the most continuous drought years from
1965-1971.

2.3.7. Season wise SPI

In Chikkanayakanahalli, the strongest wet event noticeably in 1962 that is 2.20
(extremely wet) for SW monsoon, in 1962 was 1.70 (very wet) for pre-monsoon and
1.30 (moderately wet) in 1966 for NE monsoon. Various drought hazard frequencies
with SPI ≤ 1.00 were observed in the SW monsoon. It was seen that 2003 was
characterized by moderate drought with SPI - 1.29 in past 69 years which was the
driest year in this station. In Gubbi, moderate drought events occurred with SPI
-1.37 in SW monsoon in the year of 1976 as well as SPI < -1 observed in 1961 and
1972 respectively. In addition, the continuous drought detected in the SW monsoon
during years from 1965-1972. NE monsoon also appeared under the moderate
drought in 1959 with the SPI -1.22. The most positive value of SPI in Gubbi was
reported 1.74 in 2004, which shown the wettest year of this station in NE monsoon.
Koratagere station experienced maximum number of drought years in SW
monsoon. It was seen that normal drought events with SPI ≤ 1 was examined in
2003 (-0.58, pre-monsoon) and 1989 (-0.98, NE monsoon). But moderate drought
was identified in 1990 (SW monsoon) with SPI -1.19. Highest negative SPI -1.58 was
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observed in the SW monsoon at Kunigal. In pre-monsoon, the station experienced a
short time drought than SW monsoon.

Figure 9: Spatial pattern of NE monsoon SPI as a response of drought
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Figure 10: Temporal distribution of SPI series at different season

Ph.D. Thesis Page 35



2 Meteorological Drought

Figure 10: continued

Hence, moderate and near-normal drought frequently happened in this station.
Only 2009 was the year that faced moderate drought in NE monsoon that had SPI
-1.03 (Figure 10). In Madhugiri, 1975 was witnessed the most wetness year with SPI
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1.75 compared to all seasons and the driest season was the NE monsoon with SPI
-1.49 in 1964. The SPI trend of pre-monsoon exhibits an upward trend in 2004 (1.48)
and downward in 1973 (-0.29). In Pavagada SPI increased toward the positive in
1962 up to 2.79 and drastically decreased in 1963 (0.55) at SW monsoon. The SW
monsoon moderate drought years were 1961 and 1994. Sira grid station only one of
the stations that shown the non-huge expanding pattern and recognized without
moderate or extreme drought events during the research period. All seasons of this
station were under near-normal drought. Tiptur grid station was identified most of
the negative SPI in SW monsoon compared to all grid stations. Moderate drought
events occurred in 1954, 1970, 1976 and 2006. The maximum SPI 1.53 for SW
monsoon was in the year 2009. The highest negative SPI were detected in 1954 that
was -1.71, -1.04 in 1970, -1.15 in 1976 and -1.26 observed in 2006. While
pre-monsoon and NE monsoon seasons had recognized the near-normal drought
with the minimum SPI recorded -0.31 (pre-monsoon) in 1953 and -0.91(NE
monsoon) in 1958. At Tumakuru station most of the years identified as near normal
and moderate drought in all three seasons as compared to other stations. In the
pre-monsoon there were 16, SE-monsoon has 32 and NE monsoon has 35 years of
drought. While moderate drought events were recognized in SW monsoon and NE
monsoon. SW monsoon witnessed moderate drought in 1976 and 1990 with SPI
-1.58 and -1.35 respectively. Tumakuru has maximum SPI 2.85 in SW monsoon.
Tumakuru-1 is the only station that had positive value in pre-monsoon without any
single drought year. Tumakuru-1 had the highest SPI 1.98 and a minimum SPI 0.04
in pre-monsoon. SW monsoon result illustrated the maximum SPI 1.32 in 1998 and
the minimum SPI -1.17 in 1975. The NE monsoon distribution of the SPI found the
near-normal drought with a minimum SPI -0.68 in 1967 and moderately wet
conditions found with a maximum SPI 1.48 in 1956. Analysis of time series SPI of
Turuvekere indicates how the pattern of dryness and wetness were changed during
1951-2019. The SPI increased 2006 with 2.76 in SW monsoon, while the pattern of
SPI in pre-monsoon was varying between moderate wet to near normal drought
with SPI 1.24 to -0.31 (Figure 10).
2.4. Conclusion

In this research SPI computation based on the IMD (India Meteorological
Department) monthly precipitation data shows well characterize historical drought
in the entire district. This study detected significant wetness periods at some
particular seasons and years in the entire district. However, the SPI demonstrates a
genuinely huge negative pattern in some years. The patterns of precipitation were
showed the annual precipitation of Chikkanayakanahalli, Kunigal, and Pavagada
diminishing but the trend of precipitation in Gubbi, Madhugiri, Sira, Tiptur,
Tumakuru, Tumakuru-1 and Turuvekere were increasing. Precipitation changes in
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the Koratagere remain almost constant. Spatially, the entire district showed a dry
pattern in 1961, 1963, 2006 and 2007 at annual analysis, while the year 2006 was
more articulated in SW monsoon as well as with multiple grid stations in NE
monsoon. 2006 was the driest year that contributed to almost every season as a
drought year except pre-monsoon. Wetness and Dryness patterns were identified
through the SPI based on season and annual time scales, and the spatial variability
was assessed by applying the IDW interpolation technique by using ARC/Map
software. In terms of the spatial distribution of drought the study reveals that the
frequency of drought most of the years occurs in southwest monsoon. In Karnataka
state arid and semi-arid zones are mostly dependent on the southwest monsoon for
agriculture crop. The majority of kharif crop in district like Tumakuru are early and
growing stage in these four months (June-September) of southwest monsoon. Due
to water deficiency during the growing stage from emergence to maturity (In India it
is defined as four consecutive weeks), due to high moisture stress plant can’t
survive. The result of the study found that in arid and semi-arid zones like
Tumakuru district, this type of behaviour of climate change during the growing
stage of agriculture plant, means that meteorological drought can easily change
into agricultural drought. Therefore, southwest monsoon is most devastating
season in these zones. The Standardized Precipitation Index can define nicely the
variation of drought in Tumakuru. Results of the study not just helpful for
understanding the spatial and temporal change in drought characteristics but also
helpful in drought prediction and drought monitoring etc.
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3. Drought Indices

3.1. Introduction

Climate change has paved way for the increase in the frequency of extreme weather
conditions driving the community towards vulnerability. In recent years, such
events make a severe impact not only on the environment but also on the world
economy. At varying intensity and magnitude, hydro-meteorological disasters have
been occurring all over the world. Fluctuations in the temporal and spatial
distribution of rainfall along with the rise in temperature have caused persistent
aridity with long-lasting environmental consequences like drought. Drought is one
of the most influencing phenomena and poses a threat to human lives more than
other natural disasters and it is broadly considered the least understood and the
most complex of all environmental hazards66. Drought identification and its
assessments are most difficult to explore because of the lack of a universally
accepted method for qualifying and measuring drought effects67. Drought has
long-term severe impacts on water resources, ecosystem, economies, society, and
agriculture that leads to loss of the economy, shortage of food availability and
drinking water, increased land degradation, and a forest fire that causes diseases
and epidemics68. As per the International Disaster Database statistics, the
worldwide loss of nearly 221 billion dollars per annum from 1960 to 2016 was
caused by drought69. The frequency, intensity, and severity of drought have noticed
a significant positive trend due to the increasing global warming70. Accordingly, it is
necessary to monitor the drought occurrences and understand the indices of
drought assessment to reduce and avoid the unnecessary loss of money and lives.

Various indices are developed and suggested for drought assessment e.g.,
Standardized Precipitation Index (SPI)1, Palmer Drought Severity Index71(Palmer,
1965), Standardized Streamflow Index72, Percent of Normal Precipitation Index73,
Regional Drought Area Index74 and Standardized Precipitation Evapotranspiration
Index (SPEI)2. Every index defines specific characteristics. A standardized
precipitation index (SPI) can recognize the characteristics of drought activity within
a region and has the ability to quantify the drought severity at multiple timescale.
The SPI indicates that rainfall is the only major variable affecting the duration,
frequency, and intensity of drought. Ref.2 proposed the first improved index for
drought identification and analysis as SPEI to study the effects of climate change on
drought parameters. SPEI takes into consideration the impact of evapotranspiration
on drought characteristics, while the different timescale nature of the SPEI
empowers the identification of various types of droughts and its impacts75–77.
Various studies have been carried out on SPEI and SPI in recent years. An increase in
the duration, occurrences, and severity of drought in India was witnessed under the
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warming climate situation when studied at different time periods78. Ref.36 analyzed
the drought variability using SPI in India. The result indicated an increasing trend in
July and highlighted the severe drought year of 1987. The study regarding the
changes in the drought characteristics with respect to the geomorphology was
carried out using SPI and SPEI in China at differing time and space scales79. Ref.80

stated that there was consistency in SPI and SPEI values with the increasing
timescale while there was a larger difference in between the indices at shorter
timescales. Ref.81 used the meteorological indices to follow the progress of the
extreme drought event of 2018 in Ireland. It was the most severe event in the 1981
to 2018 period when the soil moisture deficit index reached a maximum value of
94.3 mm. The influence of the atmospheric circulation pattern on the drought
scenario is studied using SPI82. The analysis showed that the dry event had a higher
frequency in December month. The drought pattern of Oklahoma at 6-month
timescale is studied using SPEI by Ref.83. The moisture conditions varied sustainably
which was evident in the shorter timescales. Over the mainland of Spain,84

characterized the drought events using SPI and SPEI. The duration and magnitude
of drought were higher for SPEI than SPI at the 1-, 3-, and 6- month time scales. The
study of the long-term hydroclimatic condition in Chile was assessed by85 using the
SPEI. A breaking point was seen in the mid-20th century with an increase in
interannual variability and less intense wet events. The impact of climate change
with respect to the groundwater drought was investigated by86 using SPI and SPEI
and realized that there was a negative effect on the groundwater levels. The
intensity-duration-frequency curve is employed to obtain better knowledge about
the relationship between the parameters87.

In general, some major factors such as topography, atmospheric circulation,
geology, distance from the ocean, and geography are highly responsible for climate
change and the climate of Tumakuru district which is characterized as arid and
semi-arid. An assessment of the spatial and temporal pattern of the meteorological
drought in Tumakuru is studied by88 which revealed that most of the drought
occurred during the southwest monsoon season resulting in a devastating
outcome. The dry season starts in November lasting till the end of May and the rainy
season extends from June to October in Tumakuru. Due to the arid and semiarid
climatic zone of Tumakuru district, the ecological environment conditions are very
delicate and permeable to climate change89. Drought conditions are a frequent
meteorological hazard in Tumakuru and affect the agriculture production that
causes the agricultural drought. Therefore, it is crucial to examine and observe the
varying conditions of drought characteristics over time to avoid disaster risk. How
do the SPEI and SPI describe the different characteristics and behavior of drought
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varieties in the study area? What are the applicability and characteristics of both
these indices at multiple timescales? These discoveries need further investigation.
The major aim of this study is the computations of the SPEI and SPI of 11
meteorological grid stations at 1-, 3-, 6-, 9-, 12-, and 24-month timescale in
Tumakuru district from 1981 to 2019. The study analyzes and compares the
performance and reliability of these indices. The primary goals of the study are: (1)
to examine the differences in the spatial and temporal characteristics of drought
computed through SPEI and SPI at different time scales, and (2) to investigate the
consistency and relevance of the SPEI and SPI in drought assessment and the
relationship between drought intensity, severity, and frequency at Tumakuru
district. There has been no prior research regarding drought in the study area hence
making it of greater importance for a better water management system. It is
expected that the study would give the appropriate ideas to select the feasible
index for drought monitoring.

3.2. Methodology

In this study, R studio software90 has been used with SPEI version 1.7 package which
has a different program to compute both SPI and SPEI. Fitting the P (precipitation)
and PET (potential evapotranspiration) data series to an appropriate probability
distribution is the main function of computing these indices. Then this fitted data
series is converted into a standard value that defines the SPEI and SPI (Table 6).

Table 6: Classification of drought severity based on SPI1 and SPEI2 value

SPI/SPEI values Category

2.0 Extremely wet

1.5 to 2.0 Very wet

1.0 to 1.49 Moderately wet

-1.0 to 1.0 Nearly normal

-1.49 to -1.0 Moderate dry

-2.0 to -1.5 Severe dry

-2.0 Extreme dry

3.2.1. SPI

The index was firstly introduced by1 that has been generally utilized to monitor the
Spatio-temporal pattern of drought. SPI can demonstrate the amount of rainfall at a
particular time period in a selected region and suggested by World Meteorological
Organization to be utilized globally. The stable result, simple calculation, and
dependency of only rainfall data are some advantages of SPI. SPI depends on the
probability distribution of rainfall utilizing the gamma probability. For the chosen
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frequency distribution of rainfall, a gamma probability density function is defined
as:

g(x) =
1

βαΓ(α)
xα−1e−

x

β
, x > 0 (8)

Where α defines the shape and β defines the scale parameter. x is the quantity of
precipitation and the gamma function is defined as

Γ(α) =

∫ ∞

0

xα−1e−xdx (9)

Using the maximum likelihood method, the suitable values ofα andβ are calculated.

α̂ =
1

4A

(
1 +

√
1 +

4A

3

)
(10)

β̂ =
x

α̂
(11)

A = ln(x)−
∑

ln(x)

n
(12)

Where n denotes the total number of samples of rainfall. A function can then be
derived to calculate the cumulative probability of rainfall for a given month using:

G(x) =

∫ x

0

g(x)dx =
1

βαΓ(α)

∫ x

0

xα−1e−x/βdx (13)

The SPI is calculated as:

SPI = S
t− (c2t+ c10) + c0

[(d3t+ d2)t+ d1]t+ 1.0
(14)

t =

√
ln

1

G(x)2
t (15)

where x denotes the amount of rainfall and G(x) is the precipitation probability
distribution concerning the Γ function. S indicates the minus and plus coefficient of
cumulative probability distribution. When G(x) > 0.5, S = 1 and when G(x) ≤ 0.5, S
= -1. c0 = 2.5155, c1 = 0.8028, c2 = 0.0103, d1 = 1.4327, d2 = 0.1892, d3 = 0.0013.
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3.2.2. SPEI

The method to compute the SPEI was first developed by Ref.2 as the enhancement
of the SPI. Taking into account the change in surface evaporation and the impact of
temperature, SPEI improves on the SPI by replacing the monthly rainfall in SPI with
the difference between the Potential Evapotranspiration (PET) and rainfall data. The
following method demonstrates the probability distribution function of log-logistic
probability which makes SPEI provide a characterized and suitable analysis of
drought severity. The probability density function is expressed by the following
equation:

f(x) =
β

α

(
x− γ

α

)[
1 +

(
x− y

α

)]−2

(16)

Where α denotes scale, β the shape, and γ the origin. The probability distribution
function can therefore be given as:

F (x) =

[
1 +

(
α

x− γ

)β
]−1

(17)

Following which SPEI can be calculated as:

SPEI = w − c0 + c1w + c2w
2

1 + d1w + d2w2 + d3w3
(18)

WhenP ≤0.5,w =
√

−2 ln(P ), and whenP >0.5,w =
√
−2 ln(1− P ), c0 = 2.5155,

c1 = 0.8028, c2 = 0.0203, d1 = 1.4327, d2 = 0.1892, d3 = 0.0013.

3.3. Result and Discussion

3.3.1. Drought Frequency

The purpose of this research was to compute the frequency distribution to
recognize the frequently affected area by drought, on the premise of the frequency
of the SPI and SPEI for individual eleven stations and various timescale. The
frequency was determined based on the occurrences percentage distribution of
drought categories (moderate, severe, and extreme) at various timescale (1-, 3-, 6-,
9-, 12-, and 24-month) over Tumakuru region from 1981 to 2019. The spatial
distribution and extent of drought events (%) for different SPI and SPEI timescale
with drought categories are shown in Figure 11 and Figure 12. The outcomes of this
study stated that for a selected timescale extreme drought happened less
frequently at every station and mild drought existed more frequently than other
drought categories. Time-series comparison of both indices indicates the sensitivity
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and ability to find out the temporal and spatial pattern of drought in any specified
region. In this research, both SPI and SPEI concurred on the pattern and directional
variability of drought although the indices showed different intensities.

Figure 11: Spatial Distribution of frequency of SPI
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When comparing the SPEI to SPI, SPEI recognized the more frequent drought spells
in the moderate and severe categories while SPI discovered the greater number of
dry months and frequency under the mild and extreme categories. The result of the
SPEI expresses the significant role portrayed by the temperature fluctuation in the
drought analysis but the SPI claims importance in drought analysis when
temperature data is missing. The frequency of drought at the various timescale was
analyzed from the spatial distribution perspective. The SPI and SPEI results for the
frequency analysis barely showed any similarity at any of the timescales barring a
few exceptions at 1- and 3-month for moderate drought and 6-month for severe
drought.

For SPI, at the 1-month timescale, the maximum drought event of
moderate-intensity occurred in the southern part of the district, the severe intensity
at Chikkanayakanahalli and Madhugiri, and extreme intensity at Tumakuru. At the
3-month timescale, severe drought expanded in Chikkanayakanahalli and extreme
drought at Kunigal and Tumakuru stations while moderate drought noted the
highest frequency of about 10%. A major chunk of the South and Southeastern part
of the area is affected by a 6-month severe drought. As per the 9-month timescale,
Kunigal was highly affected by severe drought and extreme drought affected
Chikkanayakanahalli , Gubbi, Tumakuru and Tumakuru-1. Kunigal, Tiptur, and
Chikkanayakanahalli were influenced by severe drought and Tumakuru and
Tumakuru-1 by extreme drought at the 12-month timescale. Extreme drought
condition tends to occur at higher frequency as the timescale is increased from
1-month to 24-month. The 24-month severe drought occurred frequently in the
Northwest direction and moderate drought in the North and Southwest region of
the district.

The spatial distribution of SPEI with moderate drought occurred over 40% of the
area majorly in the South and Southeast parts for a 3-month timescale. Pavagada
station recorded the highest frequency of moderate drought at all the timescales
featuring the effect of the climatic condition as the region lies in the arid steppe hot
climatic zone according to Köppen-Geiger Climate classification. The severe
drought frequency is predominantly indicated in the greater part of the South and
Southeastern region at the 6-, 9-, 12-, and 24-month timescale. Extreme drought is
evident in Madhugiri for all the timescales and extreme drought at slightly less
intensity is observed at Chikkanayakanahalli for all the timescales except for the
3-month. For all the timescale except 12-month, moderate and severe drought finds
better representation in SPEI while SPI tends to give better results for the extreme
drought category. The similarity in SPI and SPEI was observed for the moderate,
severe, and extreme intensities at the 12-month timescale. Pavagada station
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receives the least mean rainfall in the study area and the frequency of the moderate
drought is high in the area whereas apart from significant extreme meteorological
drought, the rest of the timescale does not express intense dry periods as seen in
SPI and SPEI.

Figure 12: Spatial Distribution of frequency of SPEI
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Although Kunigal recorded the highest mean rainfall, there is a higher frequency of
moderate meteorological drought. There is a greater frequency of severe category
of agricultural and hydrological drought as discovered by SPI and SPEI. From this
observation, we can deduce that the mean rainfall although highest at Kunigal station
may have occurred over a very short period of time giving room to the more frequent
occurrence of drought events. There is also no clear association of the fluctuation of
the drought frequency with the mean rainfall in the area.

3.3.2. Run length of drought

The SPI and SPEI values were calculated in hopes of finding their potential
application in the analysis of the dry periods and also drought risk monitoring and
management for the time scale 1-, 3-, 6-, 9-, 12-, and 24-months from 1981 to 2019
were utilized to construct the graphs portraying the maximum run length (in
months) for various drought categories. The period over which a certain level of
wetness persists denotes the duration of drought and serves as a crucial tool in the
planning of water resources. According to Figure 13, for the hydrological and
agricultural drought conditions SPI showed greater drought months in the extreme
category than SPEI while at the same time, SPEI observed longer drought run
length than SPI in the moderate and severe category.

Madhugiri station experienced a prolonged drought of extreme intensity
throughout the year 2019 from January to December which is upheld by the
consistently negative (<-2.0) SPEI value in all time scales except for 1 month.
Particularly in the 24-month timescale, extreme drought persisted from January
2018 to December 2019. From December 2002 to April 2004, Tumakuru-1 and
Koratagere showed continuous severe drought conditions in the 12-month
timescale. The station Turuvekere recorded severe to extreme drought for an
extended duration from December of 2016 to December 2019. The entire study area
was affected by severe drought during the years 2016-17 in all the timescales. The
continuous moderate drought was found in the year 1986 at Tumakuru-1 and
Pavagada, in 1991 at Turuvekere and Chikkanayakanahalli , in 2003 at
Chikkanayakanahalli , Kunigal, Sira, Tiptur, Tumakuru, and Turuvekere and in 2012
at Gubbi. Rabi season was greatly affected by severe drought as seen from the SPEI
value at 6-month timescale while Madhugiri faced extreme drought. The SPEI value
for 1- and 3-month are more pronounced than SPI.

During the years 2002 and 2003 most of the study area suffered drought conditions
categorized using SPI as severe and extreme mostly in 6-, 9-, 12-, and 24-month
timescale.
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Figure 13: Length of dry period in months
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Figure 13: continued
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This pattern was recorded prominently during the southwest monsoon season (July
to December). The longest run length of nearly 46 months for moderate and severe
drought was observed at Sira station from September 1983 to July 1987 for the
24-month timescale. Meteorological drought persisted from August to December in
2002 and 2003 at the stations Tumakuru and Tumakuru-1 which was moderate,
severe, and extreme in character along with Tumakuru enduring severe drought
from April 1990 to November 1990. Tumakuru is the sole station that witnessed
extreme 6-month drought in continuity during January-December of 1990. At the
shorter time scale, the meteorological drought has a good representation in SPEI in
comparison to SPI. When comparing the agricultural drought, more stations
revealed severe and some extreme events in SPEI. The variation of results from SPI
and SPEI though inevitable finds similarities when it comes to a longer time scale
indicating the hydrological drought. The key factor that sets SPEI apart from SPI is
the inclusion of evapotranspiration parameters by including the temperature data.
This brings about a huge change in the resulting value. The evaporation of water
from the surface also affects the onset of drought which can be quantified using the
SPEI. The evapotranspiration creates a demand on the available water which is
clearly observed during periods of water scarcity which is further reflected in the
increased SPEI values. Also, the drought period found in SPI was further amplified
when seen in SPEI. With rainfall being the only parameter, more of extreme drought
condition is extracted than when the potential evapotranspiration (PET) is included.
The longer timescale holds a greater duration than the shorter timescale of drought
in 55% of the stations for SPEI. The rest of the station at the longer timescale noted
a lower duration of drought which greatly impacted the short-term water resource
than the long term. It is not necessary that the longest drought period cause the
most impact as the intensity of the drought needs to be taken into consideration.
The relationship between the duration of drought and mean rainfall is erratic in the
region.
3.3.3. Temporal evolution of dry period at different timescale

The drought occurrence in the study area over the years has seen fluctuations and
these are directly related to the meteorological parameters affecting the region. The
analysis of the temporal pattern at various time scales (1-, 3-, 6-, 9-, 12-, 24-month)
from 1981 to 2019 as shown in Figure 14 and Figure 15 helps us obtain a better
understanding of the dry conditions in the area which in turn paves a way to
monitor and mitigate further deterioration in the condition. From 1981 to 2019, the
early 1990’s, the early 2000s, and late 2010s are the years that stand out in the entire
study area showing prominent dry periods.The worst of extreme drought event at
the 1-month scale according to SPI and SPEI occurred in Tiptur in May 2016 (-4.75)
and Chikkanayakanahalli in March 1992 (-2.76) respectively.
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Figure 14: Temporal distribution of SPI at different timescale
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Figure 14: continued
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Figure 14: continued

For the 3-month timescale, the lowest value for SPI was at Chikkanayakanahalli in
July 2001 (-4.21) and for SPEI at Gubbi in April 1983 (-2.71). SPI at Koratagere in May
2003 (-4.16) and SPEI at Gubbi in September 2003 (-2.79) are the minimum at the
6-month timescale. Chikkanayakanahalli in September 2003 noted an SPI value of
-3.38 and Madhugiri in May 2019 noted an SPEI value of -2.59 for the 9-month
timescale. SPI for Tumakuru in July 1990 was -3.91 and SPEI for
Chikkanayakanahalli in February 2017 was -2.54 which were the least values in the
12-month timescale. At the timescale of 24-month, Tumakuru in September 1990
showed -3.61, and Madhugiri in May 2019 showed -2.28. The intensity of drought is
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significantly more in SPI in comparison to SPEI at all the stations and timescales
which is denoted by the negative value of the indices.

Figure 15: Temporal distribution of SPEI at different timescale
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Figure 15: continued
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Figure 15: continued

A common trend is seen where the extreme drought event at all the stations and at
every time scale was prominently featured by SPI than SPEI. The smaller time scales
showed lower values for both SPI and SPEI and the value increased when
proceeding toward the longer timescale. May to July seem to be the worst affected
months across the timescales for SPI and February and March as per SPEI values.
Tumakuru station did not record any extreme drought events successively for the 9-,
12- and 24-month timescale for SPEI. Koratagere and Tumakuru-1 at the 9- and 12-
month timescale showed zero extreme drought events. SPI did not capture any
extreme drought events at Pavagada for 9- and 24-month and at Turuvekere for 12-
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and 24-month timescale. A stark difference between SPI and SPEI can be observed
from the temporal graph at the various timescale. A similar dry spell was found at
all the stations in 2016 and 2017 for the SPEI value whereas, at the same time, SPI
recorded mostly no drought condition. SPI value is prominent in 2003 showing
extreme conditions at all stations except Sira, while SPEI showed mainly mild
drought conditions. The large fluctuation was frequently observed in the indices at
the shorter timescale which also showed a large difference between the intensity
(Table 7). For the longer timescale, there was a slight difference between the SPI
and SPEI intensity, and the fluctuation tended to be gentle. The climate change and
subsequent increase in global warming find better representation in SPEI rather
than SPI, as the former includes the effects of temperature on PET along with
precipitation, while the latter shows no attention to the effect of evaporation on
drought.

Table 7: Minimum value of SPI and SPEI recorded at different timescale

Least SPI Least SPEI

Timescale Station Year Station Year

1-month -4.75 at Tiptur Aug 2006 -2.76 at CN Halli Mar 1992

3-month -4.21 at CN Halli July 2001 -2.71 at Gubbi Apr 1983

6-month -4.16 at Koratagere May 2003 -2.79 at Gubbi Sep2003

9-month -3.38 at CN Halli Sep 2003 -2.59 at Madhugiri May 2019

12-month -3.91 at Tumakuru Jul 1990 -2.54 at CN Halli Feb 2017

24-month -3.61 at Tumakuru Sep 1990 -2.28 at Madhugiri May 2019

3.4. Conclusion

Drought being one of the hydro-meteorological disasters has been a successively
recurring event across the state of Karnataka with varying magnitude and intensity.
Climate change resulting in the spatial and temporal variation of temperature and
precipitation has been the driving force for such events. The major difference
between the indices is that SPEI includes the evapotranspiration parameter along
with rainfall while SPI is solely dependent on rainfall only. This difference is minor
when concerning the meteorological drought but when dealing with agricultural
and hydrological drought, the climatic water balance comes into question drawing
prominence to SPEI over SPI. This study analyzed the drought severity at the 1-, 3-,
6-, 9-, 12-, and 24-month timescales by drawing a comparison between SPI and
SPEI.
a. The outcome of the drought frequency study indicated that SPI showed more
frequent extreme dry periods while SPEI gave a better result for moderate and
severe drought in all the timescale.
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b. SPI and SPEI showed greater fluctuation and had a poor correlation for the
shorter timescale representing the meteorological drought as there was a large
difference in their values; SPEI gives the best result since it deals with the increase in
the water demand caused by the PET as a result of rising temperature. For the
longer time scale, there is a mild fluctuation between the indices, and the difference
between them also considerably decreased. By this, we can conclude that the
drought conditions at the longer timescale given by SPI and SPEI tend to be more
consistent.
c. Although precipitation has a great role in the determination of drought,
evapotranspiration has an unforgettable part to play in the spatio-temporal
variability of soil moisture giving rise to agricultural drought which is best portrayed
in the 6- and 9-month timescale of SPEI. While SPI and SPEI serve different
purposes, the former needs to be utilized with caution and whereas the latter is
extremely useful wherever the effects of evapotranspiration are in play.
The present study aims at defining the difference between the two indices SPI and
SPEI by evaluating the data of Tumakuru District, India. As they serve a different
purposes, no clear conclusion can be drawn on which index is the better identifier
of the drought condition. The research gives an understanding of the most suitable
index to criticize drought in the study area but this may not be extended to other
regions as the index is dependent on the variability of climatic conditions and
regional characteristics. The correlation of SPEI and SPI facilitates policymakers
and planners in the planning and execution of innovative water conservation
structures and effective drought mitigation structures.
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4. Rainfall Trend

4.1. Introduction

Global warming has affected and continuously changed the magnitude and
distribution of hydrometeorological variables such as rainfall, temperature, and
humidity. As per the Intergovernmental Panel statement about Climate Change91,
the hydrological cycle at the regional and global scale is changing due to the rising
surface temperature. The impacts of climate change can be illustrated as an output
of the analysis of physical variables like geophysical, oceanographic, and
hydrometeorological; resulting in water deficiency in certain areas, and it may be
responsible for floods in certain regions92. The food security and economy of the
nations such as India are relying on the ideal accessibility of rainfall. Therefore,
precise statistics and information about rainfall trends and its pattern are necessary
for the management and utilization of water resources93–95. The fluctuations in the
climatic variables are bound to cause startling changes in the hydrological
conditions, which have been identified in the arid or semi-arid region of India,
Tumakuru district for example. These impacts of climate changes in the
environment stimulate the frequency of drought events, intensive floods, and
sometimes severe storms. Hence fore, the long-term trend identification and its
slope analysis has been a key input for many climate change-induced events such
as water resource management, drought assessment and/or monitoring, as well as
flood mitigation.

The Mann-Kendall (MK) test96, Innovative Trend Analysis (ITA)97, Linear Regression
analysis98 and Sen’s slope estimator (SS)99, are the major adopted trend test
techniques in neoteric research. Globally, numerous studies have been conducted
with gridded rain gauge data to explore the rainfall trend via MK, ITA, and SS. MK
Test and Sen’s slope was utilized by100 to evaluate the hydrometeorological
parameters and identify parameters influencing groundwater availability. Water
budget was also analysed to study the ground water drought in the Ganga basin. An
improved MK test for hydrological data was proposed by101 which turned out to
have more advantages than the other methods available for trend detection for
precipitation time series data. To study the impact of changing climatic conditions
on rainfall in Vietnam,102 employed the techniques of Innovative Polygon Trend
Analysis which are developed from ITA along with MK methods. Ref.103, (2018)
worked on implementing the MK test on precipitation and temperature data to
analyze the trend and Theil-Sen slope for the estimation of magnitude. Further
Pettitt-Mann-Whitney test helped identify the change point. Several other studies
concerning a similar subject have been carried out in India104, 105, Bangladesh106,
China107, Kyrgyzstan108, Algeria109 to name a few. Ref.100 utilized Sen’s slope
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estimate and MK test to identify the groundwater influencing parameters in the
Ganga basin. The study also included the determination of water budget, storage,
and groundwater flow analysis. Ref.110 implemented multiple statistical techniques
such as the MMK test, Linear Regression, ITA, Sen’s slope, Pearson’s Coefficient of
Skewness, Weibull’s Recurrence Interval, and others to analyze the monthly,
seasonal, and decadal rainfall trend in Hill Agro-Climatic Region and West Coast
Plain of India. Ref.111 investigated the fluctuation in the rainfall trend due in the
semi-arid region of Chhattisgarh state in India. MMK test along with discrete wavelet
transformation was utilized to achieve the result of the study. Ref.112 Examined the
rainfall trend using the MMK test and determined other indices for multiple
precipitation datasets to evaluate the variability of rainfall in Ethiopia. Ref.113

studied the rainfall variability using MK, MMK, Sen’s slope, ITA, and other methods
in Maharashtra. The study concluded that although various methods were
successful in identifying the trend, ITA was able to observe trends given by all the
other methods. Ref.93 worked on forecasting rainfall and analyzing the trend in
India. Ref.93 conducted a comparative evaluation of several machine learning
models when applied to rainfall forecasting under different time horizons. Ref.114

employed MK and ITA methods to analyze the precipitation trend in Sri Lanka. The
results obtained from both tests indicated a similar percentage of increasing and
decreasing trends in the region. Further, the ITA was said to be better suited as it
depicted trends at different values. Ref.115 worked on the trend of extreme flood
events in northern Sweden through statistical analysis.

In addition to the above mentioned method, there are numerous types of trend
analysis methods recommended for trend measurement but very few of the studies
have focused on India, especially on the ITA approach116. Ref.117 studied the trend in
the northwest and peninsular region of the country during 1901-2019 and
mentioned an increasing rainfall trend on monsoon and annual scale. Similar
studies were conducted by Ref.118 during 1871-2008 through MK and SS methods
and not much difference was found in the trend. However, the MK trend technique
equations, unlike the ITA, a categorization in the time series data is not feasible and
it derives only monotonic trend in the dataset119. While following ITA, the long-term
trend patterns, such as negative, positive, and trendless possibilities could be
analysed, whereas distinctive trend movement has not been assessed in the MK. In
the present study, we have focused to analyse the long-term seasonal as well as the
annual pattern of rainfall, by implementing both MK and ITA methods to figure out
the best fit trend model to analyse the long-term rainfall pattern.The current study
aims to understand the rainfall pattern in the semi-arid region of Karnataka, India
from 1952 to 2019 using the MMK, Sen’s slope, and ITA methods. In addition, Sen’s

Ph.D. Thesis Page 60



4 Rainfall Trend

estimator was also utilized to assess the long-term trend magnitude. The present
research on trend analysis has met the required confidence interval of 95% (± 1.96
as the threshold for trend) with a significant level of =5%. Hence, the trend analysis
result of long-term rainfall pattern in 11 meteorological grid stations for 68 years
from 1952 to 2019 will be a key input for assessing the spatio-temporal variability in
the Tumakuru district in India. A large part of the population is dependent on
agriculture relying on rainfall in this area due to lack of any major rivers. This study
will be beneficial not only for analysing the trend but also have an impact on the
socio economic conditions of the people. Having a better understanding of the
rainfall scenario makes a good basis to build a better monitoring system for extreme
events and better water management systems.

4.2. Methodology

The methodology of this research follows the non-parametrical tests to analyze the
trend pattern and detect the change point in the region from 1952 to 2019. The daily
rainfall data were averaged to get the monthly value upon which the trend analysis
was conducted. The following methods were adopted to fulfill the objective.

4.2.1. Modified Mann Kendall

To analyze the non-normally distributed time series rainfall gridded data for temporal
tendencies, the MK test96, 120 is employed. Along with a significance value, this non-
parametric test facilitates the identification of an increasing or decreasing pattern.
The Mann Kendall statistics quantify any trend which is present by testing whether
the time series lies in the confidence interval defined for the null hypothesis of the
significance level.

S =
n−1∑
k=1

n∑
l=k+1

sgn(xl − xk) (19)

Where n refers to the length of the rainfall data, xl and xk denote the sequential data
values.

sgn(xl − xk) =


1, if(xl − xk) > 0

0, if(xl − xk) = 0

−1, if(xl − xk) < 0

(20)

For the random variable distribution, the statistics approximate the normal
distribution when n ≥ 8 where the mean is given by E(S) and variance by V ar(S).

E(S) = 0 (21)

V ar(S) =
n(n− 1)(2n+ 5)−

∑m
k=1 tk(tk − 1)(2tk + 5)

18
(22)
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Where the number of ties for the extent k is given by tk and the number of tie groups
is given by m. Further, test statistics are obtained by ZS .

ZS =


S−1√
V ar(S)

, ifS > 0

0, ifS = 0

S+1√
V ar(S)

, ifS < 0

(23)

A positive ZS indicates an increasing trend while a negative ZS indicates a
decreasing trend. This study is performed for an α value of 0.05 giving a 5%
significance level. With the standard normal variate given by Z1−α

2
, if |ZS| > Z1−α

2
,

the null hypothesis for no trend is rejected. If |ZS| >1.96, the null hypothesis is
rejected. To address the issue of misinterpretation caused by the serial
autocorrelation in the data, the modified MK test was devised. This method gives an
empirical variance of test statistics121.

V ∗(S) = V ar(S).
n

n∗
S

=
n(n− 1)(2n+ 5)

18
.
n

n∗
S

(24)

The correction of n/n∗
S is given for the autocorrelation in the data calculated as

n

n∗
S

= 1 +
2

n(n− 1)(n− 2)

n−1∑
k=1

(n− k)(n− k − 1)(n− k − 2)ρS(k) (25)

Where the autocorrelation function of the rank of observations is given as ρS(k) and
n is the length of the data. By comparing the standardized test statistics ZS , the
significance of the trend is tested. The parent correlation function ρ(k) defines the
autocorrelation of ranks of observation ρs(k).

ρ(k) = 2sin
(π
6
ρS(k)

)
(26)

4.2.2. Sen’s Slope Estimator

Sen’s slope is based on a non-parametric median which quantifies the magnitude of
the trend122. The slope is given by the following equation.

β = Median

[
xa − xb

a− b

]
for all b < a (27)

For years a and b, the consecutive data values are defined as xa and xb respectively.
β for the trend slope of the data denotes the magnitude.
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4.2.3. Innovative Trend Analysis

The rainfall series is divided into two halves giving the first half series and second
half series. Both the series are arranged in ascending order and the values are
plotted on a graph with the initial half series on the horizontal axis and on the
vertical axis, the latter half series is plotted. Figure 16 details the trends that are
found in the data99, 123, 124.

Figure 16: Interpretation of ITA trend

In the ITA method proposed by Sen, the critical trend is assumed by the null
hypothesis. The slope for series a and b are determined by

s =
2(b̄− ā)

n
(28)

The expected value is given as

E(s) =
2(E(b̄)− E(ā))

n
(29)

The variance, covariance, and standard deviation for the series are calculated.

σ2
s =

4

n2
(E(b̄2) + E(ā2)− 2Cov(āb̄)− 2E(ā)E(b̄)) (30)

σS =
2

n
(V ar(ā) + V ar(b̄)− 2Cov(āb̄))

1
2 (31)

Ph.D. Thesis Page 63



4 Rainfall Trend

The z value of the ITA is adjusted for the type-I error and is calculated as

zITA_R =
s− E(s)

σs

=
s

σs

(32)

The z values greater than 1.65 are considered an increasing trend while z > 1.96 are
significantly increasing. z > 2.58 are a very significantly increasing trend. Similar
values are defined for the negative values for the decreasing trend.

4.3. Result

The rainfall data analysis was carried out for the Tumakuru district from 1952 to
2019. The result shows the analysis of the time series precipitation data and the
trend for each of the 11 grid stations present in the study area. The preliminary
investigation of the statistical scenario of time series rainfall dynamics in Tumakuru
district indicates that few stations do not qualify for the normal distribution
assumptions. Though the annual rainfall dataset is entirely positively skewed, the
kurtosis value has shown negative results in very few instances for both seasonal as
well as annual rainfall data (Table 8). Hence, it is important to implement a
non-parametric method to investigate the rainfall trend.

Table 8: Detailed statistical description of annual and seasonal rainfall statistics

Stations Annual Kurtosis

SD Skewness Annual Pre
monsoon

SW
monsoon

NE
monsoon

CN Halli 256.9 2.80 13.44 5.89 20.99 -0.04
Gubbi 196.4 0.48 0.34 3.50 -0.65 1.00
Koratagere 214.5 1.07 1.29 0.03 2.03 0.32
Kunigal 261.3 1.15 2.77 -0.57 2.83 4.65
Madhugiri 223.1 0.68 0.11 3.41 3.06 0.40
Pavagada 279.1 4.03 22.44 6.50 27.09 0.84
Sira 224.3 0.87 0.45 22.43 -0.28 1.24
Tiptur 196.0 0.28 -0.77 1.98 0.71 -0.17
Tumakuru 294.2 2.50 12.09 2.42 17.00 -0.23
Tumakuru-1 281.8 1.51 4.39 15.95 2.10 1.92
Turuvekere 294.1 2.83 11.83 1.03 16.63 -0.56

4.3.1. Pre-monsoon

The statistical description of the kurtosis value for 11 grid stations in the study area
is depicted in Table 8, where Kunigal is the only station to have a negative kurtosis
value of -0.57 in the pre-monsoon. Table 9 shows pre-monsoon seasonal trend
results of MK Z value, ITA slope, and Sen’s slope. The SS magnitude indicates that
the highest value recorded is in the Tumakuru station whereas the lowest value is in
Chikkanayakanahalli (CN Halli) with 1.34 mm/year and -0.16 mm/year respectively
(Figure 18). The stations such as Tiptur, Tumakuru, and Tumakuru-1 has shown
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significant increasing trends with Z value 2.41, 3.31, and 2.61 respectively, with a
fixed threshold of p<0.05.

Figure 17: Graphical representation of pre-monsooon ITA
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The station CN Halli has only shown a non-significant negative trend, whereas the
remaining seven grid stations have shown non-significant positive trends. However,
ITA values indicate eight grid stations with a non-significant increasing trend and
three grid stations with a non-significant negative trend. The spatial differences in
trend results are presented in Figure 19, whereas, Figure 17 depicts the ITA
graphical trend movements for individual grid stations. The presented results Table
9 have disseminated the credibility and reliability of ITA over MK by identifying
some invisible trend in the data, while this decreasing trend has not been detected
in MK. Likewise, the ITA result reveals that only CN Halli (-0.84 mm), Koratagere
(-0.06 mm), and Pavagada (-0.26 mm) reported a non-significant decreasing trend.
Table 9: Description of the Seasonal rainfall variation result for 11 grid stations of Z
statistics, ITA slope and Sen’s slope with the positive and negative ITA trend during
1952-2019. (The trend at (P<0.05) Significant level is indicated in bold character)

Stations Pre-monsoon Southwest Northeast

Z IT
A

Tr
en

d

SS Z IT
A

T r
en

d

SS Z IT
A

T r
en

d

S S

CN Halli -0.47 -0.84 - -0.16 0.56 -1.27 - 0.45 -1.05 -0.92 - -0.65
Gubbi 1.45 0.24 + 0.36 2.41 1.72 + 2.08 0.89 0.39 + 0.40
Koratagere 0.87 -0.06 - 0.36 0.06 -0.71 - 0.05 -1.40 -0.90 - -0.82
Kunigal 0.79 0.16 + 0.34 0.04 -1.59 - 0.03 -0.98 -0.78 - -0.51
Madhugiri 1.79 0.36 + 0.61 2.13 1.85 + 1.43 0.64 0.84 + 0.43
Pavagada 0.21 -0.26 - 0.07 0.75 -1.19 - 0.55 -1.30 -0.70 - -0.66
Sira 1.32 0.11 + 0.58 2.39 2.49 + 2.11 0.80 0.79 + 0.49
Tiptur 2.41 0.55 + 0.70 3.74 3.07 + 3.34 0.80 0.18 + 0.51
Tumakuru 3.31 1.09 + 1.34 1.97 0.52 + 1.83 0.44 0.99 + 0.26
Tumakuru-1 2.61 0.74 + 0.87 1.83 1.94 + 1.74 -0.09 0.19 + -0.03
Turuvekere 1.86 0.60 + 0.77 2.49 2.47 + 2.10 0.96 0.67 + 0.66

4.3.2. Southwest Monsoon

The SS result reported the lowest slope rate in Kunigal with 0.03 mm/year, whereas
the highest slope is found at Tiptur station with 3.34 mm/year (Figure 18). Figure 19
depicts the spatial distribution of MK, ITA, and SS magnitude, where a major
decreasing trend spread across the eastern side of the study, except for one station
(CN Halli) on the western side of the study area which has shown the decreasing
trend. Yet, these stations including CN Halli, Koratagere, Kunigal, and Pavagada
have recorded a non-significant negative trend in ITA over the MK method with the
trend values of -1.27, -0.71, -1.59, and -1.19 in ITA and 0.56, 0.06, 0.04, and 0.75 value
in MK respectively (Table 9). Therefore, by finding these invisible negative trends in
the data series, ITA has dominated its consistency over other methods such as MK
and SS. The graphical ITA trend movements for eleven grid stations are shown in
Figure 20, where the positive trends of the data series are identified in stations such
as Gubbi, Madhugiri, and Sira.
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Figure 18: Minimum and maximum magnitude of trend of time series rainfall in the
pre-monsoon (a & b), SW monsoon (c & d), NE monsoon (e & f) and annual (g & h)
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Figure 19: Seasonal and annual spatial dispersion of Z, ITA slope and Sen slope

Nevertheless, stations specifically Tiptur and Turuvekere are representing the
monotonic positive trend. A negative trend was observed in stations Koratagere and
Kunigal, and the remaining nine stations showed a positive trend.
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Figure 20: Graphical representation of SW monsooon ITA
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4.3.3. Northeast Monsoon

The Koratagere and Turuvekere stations observed minimum and maximum
magnitude of rainfall trends in the northeast monsoon season respectively (Figure
18). The Z statistics and Sen’s slope gives an almost similar trend either towards the
increasing (54%) or decreasing (45%) tendency of rainfall in eleven grid stations in
the study region (Table 9) while the ITA result has shown a dissimilar spatial pattern
in the northeast monsoon season. Although the non-significant increasing trend of
MK results exists mainly in the middle part of the district, 63% of stations are
indicating a non-significant increasing trend in ITA at Gubbi, Madhugiri, Sira, Tiptur,
Tumakuru, Tumakuru-1, and Turuvekere at 95% confidence level and none of the
stations reported a significantly increasing trend Figure (19). The majority of
decreasing trend is recognized in the southern part particularly CN Halli (-0.92),
Koratagere (-0.90), and Kunigal (-0.78) respectively. Consequences of such
decreasing pattern in rainfall influence the crop yield, hydrometeorological
conditions, and the groundwater level in the region. Figure 22 illustrates the
station-wise ITA trend result of the northeast monsoon, where the non-monotonic
trend has been identified in all stations except Tumakuru station which shows a
monotonic trend. The maximum increasing trend of ITA has been recorded in
Tumakuru station with 0.99 mm per year, and the highest negative trend in CN Halli
with -0.92 mm per year respectively.

Figure 21: Trend comparison of the seasonal and annual ITA
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Figure 22: Graphical representation of NE monsooon ITA
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4.3.4. Annual

Figure 18 illustrates the highest decreasing (-0.81) and increasing (4.97) magnitude
(mm/year) at CN Halli and Tiptur stations respectively.

Figure 23: Graphical representation of annual ITA

Ph.D. Thesis Page 72



4 Rainfall Trend

Table 10 represents the annual statistical summary of Sen’s slope, MK, ITA, and
p-value for eleven grid stations, where six grid stations reported an increasing trend
while five stations showed a decreasing trend in p-value. The Z statistics and ITA
values of Tiptur station have recorded a maximum increasing trend with 3.55
mm/year and 3.80 mm/year respectively, showing a significant increase in the
annual rainfall trend, which justifies the influences of geographical and
topographical conditions such as maximum elevation compared to the other
stations (Figure 19). Figure 23 highlights the annual monotonic or non-monotonic
trend of ITA result, where CN Halli has only shown the negative, whereas Tiptur
recorded a positive trend. The overall ITA statistics of eleven grid stations in the
Tumakuru district including all three seasons as well as annual time series trends
are shown in the radar chart (Figure 21), which specifies CN Halli, Koratagere, and
Pavagada with negative trend patterns, while Kunigal station has reported
diminishing trend except in the pre-monsoon season. The rest of the stations have
shown an increasing trend over the season and annual time scale.

Table 10: Summary of the statistical test result for Annual rainfall from 1952-2019

Stations Sen’s Slope p-value Z Statistics ITA Slope ITA Trend
CN Halli -0.81 0.564 -0.58 -3.03 ⇓
Gubbi 3.15 0.007 2.69 2.35 ⇑
Koratagere -0.36 0.779 -0.28 -1.34 ⇓
Kunigal -0.06 0.966 -0.04 -2.21 ⇓
Madhugiri 2.83 0.032 2.14 3.05 ⇑
Pavagada -0.20 0.832 -0.21 -2.15 ⇓
Sira 2.70 0.034 2.12 3.39 ⇑
Tiptur 4.97 0.000 3.55 3.80 ⇑
Tumakuru 3.98 0.007 2.72 2.10 ⇑
Tumakuru-1 2.46 0.117 1.57 2.88 ⇑
Turuvekere 3.21 0.014 2.46 3.73 ⇑

4.3.5. Modified Mann Kendall test

MMK test was performed on the rainfall dataset at a chosen significance level in this
research of 0.05. This leaves us with positive z values indicating an increasing trend
while values greater than 1.96 indicate a significant increase and at the same time,
negative values indicate a decreasing trend with a z value less than -1.96 showing a
significant decrease in trend. The trend is defined at different time scales based on
the z value for all the stations. In the pre-monsoon season, stations such as
Madhugiri, Tiptur, Tumakuru, and Tumakuru-1 showed a significant increase in the
trend with values of 2.02, 3.3, 3.33, and 3.72 respectively while the rest of the
stations showed an increasing trend (Table 11). The only exception is
Chikkanayakanahalli having a decreasing trend at -0.37. For the southwest
monsoon, only an increasing trend is noted for all the stations with Gubbi, Sira,
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Tiptur, Tumakuru-1, and Turuvekere holding a significant increasing trend with z
values of 2.37, 2.05, 3.17, 2.2, and 3.64 respectively.

Figure 24: Spatial variability of MMK and ITA with trend indicators

Ph.D. Thesis Page 74



4 Rainfall Trend

Table 11: Z and slope value of MMK and ITA_R

Station Season MMK ITA
Z p Tau Sen Slope ITA Slope Z ITA_R

CN Halli Pre-monsoon -0.37 0.71 -0.04 -0.01 -0.027 -0.72
SW Monsoon 0.4 0.69 0.04 0.01 -0.042 -0.27
NE Monsoon -1.33 0.18 -0.11 -0.03 -0.035 -2.23

Annual -0.62 0.54 -0.06 -0.03 -0.104 -0.58
Gubbi Pre-monsoon 1.71 0.09 0.12 0.01 0.008 0.51

SW Monsoon 2.37 0.02 0.2 0.07 0.056 1.76
NE Monsoon 0.88 0.38 0.06 0.01 0.012 0.41

Annual 3.85 0 0.22 0.1 0.076 2.07
Koratagere Pre-monsoon 0.87 0.39 0.08 0.01 -0.001 -0.11

SW Monsoon 0.09 0.93 0.01 0 -0.024 -1.11
NE Monsoon -1.78 0.07 -0.15 -0.03 -0.022 -0.93

Annual -0.43 0.67 -0.04 -0.02 -0.047 -0.86
Kunigal Pre-monsoon 0.85 0.39 0.07 0.01 0.006 0.21

SW Monsoon 0.03 0.98 0 0 -0.052 -0.52
NE Monsoon -1.12 0.26 -0.1 -0.02 -0.027 -0.46

Annual -0.2 0.84 -0.02 -0.01 -0.074 -0.52
Madhugiri Pre-monsoon 2.02 0.04 0.15 0.02 0.012 0.43

SW Monsoon 1.87 0.06 0.18 0.05 0.06 1.06
NE Monsoon 0.47 0.64 0.04 0.01 0.024 0.62

Annual 1.95 0.05 0.16 0.09 0.096 1.98
Pavagada Pre-monsoon 0.28 0.78 0.02 0 -0.008 -0.37

SW Monsoon 0.61 0.54 0.06 0.02 -0.039 -0.24
NE Monsoon -1.45 0.15 -0.11 -0.02 -0.024 -1.91

Annual -0.21 0.84 -0.02 -0.01 -0.071 -0.3
Sira Pre-monsoon 1.39 0.17 0.12 0.02 0.004 0.05

SW Monsoon 2.05 0.04 0.2 0.07 0.081 1.47
NE Monsoon 0.78 0.44 0.07 0.02 0.026 1.1

Annual 2.12 0.03 0.18 0.09 0.111 1.9
Tiptur Pre-monsoon 3.3 0 0.2 0.02 0.019 0.89

SW Monsoon 3.17 0 0.3 0.11 0.1 2.63
NE Monsoon 0.78 0.44 0.07 0.01 0.005 0.23

Annual 4.99 0 0.29 0.16 0.123 2.81
Tumakuru Pre-monsoon 3.33 0 0.28 0.04 0.036 0.82

SW Monsoon 1.71 0.09 0.16 0.06 0.018 0.11
NE Monsoon 0.4 0.69 0.03 0.01 0.018 0.86

Annual 2.62 0.01 0.23 0.13 0.072 0.31
Tumakuru-1 Pre-monsoon 3.72 0 0.22 0.03 0.025 0.46

SW Monsoon 2.2 0.03 0.15 0.06 0.063 1.3
NE Monsoon -0.37 0.71 -0.02 0 0.005 0.17

Annual 2.84 0 0.14 0.08 0.093 0.63
Turuvekere Pre-monsoon 1.91 0.06 0.16 0.03 0.02 0.91

SW Monsoon 3.64 0 0.2 0.07 0.081 1.01
NE Monsoon 0.84 0.4 0.07 0.02 0.022 0.89

Annual 3.22 0 0.2 0.11 0.122 1.48
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In the northeast monsoon, we observe that there is a lack of significant increase or
significant decrease in the rainfall trend. Chikkanayakanahalli, Koratagere, Kunigal,
Pavagada, and Tumakuru-1 displayed a negative trend and rest of the stations of
Gubbi, Madhugiri, Sira, Tiptur, Tumakuru, and Turuvekere had a positive trend. At
the annual timescale, Madhugiri shows an increasing trend while Gubbi, Sira,
Tiptur, Tumakuru, Tumakuru-1, and Turuvekere witness a significant increase with z
values of 3.85, 2.12, 4.99, 2.62, 2.84, and 3.22 respectively. The rest of the stations
recorded a negative trend on the annual scale. From Figure 24, it is evident that in
all the timescales, Chikkanayakanahalli, Koratagere, Kunigal, and Pavagada have
low values for z but not to the extent of any significance. Mostly the central and
western part of the area has higher values for z in all the timescales. A p-value less
than 0.05 indicates a monotonic trend which is seen majorly in the annual timescale
while a value greater than 0.05 indicates a non-monotonic trend. A positive or
negative Tau similar to Sen’s slope is seen in the result.
4.3.6. Innovative trend analysis with type-I error removed

ITA was conducted at a confidence level of 95% for the study region and the trend is
shown as increasing or decreasing for positive and negative z values respectively.
The significance of the trend is defined for values beyond ±1.96. The trend is
described on the ITA z value for the 11 grid stations at the annual and seasonal
timescale. In the pre-monsoon season, Chikkanayakanahalli, Koratagere, and
Pavagada show decreasing trend while all other stations showed an increasing
trend (Figure 17). Tiptur displayed a significant increase in the trend with a z value
of 2.63 at the southwest monsoon scale (Figure 20). All the stations experienced an
increase in the trend except for Chikkanayakanahalli, Koratagere, Pavagada, and
Kunigal which have a decrease in the trend. For the northeast monsoon,
Chikkanayakanahalli only showed a significant decreasing trend with a -2.23 z value
while Pavagada, Koratagere, and Kunigal had a decreasing trend (Figure 22). The
remaining stations portrayed an increasing trend. Tiptur, Gubbi, and Madhugiri
showed a significant increasing trend with values of 2.81, 2.07, and 1.98 respectively
defined for the annual rainfall (Figure 23). Chikkanayakanahalli, Koratagere,
Pavagada, and Kunigal had a decreasing trend and the rest showed an increasing
trend (Table 11). There is consistency in the spatial distribution of the trend
throughout all the timescales where the central and southwestern parts have
increasing trends while the rest of the region mostly experiences a decreasing trend.
Chikkanayakanahalli and Sira have a monotonic decreasing and increasing trend
respectively in all the timescales. Kunigal has a non-monotonic trend throughout
with an increase in pre-monsoon while the rest of the seasons have a decrease in
trend. Pavagada has a consistent decreasing trend where it is monotonic only in the
northeast monsoon. Koratagere displayed a non-monotonic decrease.

Ph.D. Thesis Page 76



4 Rainfall Trend

4.4. Discussion and Conclusion

The present research has analysed the long-term rainfall trend pattern from 1952 to
2019 by implementing the Innovative Trend Analysis and Mann-Kendall test
methods. The seasonal and annual time series rainfall trend has been computed
using ITA for eleven grid stations across the Tumakuru district by categorising
long-term time series rainfall into two sub-series as first (1952-1985) and the second
half (1986-2019). The well-known traditional method such as MK and SS was also
utilized to check the consequences of the ITA in the long-term rainfall trend, where
each method has projected different results. The annual rainfall pattern governs the
agrometeorology of any region, and any unpredicted changes in the rainfall or any
extreme dynamic fluctuation will impact the socio-economic activities. Certainly, in
the semiarid regions, where major crop cultivation is characterised by rainfed
farming, changes in the rainfall trend will cause the rainfed crops to decimate,
which directly affects the crop yield. The ITA test result shows that 63% of stations
observed a significant positive trend in the annual rainfall, such as Gubbi,
Madhugiri, Sira, Tiptur, Tumakuru, and Turuvekere. Though, the Tumakuru-1 station
shows a significant upward trend according to the ITA result, the MK test shows a
non-significant trend. Nevertheless, a similar opposite trend in the annual rainfall
showed a significant decreasing trend in the ITA for stations such as CN Halli,
Kunigal, and Pavagada. MK and Sen’s slope methods prominently detected a
non-significant diminishing trend in these stations. The long-term annual rainfall
trend indicates the advantages of ITA over the MK test.

At the seasonal level, a significant increasing trend was observed in the southwest
monsoon season for six stations (54%), while pre-monsoon and northeast monsoon
revealed a non-significant increasing trend for eight and seven stations respectively.
Maximum rainfall in southwest monsoon showed an increasing rainfall pattern at all
stations as well as the lowest rainfall in pre-monsoon and northeast season
displayed the negative trend at some of the stations, where it influenced the
agriculture and meteorological drought in the study area. The present research on
ITA over MK method reveals that ITA is reliable for accurate rainfall trend
identification and it has the capability for finding the hidden variation in rainfall.
Similarly, it gives a visual-graphical representation of upward and downward trends
which assists with extreme flood and drought conditions. Henceforth, this study on
precise rainfall trend observation is informative and advantageous for
administrators and concerned authorities who are responsible to develop and
implement the policy for the affected circumstances of climate change. The
potential drivers of the achieved variation in seasonal as well as annual time series
rainfall in the district are climatic change and urbanization which needs more
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futuristic research and exploration.

Figure 25: Comparison of Z value of MMK and ITA_R with significance threshold

Figure 26: Comparison of MMK Sen slope and ITA_R slope

MMK result showed a greater occurrence of a significantly increasing trend in
comparison to the ITA result in both annual and seasonal timescales. Tiptur and
Pavagada stations have the lowest and the highest values for variance, standard
deviation, skewness, and kurtosis. The plot of the z score for MMK and ITA shows a
greater correlation wherein the station wise fluctuation is consistent. Pre-monsoon,
southwest monsoon, and Annual timescale have values exceeding the threshold of
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positive significance.

Northeast monsoon has a significant decreasing value of the threshold and in this
season we see the best correlation of both the MMK and ITA values. The annual
value of Z also agrees well for all the stations. Although pre-monsoon and
southwest monsoon follow a similar fluctuation for each station, there is a
difference in the z value which seems to be consistence to an extent (Figure 25). The
plot of the slope shows a similar result with the exception of the southwest
monsoon (Figure 26). There is a larger gap between the two slopes of Kunigal and
Pavagada seen. The trend of rainfall is similar when we compare both the MMK and
ITA result for all the stations. In both cases, for all the seasons, Tiptur, Turuvekere,
and Gubbi tend to show higher z values while Chikkanayakanahalli, Koratagere, and
Pavagada hold very low values for z in comparison to other stations.
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5. Change Point Detection and Rainfall Forecast

5.1. Introduction

Climate change threatens the basic components of survival such as drinking water,
clean air, food availability, and shelter while at the same time can destroy a decade
worth of progress achieved by mankind. The precipitation pattern of the Indian
sub-continent is subjected to the highly seasonal Indian monsoon which makes up
for almost 70-90% of the total annual rainfall received111. The economy of the
country stands on a balance mainly dependent on the rain-fed agricultural outcome
which is subjected to extreme fluctuations due to the unreliable pattern of the
rainfall causing a major disturbance in the socio-economic condition of the country.
With the increase in the frequency of extreme weather events as a direct impact of
climate change, there is a growing concern over the anthropogenic factors
contributing to it. One of the major components of the Earth’s climate system is the
hydrological cycle and any fluctuation will result in a disturbance in the water
resources, and food security and induce events of drought and floods125. This
further puts into focus the need to devise better prediction models for better
monitoring of the rainfall pattern. It is important to have a complete grasp on the
mechanism of the rainfall process as it forms a key factor in addressing the
difficulties posed by the drastic modification in the spatio-temporal pattern of
rainfall126. The Sixth Assessment Report of IPCC strongly suggests that the
temperature rise will increase the chances of drought conditions in Central, West,
and South Asia, and floods in monsoon regions of South Asia. There is a high
probability of heat waves across Asia which could mean a 5-20% increment in the
drought condition in the following decades as a result of global warming. Asia is
prone to climate change induced diseases from events such as heatwaves, floods,
drought, and others which in turn will hurt food prices and availability127. Over the
past decade, there is a greater focus on trend analysis in the field of climatology and
hydrology128. Evolving technologies have allowed us to access both satellite data
and ground based data for the study of rainfall anomalies129. Methods of

non-parametrical statistical techniques like MK test and Sen’s Innovative trend
analysis were used for trend analysis and machine learning using ANN-Multilayer
Perceptron in forecasting was mainly employed. Ref.126 addressed the concern of
the implication of climate on rainfall patterns in northeastern Ghana. The trend and
forecasting were achieved by utilizing ARIMA and simple seasonal exponential
smoothing models. Ref.130 analyzed the daily rainfall data in Ningxia, China to arrive
at the seasonal and annual precipitation trend using the ITA method.
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5.2. Methodology

Change Point Detection: The abrupt change in the precipitation time series data is
detected using the Pettitt test, SNHT, test, and Buishand test.

5.2.1. Pettitt Test

The Pettitt test is a popular non-parametric method for change detection in the
mean of the rainfall time series dataset131. The method is effective when it comes to
pointing out the change in hydro-climatological data series.

Ut,m =
m∑
i=1

t∑
j=t+1

sgn(Ai − Aj) (33)

Where m is the years in which shift takes place, and t represents the length of the
series, the index of the Pettitt test is given byUt,m. The two samples of Mann-Whitney
statistics are defined as a1. . .ar, and ar+1. . .an from the rainfall series data, and the
sgn is defined as

sgn(Ai − Aj) =


1 if(Ai − Aj) > 1

0 if(Ai − Aj) = 0

−1 if(Ai − Aj) < 1

(34)

Two statistics are calculated for finding the time at which the greatest absolute value
of U is present.

ZT = Max1≤t|m|Ut,m| (35)

P = 1− exp

(
−6Z2

T

K2 +K3

)
(36)

5.2.2. Standard Normal Homogeneity Test (SNHT)

The SNHT is applied for the detection of point of change in a time series data such
as rainfall dataset. Where the sudden shift is highlighted. The test is fulfilled by the
formula given below.

Hs = maxHn, 1 ≤ n ≤ m (37)

The change point is realized when Hs reaches the maximum value in the data series.
Hm is calculated as

Hm = n̄z1 + (m− n)z̄1, n = 1, 2, ...,m (38)

Where
z̄1 =

1

n

m∑
i=1

(Mi − M̄)

s
(39)
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n̄ represents the mean and the standard deviation is given by s.

5.2.3. Buishand Test

It is calculated based on the cumulative deviation from the mean or the adjusted
biased sums and is hence also called as Cumulative Deviation test132. The following

B∗
0 = 0 and B∗

m =
m∑
t=1

Rt −Rmean (40)

Where, m = 1, 2, . . . , n

B∗∗
m = B∗

m/σ (41)

S = Max|B∗∗
m | −Min|B∗∗

m |, 0 ≤ m ≤ n (42)

The value of S/
√
n is then calculated using the Buishand critical value.

Rainfall Forecast

5.2.4. Autoregressive Integrated Moving Average (ARIMA)

The autoregressive model for hydrological data has been explored by many
researchers133. ARIMA models help to determine the future rainfall based on the
historical rainfall data134. The ARIMA (p, d, q) expression corresponding to the
autoregressive (AR), integrated, and moving average (MA) corresponding to p, d, and
q is calculated as

y
′

t = d+ ϕ1y
′

t−1 + ...+ ϕpy
′

t−p + θ1ϵt−1 + ...+ θqϵt−q + ϵt (43)

where, d is a constant, ϕ1y
′
t−1+ ...+ϕpy

′
t−p is the autoregressive term with ϕ1 to ϕp is

the coefficient at the p order. θ1ϵt−1 + ...+ θqϵt−q is the moving average term with θ1

to θp being the coefficient in q order. ϵt is the error term for background noise at time
t.

5.3. Result

The rainfall data analysis was carried out for the Tumakuru district from 1952 to
2019. The result shows the analysis of the time series precipitation data and the
trend for each of the 11 grid stations present in the study area. The change point for
all the stations was analyzed and furthermore, the ARIMA model was run to depict
the temporal and spatial changes in the precipitation from 2019 to 2029.

5.3.1. Rainfall time series analysis

The rainfall time series analysis discovered that the rainfall was nearly evenly
distributed. With the elevation varying between 406 m to 1193 m, the topography of
the region is nearly plain with very little undulation, there is not much variation in
rainfall with elevation changes.
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Figure 27: Histogram of time series analysis of rainfall with the normal distribution
curve
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The initial analysis of the data revealed that the region received an average of 658.9
mm of rainfall annually. The highest rainfall receiving station is Kunigal in the
southern region with an average of 29.9 mm and the least is at Pavagada in the
northern region with 16.7 mm. The standard deviation varies from 6.4 and 9.6.
Skewness value is found between 0.28 and 0.55 with Pavagada and Tiptur holding
the highest and the lowest value respectively. The kurtosis of the rainfall histogram
ranges from -0.69 to 24.13. Tiptur is the only station with a negative kurtosis while
most of the stations have values below 5. Chikkanayakanahalli, Pavagada,
Tumakuru, and Turuvekere have higher values with 14.2, 24.13, 12.2, and 11.58
respectively. Figure 27 shows a histogram of the rainfall series at the different
stations in the study area. The range of precipitation values is from 0 mm to 80 mm.
While most of the stations hold values from 0 mm to about 40 mm as defined by the
normal distribution curve, Kunigal, Tumakuru-1, and Turuvekere boast a higher
value of rainfall. The normal curve for most of the stations has the mode at around
20 mm slightly varying for each station.

5.3.2. Homogeneity test

The homogeneity test was conducted for the precipitation data for the 11 grid
stations at a confidence level of 95%. These tests are sensitive to shifts in the
homogeneous series. The p-value for the tests varies for the stations with only
Tiptur carrying a common value of 0.01. For the Turuvekere station, only Buishand
shows a statistically significant value of 0.02 while Pettitt and SNHT showed 0.08
and 11 respectively (Table 12).

Table 12: Result of homogeneity test

Annual

Station Pettitt SNHT Buishand

K t p T0 t p Q t p

CN Halli 309 1984 0.5 4.14 1978 0.4 8.27 1978 0.2

Gubbi 485 1972 0 10.5 2006 0 10.6 2006 0.1

Koratagere 291 1988 0.7 4.16 2014 0.5 5.96 2007 0.6

Kunigal 304 1969 0.6 4.98 1970 0.3 8.32 1970 0.2

Madhugiri 486 1971 0 10.5 1971 0 12.3 1971 0

Pavagada 348 2009 0.3 3.77 2009 0.4 6.32 1964 0.5

Sira 385 1986 0.2 5.66 1997 0.3 9.24 1997 0.1

Tiptur 552 1973 0 12.6 1971 0 13.7 1973 0

Tumakuru 419 1978 0.1 3.46 2003 0.5 6.56 2003 0.5

Tumakuru-1 364 1987 0.2 3.13 1961 0.6 7.09 1987 0.4

Turuvekere 438 2003 0.1 10 2004 0.1 11 2003 0
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Pettitt test: There Pettitt test reveals a normal distribution for all the stations except
a few. The test has detected a change in the stations Gubbi, Madhugiri, and Tiptur.
Gubbi showed a change in normal from 15 to 19.5 in the year 1972, Madhugiri shifted
from 15.16 to 21.32 in 1971, and Tiptur shifted from 18.83 to 24.6 in 1973 (Figure 28).

Figure 28: Change point in rainfall series from Pettitt test
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SNHT: This test compares the observation from a certain station with the average of
all the stations which are then standardized. SNHT revealed change at Gubbi in 2007
from 16.97 to 23.65, at Madhugiri in 1971 from 15.16 to 21.32, and at Tiptur from 24.49
to 18.52 in the year 1971 (Figure 29).

Figure 29: Change point in rainfall series from SNHT
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Buishand: Buishand test has the advantage of operating over any type of
distribution. Here the test disclosed a change point in three of the stations.
Madhugiri changed from 15.16 to 21.32 in the year 1971, Tiptur in 1973 shifted from
18.83 to 24.605, and in 2003 from 21.54 to 30.13 in Turuvekere (Figure 30).

Figure 30: Change point in rainfall series from Buishand test
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5.3.3. ARIMA

ARIMA model looks into how the rainfall could fluctuate in 10 years from 2019 to
2029. From the graph, it is apparent that all the stations see a downward trend as
the ARIMA model shows decreasing value of rainfall amount through the years. The
spatial distribution of ARIMA shows that along with the rainfall fluctuation, the
ARIMA model also fluctuates correspondingly. The Pavagada station has the least
rainfall both in 2025 and 2029 while the maximum is at Tiptur station (Figure 31). At
Chikkanayakanahalli station, the RMSE is 11.85 and the error for the auto-regression
parameter value of 0.847 is 0.064. Gubbi recorded an RMSE of 8.28 while the AR is
0.908 with an error of 0.049. The RMSE for Koratagere is 9.97 and AR is 0.894 with an
error of 0.053. Kunigal recorded an RMSE of 10.44 while the AR was 0.936 with an
error of 0.038. Madhugiri has an RMSE of 10.1 with AR being 0.874 and an error of
0.057. Pavagada witnessed an RMSE of 11.37 and an error of 0.071 for the AR of
0.802. Sira is known to have an RMSE of 10.18 with an AR value of 0.884 and an error
of 0.053. Tiptur had an RMSE of 8.73 an AR of 0.932 and an error of 0.041. Tumakuru
station showed an RMSE of 13.64 and AR of 0.872 with an error of 0.057. Tumakuru-1
displayed an RMSE of 12.6 and AR of 0.844 with a 0.063 error. Turuvekere showed an
AR value of 0.855 and an error of 0.061 while the RMSE is 13.22 (Figure 32).

Figure 31: Prediction of spatial rainfall for 2025 and 2029
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Figure 32: Actual rainfall, ARIMA, and predicted rainfall
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5.4. Discussion and Conclusion

There is a greater similarity between the Pettitt and Buishand test wherein five of
the stations show the same value of change point. Three stations have the same
value for SNHT and Buishand test whereas only Kunigal and Madhugiri hold the
same change year for all three tests. All three homogeneity tests detected change in
the station Madhugiri in 1971. Although the tests showed a shift in Tiptur also, the
year of change varied at 1973 for Pettitt and Buishand while SNHT showed a shift in
1971. Further, Pettitt and SNHT identified changes in Gubbi in the years 1972 and
2007 respectively. Turuvekere was noticed only in the Buishand test with change
occurring in 2003. Despite the slight variation in the year of shift, Pettitt and SNHT
showed a similar result with change in Gubbi, Madhugiri, and Tiptur. Buishand
slightly varies from the other tests by detecting change points in Madhugiri, Tiptur,
Tumakuru-1, and Turuvekere. The p-value was in favour of the alternative
hypothesis of a lack of homogeneity for stations Gubbi, Madhugiri, and Tiptur for all
three tests. The above statement sits well with the change point graphs obtained for
the same stations.

ARIMA is utilized to plot the rainfall values for 10 years. The result shows that there
is a consistent decrease in the rainfall values with progression in time. At the same
time, the northern region of the study has low values while the south and the south
western region have the highest values for rainfall. The central and eastern regions
have intermediate values.

• Kunigal and Madhugiri are the only stations that show similar change points in
all three tests. Pettitt and Buishand test is found to carry higher similarities.

• ARIMA model shows a declining trend of rainfall for all the stations with an
average RMSE of 10.94. The average autoregressive value is 0.877.
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6. Validation of IMD and TRMM data for drought analysis

6.1. Introduction

Climate change is continually adding pressure on the water system of the world
drawing an even bigger focus on the study of the extreme events. Dealing with such
disasters on a global scale is crucial not only for the sustenance of the planet but
also for the socio-economic scenario of the world due to the extreme events that we
are witnessing with increasing frequency. Over the past couple of decades, there is
an acute shortage of drinking water as a direct result of the prolonged periods of
abnormally dry weather. There is an acceleration in the rate of drying up of
freshwater resources along with a downward trend in the precipitation amount
resulting in drought. Drought is a complex phenomenon impacted by various
natural and human factors and at the same time is very poorly understood. This
draws our attention to the urgency in the need for evaluating and understanding
the drought condition to escape from the trail of the havoc caused by drought.
Quantifying the characteristic features of dry events is an important step in the
study of drought. For this purpose, various drought indices are developed to
analyze the magnitude, intensity, duration, and distribution of drought such as the
Rainfall Anomaly Index (RAI)3, Standardized Precipitation Index (SPI)1, Modified
China Z Index (MCZI)4, Palmer Drought Severity Index (PDSI)135, Decile Index (DI)5,
Standardized Precipitation Evapotranspiration Index (SPEI)2, Percent of Normal
Index (PN)6 and Standardized Runoff Index (SRI)72.

Drought indices are a crucial tool that facilitates studying drought and also the
decision-making process. The selection of suitable and accurate data is crucial not
only for the study of rainfall irregularities but also to arrive at appropriate mitigation
methods and prediction models to deal with the anomalies. The importance of
meteorological parameters especially precipitation in climate, hydrological and
agricultural studies is immense. In order to fulfill the requirements of various fields
of research, different rainfall data products have been proved successful. Large
scale data sets are used to study the precipitation extreme at different temporal and
spatial scales136. To identify early warning signs of drought and develop a system for
continuous monitoring in time and space, indices play a crucial role. Satellite data
provide valuable information with better temporal resolution facilitating better
monitoring but lacks long-term data availability. Many studies have emerged in
recent years concerning the comparison of climate datasets. The comparative study
of rainfall data from multiple data sources has been gaining popularity and a few
are mentioned here. In the semi-arid region of Iran, rain gauge and TRMM rainfall
data were used to compare the precipitation extremes by ref.137. It was concluded
that a method to solve the issue could not be arrived at. Ref.138 worked on how
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applying bias correction methods to the TRMM data could enhance the
dependability of the data and find wide application in the Himalayan region. Ref.139

aimed at figuring out the possibility of using TRMM-3B42V6 and the point gauge
data over the Ganga, Brahmaputra, and Meghna river basin in forecasting flood and
predicting the changes in climate. Ref.140 compared the reliability of the global
satellite based rainfall datasets such as CHIRPS, SM2RAIN-ASCAT, and TRMM in
comparison to ground based gauge rainfall (IMD) data in India. The result found that
the TRMM product was the closest to the IMD in comparison while intensity based
indices showed that TRMM and CHIRPS were close to IMD data. During the
southwest monsoon over the Indian land mass, the study by ref.141 compared the
IMERG product with the IMD gridded data. The IMERG adequately reflected the
gauge data for very light and very heavy rain but proved unsatisfactory for depicting
extreme heavy rain events.

Ref.142 assessed the GPM estimates over the Indian subcontinent where the study
revealed that the performance of IMERG was better than TRMM even though both
the products fell short of the ground based measurements. Monthly TRMM data has
a better linear correlation with the rain gauge precipitation data over the daily
TRMM dataset which show a poor description of the occurrence and accuracy of
precipitation in Poyang Lake Basin, China143. Ref.144 evaluated the gauge data along
with the satellite rainfall product in the Congo basin and concluded that gauge data
provide greater reliability to estimate rainfall. In comparison to the TRMM 3B42 and
CMORPH, the former had greater compatibility with the rain gauge data than the
latter in the Amazon region as analyzed by ref.145. The study carried out by ref.146 in
China brings to light the incapability of 3B42 product to capturing extreme wet
events, all the while as its accuracy falls with rising intensity of rainfall. The
correlation of TRMM-3B42V7 with other products as mentioned by ref.147 was higher
at monthly scale rather than weekly or daily time period in Ecuador and Peru
region. Satellite products when infused with gauge correction shows a significant
enhancement in the reliability of data by bringing down the bias in the prediction of
hydrological parameters especially in the mountainous areas as analysed by ref.148.
Ref.149 deduced that between the rain gauge data and the 3B42 and 3B43, the
correlation was better in the dry season while the level of statistical error was much
better during the wet season over the Bali Island. In Thailand, the difference
between the gauge and TRMM-3B42 and TRMM-3B43 were analyzed by ref.150

resulting in the 3B43 having less bias than 3B42 concerning gauge data along with
apparent seasonal and regional differences.

Tumakuru District in Karnataka being a semi-arid region is often prone to drought
which in turn has caused the huge agricultural loss. Over the past decade, farmer
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suicides have persisted in being the reason of major concern. One of the ways to
turn the tables on the situation is to build a better prediction model along with
devising mitigation methods. To fulfill this objective, 1) this study aims at validating
ground and satellite-based rainfall products in the analysis of meteorological
drought. 2) The rain gauge data from IMD along with TRMM-3B43 monthly
precipitation data is utilized to derive various drought indices such as DI, PN, MCZI,
and RAI. 3) In addition to this, statistical methods like correlation, t-test, and RMSE
are employed to evaluate the variations in the output from both datasets.

6.2. Methodology

The flow of workings of this study follows in Figure 33 detailing the data, methods
used, and the analysis. The range of drought/wet categories for the indices is
mentioned in Table 13. Matlab, R Studio, and SPSS software were used to obtain the
indices and plot the data.

Figure 33: Methodology used in the study

Error Calculation

6.2.1. Mean Absolute Error

Mean absolute error is a way to express the error between the paired datasets
indicating the same phenomenon which in this case is precipitation. The value of
the MAE is an indication of the average difference between the two datasets when
any instance of data is chosen. It portrays how far the data is going to be in
comparison to the other.

6.2.2. Nash Sutcliffe Efficiency coefficient

The Nash Sutcliffe model Efficiency coefficient particularly determines the predictive
skill of the hydrological models. It assesses the relative magnitude of the ratio with
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the denominator being measured data variance and the numerator being residual
variance and is represented as normalized statistics.
Drought Indices

6.2.3. Rainfall Anomaly Index (RAI)

RAI defines a system to indicate the deficit or surplus of rainfall in the range of -4 to
+4. The index helps recognize the magnitude of deviation in rainfall. It categorizes
the positive and negative anomalies of the rainfall extremes3. For a positive anomaly
when P > P ,

RAI = 3

[
P − P )

(M − P

]
(44)

For a negative anomaly when P < P ,

RAI = −3

[
P − P

X − P

]
(45)

The terms of the equations are defined as; P is the present monthly rainfall, P shows
the average of the historical monthly rainfall data, M indicates the mean of 10 of the
maximum monthly rainfall values and X denotes the mean of 10 of the minimum
monthly rainfall values.

6.2.4. Modified China Z Index (MCZI)

Wilson-Hilferty cube root transformation forms the basis for the China Z index4. MCZI
serves as a good alternative to SPI when mean precipitation follows the Pearson type
III distribution. The China Z index follows the equation:

CZk =
6

Cs

(
Cs

2
φk + 1

) 1
3

−
(

6

Cs

)
+

(
Cs

6

)
(46)

Cs =

∑n
k=1(xk − x)3

nσ3
(47)

φk =
xk − x

σ
(48)

Where, Cs represents the coefficient of skewness. φk is the value of the standardized
variate which is also referred to as the Z score. The precipitation in the period k is xk

and standard deviation for the n number of months is σ. To compute MCZI the mean
is replaced by the median value in the CZI equation.

6.2.5. Percent of Normal Index (PN)

Percent of normal6 is a simple method to indicate drought which shows the
percentage of the precipitation that occurred, in comparison to the long-term mean
rainfall. The index is obtained by multiplying 100 with the ratio of actual rainfall (Pi)
to the normal rainfall (P ). (P ) is typically calculated using long term rainfall data.
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PN =

(
Pi

P

)
.100 (49)

6.2.6. Deciles Index (DI)

Deciles index is a method for analyzing meteorological drought. To attain the most
accurate result, long-term precipitation data is required for the estimation of the
index. For the available historical data set of rainfall, the decile index defines the
ranking of precipitation at a particular time. The monthly rainfall data is rearranged
from highest to the lowest rainfall which is divided into 10% parts termed deciles.
The lowest and highest deciles represent the precipitation extremes indicating
drought and flood respectively5. Deciles help provide useful knowledge about the
deviation of the rainfall value from the normal.

Table 13: Dry and wet categories of the indices used3–6

Category RAI MCZI PN DI

Extreme wet ≥ 4 ≥ 2.0 >115 9 to 10

Severe wet 2 to 4 1.5 to 1.99 110 to 115 8

Moderate wet 0 to 2 1.0 to 1.49 80 to 110 7

Near Normal – -0.99 to 0.99 70 to 80 5 to 6

Moderate dry -2 to 0 -1.49 to -1.0 55 to 70 4

Severe dry -4 to -2 -1.99 to -1.5 40 to 55 3

Extreme dry ≤ -4 ≤ -2.0 <40 1 to 2

Correlation Analysis

6.2.7. Root Mean Square Error (RMSE)

RMSE helps us arrive at an average magnitude of the error to assess the dependability
of the data available.

RMSE =

√∑N
i=1(xi − x̂i)2

N
(50)

6.2.8. t-Test

This is a statistical method to figure out if the average between the two sets of data
results in a zero151. It is predominantly used to compare two sets of data by paring
the observation in one data set to the corresponding one in the other data set.

t =
X1 −X2

sp

√
2
n

(51)
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sp =

√
s2X1

+ s2X2

2
(52)

Where t is the statistical result. sp is the standard deviation for n number of samples.

6.2.9. Pearson Correlation

Pearson correlation coefficient is calculated to draw a linear correlation between the
rain gauge and the TRMM data. The value is calculated as a ratio of their covariance
and the multiplicative result of standard deviations152.

r =

∑
(xi − x)(yi − y)√∑

(xi − x)2
∑

(yi − y)2
(53)

Where r is the correlation coefficient, xi refers to the rain gauge values, x denotes the
mean of the rain gauge values. yi is the TRMM values and y is the mean of the TRMM
values.

6.3. Result and discussion

TRMM and rain gauge although representing the same data tend to show variations
in their values. Drought indices are chosen to know the deviations of one data set
from the other. The study solely relies on precipitation data set and hence only
meteorological drought is established from the results. The study region is mostly
covered with plains and there are barely any variations in the topography. The
fluctuation in data is assumed to be uniform throughout. The precipitation
obtained from TRMM and ground based IMD rain gauge data are compared against
each other to evaluate the scenario of error present between the datasets. To study
the compatibility of the TRMM and the rain gauge data for drought analysis,
statistical methods were employed. Pearson correlation coefficient draws a detailed
correlation between the two datasets whereas the homogeneity is described by the
two-sample t-test. RMSE is also calculated to denote the deviation of the rainfall
values.

6.3.1. Mean Absolute Error

The average MAE for our datasets for the annual time period is about 1.86. The MAE
is lower than 0.3 for December to March. April and November carry an error of about
1.19 and 1.64 respectively while the months from May to October are where we see a
higher error. May to July carry an error of about 205 and September and October is
about 4.2. The seasonal change is clearly visible with the MAE value but the spatial
fluctuation is mostly uniform as seen in Figure 34.
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Figure 34: Spatial distribution of MAE(a), NSE(b), and Pearson Correlation(c)
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6.3.2. Nash Sutcliffe Efficiency coefficient

The Nash Sutcliffe Efficiency coefficient is calculated for the IMD and TRMM
precipitation datasets. It compares the plot of the IMD and TRMM datasets with the
1:1 line. An NSE of 1 says that both datasets are a perfect match. NSE of 0 represents
that the plot is a good representation of the mean of the observed data and the
negative value of NSE shows that the observed value (IMD) is a better fit than the
measured value (TRMM). An average value of -1.41 was obtained for the entire
duration of the study (Figure 34).

6.3.3. Pearson Correlation

It assumes a value in the range of -1 to +1. The absence of correlation is denoted by
0, and a completely positive and negative correlation is denoted by +1 and -1
respectively. A positive correlation implies that both variables fluctuate in the same
direction, while a negative correlation implies that the variables fluctuate in the
opposite direction. The average value of the Pearson correlation coefficient is 0.55
for the data from 1981 to 2019 (Figure 34). The range of the coefficient values in the
study area ranges from -0.03 to 0.94. Maximum correlation is found in the months of
September to December and March where the coefficient is greater than 0.7. In
March, all the stations show a good correlation greater than 0.8 while Madhugiri and
Tumakuru-1 correlate less than 0.4. The months from April to august show a
correlation between 0.4 and 0.55. The least correlation is found in January and
February with values of 0.25 and 0.33 respectively. Pavagada in January exhibits a
very high correlation of 0.88 in contrast to all other stations in the same month. The
only negative correlation is found in January at the Gubbi station with -0.03 while all
other correlations are positive while Tumakuru-1 station shows no correlation.

6.3.4. Rainfall Anomaly Index

The Rainfall Anomaly Index is prominently used to assess the deviation of rainfall.
The index has an average rmse of 4 with the error reaching a maximum of more than
10 in January while the lowest error is seen across June and July as shown in Figure
35. The t-test bears the value of mostly negative values showing some correlation,
especially in January and February for all stations. The positive t-test result is seen
predominantly in June and December. A positive correlation coefficient is seen in
all the stations in March, September, October, November, and December. The least
similarity is seen in January and February where the coefficient value is closer to zero
(Figure 36).The index obtained for the rain gauge and TRMM data go well beyond the
range of +4 and -4 for a good portion of data. While comparing the total number of
months for the categories of the index, Tiptur station showed very good matching
with a difference of not more than 2 months. At the same time for Kunigal, the same
difference was up to 5 months. Figure 37 shows the month-wise variation in data
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between TRMM and rain gauge from 1998 to 2019.

Figure 35: RMSE of 3B43 and rain gauge dataset for RAI from 1998 to 2019

Chikkanayakanahalli shows the maximum correlation of 30.68% on the whole while
moderate, severe, and extreme dry events hold 3.41%, 28.41%, and 2.65%
respectively. Gubbi shows a total of 27.65% similarity and 4.55%, 26.89%, and
3.03% for moderate, severe, and extreme droughts. Koratagere station has a 26.52%
match while moderate, severe, and extreme dry events are at 5.30%, 23.48%, and
3.79% respectively. 22.73% harmony is defined for Kunigal station and moderate,
severe, and extreme dry events show 4.17%, 22.73%, and 1.14% respectively.
Madhugiri has an overall 30.30% of equivalence at the same time, moderate, severe,
and extreme dry spells are at 5.30%, 27.65%, and 3.03% respectively. Pavagada has
moderate, severe, and extreme dry events with a similarity of 3.41%, 24.62%, and
2.65% respectively with 23.11% being the total match. Sira with a total of 28.03%
shows moderate, severe, and extreme spells at 4.55%, 27.65%, and 1.89%
respectively. Tiptur has an overall 26.52% harmony while 5.3%, 25%, and 1.14% are
the similarity for moderate, severe, and extreme droughts. Tumakuru has 27.27% in
the entirety while moderate, severe, and extreme dry are defined with 7.2%,
23.48%, and 2.27% respectively. Tumakuru-1 hold a total of 28.79% commonality all
the while with the moderate, severe, and extreme dry event being 6.82%, 22.73%,
and 1.52% respectively. Turuvekere displays 26.89% for all categories with 5.30%,
24.62%, and 1.14% for moderate, severe, and extreme dry extremes respectively.
The data concerning the detailed statistical analysis is attached in the
supplementary material. The correlation of the datasets for wetness indicated by
the index can be understood by looking at the stations individually. Kunigal shows a
very low match for severe at 0.38% while extreme and moderate wet conditions are
at 5.68% and 4.92% respectively. The extreme, severe, and moderate event of Tiptur
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shows a similarity of 5.68%, 2.65%, and 1.89% respectively. It is necessary to talk
about the disparity or the similarity expressed in the data to draw further analysis.
For the RAI, with a range of -4 to +4, the result obtained fluctuates from -10 to +10,
and a few scattered data beyond this range. The data results carry a fairly similar
correlation as we see an average of 4 rmse throughout the year. In comparison of
each month for the severe dry condition, both rain gauge and TRMM data show
about 25% of similarity in drought months while all other categories are below 5%.

Figure 36: Pearson correlation of rain gauge and TRMM 3B43 for RAI
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Figure 37: RAI plot for rain gauge versus TRMM from 1998 to 2019
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Figure 37: continued

6.3.5. Modified China Z Index

The result of the index varies only slightly beyond the limit of the -2 and +2 defined.
Under normal conditions, the index shows about 61% of a match between the data
sets. Koratagere and Pavagada are chosen as the two representative stations to
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describe the index from Figure 40.

Figure 38: Pearson correlation of rain gauge and TRMM 3B43 for MCZI

August to September of 2016 experienced extreme drought conditions according to
both the datasets in Koratagere station apparent from the figure and the rest of the
data also finds similarities to a certain extent. While Pavagada shows contradictory
conditions between the datasets. For example, May 2003 had the wet condition as
seen from rain gauge data while TRMM shows drought. As expressed in Figure 39,
the average rmse is about 0.68 with the months from April to October carrying
higher values compared to the other months in all the stations. Tiptur in August
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(-2.71) and Pavagada in December (-3.16) are the only stand-out values among all
the stations while all other t-test values are closer to zero. From Figure 38, we find
that the coefficient values are only positive with March holding the largest
values.Chikkanayakanahalli shows an overall match of only 10.61% while there is a
correlation of 0% for extreme drought, severe and moderately dry conditions
account for 0.76% and 0.38% respectively. Gubbi holds an overall match of 19.32%
while moderate and severe drought is defined by 1.89% and 0% respectively.
Koratagere exhibits an overall 13.26% match and 1.89% for moderate and 0.38% for
severe drought. Kunigal has 0 for both severe and extreme while moderate drought
makes a 0.38% correlation only. Madhugiri with an all-around 11.36% equivalence,
has 1.52% for moderate and 0.38% for the extreme dry event being the only station
with a slight value for extreme drought conditions. Pavagada has an overall of
15.53% harmony while there is absolutely no correlation for any of the drought
categories at all. Sira has no match for severe and extreme drought categories while
moderate drought is 0.38%. In total, Sira has a 7.95% match for all categories. Tiptur
recorded a total of 7.2% similarity on the whole and 0.76% for a moderate and
severe dry spell while extreme drought found no match. Both Tumakuru and
Tumakuru-1 stations show a total of 6.82% correlation while both severe and
extreme drought are 0. Moderate drought for Tumakuru and Tumakuru-1 is 0.38%
and 0.76% respectively. Turuvekere station had a 14.03% match for all categories
and 0.38% for moderate drought. There is no match for severe and extreme drought
for this station. Koratagere had values for extreme, severe, and moderate wet
scenarios respectively at 1.14%, 2.65%, and 2.27%. Pavagada holds the value of
1.52% for both extreme and severe wet conditions and 1.89% for moderate wet
conditions.

Figure 39: RMSE of 3B43 and rain gauge dataset for MCZI from 1998 to 2019
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Figure 40: Monthly heat map for MCZI
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Figure 40: continued
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Figure 40: continued

MCZI index shows greater similarity to the scatter diagram as the range of values is
close to the defined range of -2 to +2. Few of the points reach up to +2.5. The rmse is
fairly lower and again holds consistency for all the months of the year. The months
indicating normal conditions match up to 61% of the datasets while all other category
indicates a match of less than 1% when comparing the rain gauge and TRMM data of
each month.
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6.3.6. Percent of Normal

The percent of the normal index gives the percentage of rainfall at a particular time
with respect to the long-term normal rainfall value. PN values for both rain gauge and
TRMM-3B42 data were derived to verify the compatibility of the data to determine the
drought conditions.

Figure 41: Pearson correlation of rain gauge and TRMM 3B43 for PN

None of the eleven stations shows an exact match of the PN value from two data
sources as there are variations found throughout the output. At certain locations
and times, TRMM depicts drought while the rain gauge describes flood-like
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conditions and vice versa. Referring to Figure 43, Gubbi shows a good correlation
between the two datasets while holding an apparent shift throughout the period at
the same time following a similar pattern of graph While Tumakuru-1 shows polar
opposite values in many instances. The error is maximum in January and February
while the minimum is for September and October (Figure 42). All the values for the
t-test resulted in a nearly zero value indicating a null hypothesis. Figure 41 indicates
that January has the minimum correlation and March has the maximum correlation
for various stations. Gubbi shows a negative coefficient for January. The maximum
match found for overall value is at Chikkanayakanahalli station with 27.65%. The
similarity for drought is 0.76%, 1.52%, and 26.89% for moderate, severe, and
extreme events respectively. Gubbi has a total of 26.14% similarity and moderate,
severe, and extreme events correlate 0.76%, 1.89%, and 25.76% respectively.

Figure 42: RMSE of 3B43 and rain gauge dataset for PN from 1998 to 2019

Koratagere holds a total of 26.14% for all and 0.383%, 1.14%, and 24.62%
respectively for moderate, severe, and extreme dry spells. Kunigal has 1.52%,
0.76%, and 21.97% for moderate, severe, and extreme dry spells respectively, and
25.76% on the whole. Madhugiri station has a total of 24.24% while moderate,
severe, and extreme events recorded 0.38%, 0.76%, and 26.52% respectively.
Pavagada shows a total of 23.48% similarity while severe and extreme events find a
similarity of 0.38% and 23.86% respectively. Moderate dry event finds no match for
this station.

Sira finds a total of 26.52% harmony while moderate, severe, and extreme events
are at 0.76%, 1.52%, and 26.14% respectively. Tiptur though having a total of
21.21% match, has no match for severe dry events. Moderate and extreme dry spells
are defined with 1.52% and 23.86% respectively. Tumakuru has a total of 23.86%
match for all categories and 0.38% match for both moderate and severe drought
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and 21.97% for extreme drought conditions.

Figure 43: Overlapping temporal distribution of PN with drought severity
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Figure 43: continued
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Figure 43: continued

Tumakuru-1 has the least match for percent of normal index with a total of 10.23%
on the whole. There is only a 0.76% and 13.26% match for a moderate and extreme
dry period while the severe dry event has no match at all. Turuvekere has a 22.7%
similarity while moderate, severe, and extreme events have 0.38%, 1.89%, and
22.73% respectively. To define the correlation for the wet events, most of the
stations have 0% similarity when it comes to the severe wet event except for
Kunigal, Madhugiri, and Tumakuru all at 0.38%. Gubbi station recorded 18.18% and
1.89% for extreme and moderate wet events respectively. Tumakuru-1 recorded the
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least correlation of 10.98% for extreme and no match for the moderate event in the
wet category. Percent of normal holds values way beyond the range reaching up to
400 on an average while scatters beyond 1000. We see a large fluctuation of the
index value from the defined value. The rmse value also varies in the larger sense.
The months matching for extremely wet and extremely dry conditions are 18% and
23% respectively. All the other conditions have a value of less than 1% when
comparing the rain gauge and TRMM.

6.3.7. Deciles Index

The deciles plotted in Figure 46 show the example of Sira and Tumakuru-1 stations.
While Sira shows a great correlation between TRMM and rain gauge especially in 2005
and 2010 following a very similar pattern, Tumakuru-1 witnesses a stark difference
between the two datasets showing a greater difference. The plot of TRMM and gauge
data for the time 1998 to 2019 shows a very good correlation. This is evident by the
similar peaks found in the year 2004 and 2015 especially.

Figure 44: RMSE of 3B43 and rain gauge dataset for DI from 1998 to 2019

While comparing the total number of months for various categories, there is a very
good correlation between the datasets. Most of the results agree with each other with
a variation of not more than 5 months with an exception of normal and extremely dry
conditions. While there is a certain match for the normal condition, extremely dry
months do not match for any of the stations and there is a bigger gap between the
values obtained.

The deciles as per Figure 44 show an average error of 2.81 while the maximum is
seen in December and January. The t-test resulted in zero for the months April to
November while the rest of the months recorded majorly negative values. The
Pearson correlation coefficient in Figure 45 shows a good positive correlation of 0.6

Ph.D. Thesis Page 113



6 Validation of IMD and TRMM data for drought analysis

on average. Chikkanayakanahalli station shows a good correlation of 28.41% on the
whole. The extreme wet and extreme dry events show a match of 8.71% and 17.05%
respectively. Moderate dry and severe dry showed 1.14% and 1.18% only.

Figure 45: Pearson correlation of rain gauge and TRMM 3B43 for DI

There is no match at all for moderately wet conditions. Gubbi values also find an
equivalence of 28.41% for all. 0.76%, 1.52%, and 16.67% are equal for moderate,
severe, and extremely dry conditions respectively. Koratagere has an overall of
20.08% of the match.
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Figure 46: DI plot for rain gauge versus TRMM from 1998 to 2019
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Figure 46: continued

The percentage match for the moderate, severe, and extreme dry spells is 1.14%,
1.52%, and 12.88% respectively. Kunigal displayed a total of 23.48% similarity. Also,
the match for the moderate, severe, and extreme dry periods is 0.76%, 2.27%, and
14.02% respectively. Madhugiri portrays a total of 23.86% match between the
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values. The similarities for the moderate, severe, and extreme dry period is 1.14%,
1.52%, and 12.12% respectively.

Pavagada shows an overall 20.45% similarity. For moderate, severe, and extreme
dry events, there is 0.76%, 2.65%, and 9.85% harmony respectively. Sira in the total
exhibits 25.38% common values. The percentage of similarity for the severe and
extreme dry periods is 1.52% and 15.15% respectively. There is no match for the
moderate dry event at all. 27.97% is the total match for Tiptur station. For
moderate, severe, and extreme dry period is 0.76%, 1.14%, and 11.36% respectively.
Tumakuru has a similarity of 25.76%. The dry period severity has a match of 1.14%,
1.89%, and 14.02% respectively for moderate, severe, and extreme. Tumakuru-1
displayed a total of 24.62% similarity. Also, the match for the moderate, severe, and
extreme dry periods is 1.14%, 1.89%, and 13.26% respectively. Turuvekere on the
whole shows 21.59% similarity. 0.76%, 2.27%, and 13.64% of equivalence are found
for moderate, severe, and extreme dry spells respectively. Sira and Tumakuru-1
showed better responses with 9.47% and 8.71% respectively for extremely wet
conditions, 3.79%, and 3.41% respectively for severe wet conditions, and 3.979%
and 0.38% respectively for moderate dry conditions. The deciles index carries a
comparatively lower value holding good for all seasons. The index exhibits 9% and
14% respectively for extremely wet and extremely dry conditions. Under severely
wet, and normal conditions, there is about 3.5% of correlation while the rest of the
value lies below 2% for the rain gauge and TRMM data.

6.3.8. Comparison of rain gauge and TRMM through indices

The scatter plot for RAI, MCZI, and PN are utilized to draw a comparison between
the indices. The plots indicate the index value obtained from both the rain gauge
and TRMM. Figure 47 represents the scatter plot of RAI with the R2 value of 0.2599
indicating the variance in the data. For the MCZI, data falls on the trend line defined
by y = 0.6125x + 0.1232 with the variance not going beyond 0.3523 which indicates
the similarity portrayed by the data (Figure 47). The index includes values that go
way beyond the limits defined for it with the R2 being a low 0.1934 as seen in Figure
47 for the Percent of Normal Index. The result of the indices shows 26%, 35%, and
19% respectively for RAI, MCZI, and PN. For RAI, the values are mainly concentrated
from -5 to +10 while MCZI ranges from -2 to +2.5 and PN ranges from 0 to 400 obtained
in this research wherein we see the maximum accumulation of the correlated data.
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Figure 47: Scatter plot of indices

6.4. Conclusion

Mitigating disasters like drought is a challenge requiring powerful tools. Precise
data helps us determine the Spatio-temporal distribution and helps in monitoring
the situation. The study aims at providing a suitable data source to determine the
condition of meteorological drought.
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• Although a clear result was not determined from the study regarding the
effectiveness of the datasets, a lot is understood in terms of how different
indices respond to different datasets. There is greater compatibility in
long-term data and a bigger area.

• The result of PN shows a good match for moderate drought since the frequency
of moderate drought is much higher. There are very few severe and extreme
drought events and hence the probability of finding similarities becomes even
slimmer.

• Among the four indices, MCZI bears the most similarity between the TRMM and
gauge rainfall data.

• There are extreme variations in the index value, especially of TRMM data going
way beyond the given range of the data which again poses difficulty in
validation.

• While comparing each month data, all the drought indices show relatively low
homogeneity between the two data sets which is represented in the
percentage comparison of the datasets. But on the whole, when comparing
the individual number of months for each station for each category of
drought, there is a much higher similarity between the data sets. From this,
we can concur that rain gauge and TRMM show a nearly equal amount of
drought categories when talking about long-term data. Since the number of
months of individual data for each category shows a good match.

The scope of the research lies in meteorological drought monitoring by using suitable
data and also serves as a means to build atmospheric models of high accuracy and
resolutions.
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7. Conclusion

The objective of the study is to identify the drought prone area of Tumakuru district
and carry out analysis of the spatio-temporal characterization of meteorological
drought. Non-parametric tests were employed to understand the rainfall trend and
change point analysis was done simultaneously. Different methods of measuring
rainfall such as ground based rain gauge data was correlated with satellite based
precipitation product using multiple drought indices and statistical methods.
7.1. Outcome of the study

The analysis and interpretation of the obtained results have helped to arrive at
various conclusions about the drought scenario in the Tumakuru District. The
outcome of the research has been presented specific to the objectives.

The drought hazard and prone area of Tumakuru District was investigated using the
precipitation dataset through the means of SPI. The analysis revealed that instances
of wet period in certain seasons of particular years but the abundance of dry spell
was evident significantly. The years 1961, 1963, 2006, and 2007 showed prominent
dryness in the annual scale. SPI has proven useful in identifying the pattern of
drought in the region.

Characterization of the meteorological drought is interpreted by means of both SPI
and SPEI. The use of SPEI which uses precipitation and evapotranspiration
parameters while puts into perspective the role of temperature in drought study in
comparison to SPI which uses only precipitation parameter. The study carried out at
multiple timescales of 1-, 3-, 6-, 9-, 12-, and 24-month shows the fluctuations in
seasonal drought at varying degrees. Both the indices gave consistent results at
longer timescales but the correlation was very poor at shorter timescales.

Understanding the historical data is very important to understand the trend in the
region and also to predict the future trend and take suitable measures to manage
the water resources. MK and SS being the proven methods to study trend, MMK and
ITA methods are newer and advanced methodologies for the same purpose. The
advantage of ITA over MMK in the detection of long-term rainfall pattern is
observed. The magnitude and the variability of the rainfall can be determined. In
the annual and the seasonal timescales, MMK showed higher instances of
significant increase in the trend in comparison to the ITA. A good correlation is also
noticed for the z score of both ITA and MMK results while a consistent fluctuation is
also witnessed for the stations.

Although there is a continuous change in the trend of rainfall observed throughout,
the similar pattern can be seen, and this pattern tends to change periodically. The
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change is obtained through the change point detection tests, to understand at what
period, the trend began shifting. Change point was observed for a few stations and
there is no regularities between the stations. Buishand and Pettitt test show similar
results. ARIMA model helped provide a basic perspective on hoe the long term rainfall
data can project the future pattern.

Basing off of reliable data source is important to arrive at accurate analysis and hence
ground based and satellite based precipitation datasets are compared to understand
the differences between them. Statistical techniques helped to analyse the deviation
between the two products while the indices showed as to which was a better fit to
study drought. MCZI showed the highest correlation for the data products.

7.2. Recommendations

Based on the findings of the research, recommendations are proposed for the
betterment of the Tumakuru District.

1. The available spatial distribution of the data points is 0.25 degrees which is
much higher resulting in only 11 grid points within the study area. In order to
understand the minor variation in the spatial distribution of the precipitation,
an increase in the density of the ground points is suggested in order to rise the
accuracy of the results.

2. The ARIMA model used to predict the rainfall is a very simple model considering
only the precipitation parameter. Since various meteorological, climatological
and anthropogenic factors influence the rainfall, a better suited model using
multiple parameters can be used to do rainfall forecasting.

3. It is recommended that the influence of the urbanization, change in land
cover, agricultural practices and other anthropogenic parameters be looked
into since they have a huge role in inducing drought conditions.

4. Agricultural practices in the area are mostly dependent on rainfall and the
fluctuation in the monsoon pattern has had a severe impact on the yield.
Addition of soil moisture data in the drought analysis will provide a better
perspective to understand the agricultural drought.

5. Crop yield decreases when rainfall fails and the socio-economic condition of
the people is impacted. Farmers should be advised to grow crop which require
less water and can adapt to fluctuation in monsoon.

6. To combat the growing stress on water requirement as a result of rapid
urbanization and industrialization, water harvesting structures, rooftop rain
water harvesting and other methods of preserving rain water must be made
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mandatory.

7. The techniques used in the result though talks specifically about drought can
also be extended to the study of flood. Furthermore, the fluctuation of
groundwater should also be studied to know the full extent of drought on
hydrological system.
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