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Assessment of rainfall variability and drought is essential to address the existing water crisis and water
resources management. This study was carried out to assess the rainfall variability, meteorological
drought and relative response of a water supply reservoir located in Chennai Metropolitan, India. Spatial
and temporal variation of rainfall and drought across the river basin was assessed using historical rainfall
records from 1978 to 2016. A significant number of rainfall stations show increasing trends in postmonsoon and northeast monsoon. The annual rainfall is concentrated for less than six months and shows
an irregular to strongly irregular distribution. The degree of variability in monthly rainfall reveals
markedly seasonal with long dry periods. Three different drought indices such as rainfall deviation
method, Standardized Precipitation Index (SPI), Standardized Precipitation Evapotranspiration Index
(SPEI) were used and compared to identify the meteorological droughts. The duration of meteorological
drought events in this region ranged from 3 to 9 months. IdentiBed drought events reveal that the rainfall
deBciency in the northeast monsoon causes most of the meteorological drought. The reservoir system has
higher response and coherence with SPI at a higher time scale. So, SPI can be used to represent the
hydrological drought in higher time scales. Hence, SPI is recommended as more appropriate for drought
assessments for this region. The large scale atmospheric circulations have moderate impacts on drought
events in this region. The outcomes of this study could be useful for better drought and water resources
management.
Keywords. Rainfall variability; meteorological drought; SPI; SPEI; reservoir management.

1. Introduction
Urbanization and industrialization have led to
improved living standards, but have inevitably
contributed to the burgeoning water demand
throughout the world. This situation is further
predicted to aggravate, with the urban population
expected to reach/cross 6.3 billion by 2050 (UNHABITAT 2010; WWAP 2015). While urbanization poses a great challenge in ensuring adequate

water supply, climate change modiBes the occurrence of rainfall in time and space (Fl€
orke et al.
2018). The mitigation of the eAects of climate
change necessitates making rapid, far-reaching and
unprecedented changes in all aspects of society
(Masson-Delmotte et al. 2018), in the absence of
which, this condition will continue to increase the
probabilities of hydrologic extremes. Nearly 20% of
the world’s population is estimated to be at-risk by
2050 (WWAP 2018), with droughts becoming a
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matter of concern. Drought, a chronic, long-term
problem is arguably the greatest threat from climate change (WWAP 2018) and requires a
detailed assessment. The vulnerability to drought
in an urbanized region depends on various factors
such as rainfall variability, infrastructure for water
supply such as reservoir, lakes and ponds, rate and
spatial growth of urbanization, local geology,
adaptation by the people, atmospheric circulations
like El-Nino and a combination of the above factors
(Dracup et al. 1980; Wilhite and Glantz 1985;
Srinivasan et al. 2013; Thomas and Prasannakumar 2016).
Determining the impacts of drought on an urban
hydrological system is a priority, as this may
otherwise cause acute water scarcity, with environmental and socio-economic eAects (Mallya et al.
2015). Water supply reservoirs in urban regions
throughout the world play a vital role in tackling
challenges posed by rapid urbanization and various
hydro-climatic extreme events. Sustaining the
reservoir storage mainly depends on the rainfall
occurrence, reservoir inCow and outCow. Since
reservoir operations also have significant impacts
on hydrological systems, it makes it difBcult to
determine the role of rainfall variability on drought
assessment (Lorenzo-Lacruz et al. 2010). In such
drought assessments, the major uncertainties that
need to be accounted for, are rainfall variability
and propagation of drought through the hydrological cycle (Vicente-Serrano et al. 2017; Xu et al.
2018).
The variability in rainfall and hydro-meteorological drought have been analyzed at diverse
spatial and temporal scales by various researchers
to identify, evaluate and provide solutions for
drought conditions across the world. Several
drought indices were used for a comprehensive
assessment of drought severity, intensity, and
magnitude (Karumuri 2001; Livada and Asimakopoulos 2005; Bhuiyan et al. 2006; Akre and
Nagrale 2012; Kundu et al. 2015; Mallya et al. 2015;
Mondal et al. 2015; Abeysingha et al. 2016; Chatterjee et al. 2016; Thomas and Prasannakumar
2016; Chandniha et al. 2017). The major uncertainties and difBculties reported in these drought
assessments suggest a regional assessment of rainfall variability and hydro-meteorological drought
(Mondal et al. 2015; Abeysingha et al. 2016;
Chatterjee et al. 2016; Thomas and Prasannakumar 2016; Chandniha et al. 2017; Vicente-Serrano
et al. 2017; Deng et al. 2018; Tan et al. 2018). Also,
it is essential to Bnd the current relationship

J. Earth Syst. Sci. (2021)130:17
between rainfall variability and hydro-meteorological drought. This can be found using various
hydrological subsystems such as reservoir inCow,
reservoir storage, river discharge, dam and canal
operation (Lorenzo-Lacruz et al. 2010).
In the above context, a few studies have investigated the eAects of reservoir operation on drought
and the streamCow in a highly regulated system
(Piqu
e et al. 2016; Vicente-Serrano et al. 2017).
Lorenzo-Lacruz et al. (2010) and Vicente-Serrano
et al. (2017) have studied the relationship between
multi-scalar drought indices and reservoir system
inCow, outCow and storage. Yu et al. (2019) studied the propagation of meteorological drought to
hydrological drought on a watershed scale. These
studies were done in the climatic region, where
water availability is in distress due to its hydroclimatic conditions. Moreover, the water resources
and disaster management strategies require an
understanding of rainfall variations and hydrometeorological drought at the regional level, irrespective of the climatic conditions. However, no
such studies have been reported for the Chennai
Metropolitan city, which has high water stress and
is thereby prone to frequent drought. Hence, this
study aims to apply rainfall and drought indices
and statistical methods to analyze the spatio-temporal rainfall variability, hydro-meteorological
drought, and its response from a water supply
reservoir located in the Chennai region. Adyar
River, which Cows through the Chennai
Metropolitan city, Tamil Nadu, India, and Chembarambakkam reservoir, present in this sub-basin,
were considered for this study. Three types of
meteorological drought indices were used and
compared to Bnd a suitable index for this region.
The relationship between meteorological and
hydrological drought was analyzed using statistical
methods.

2. Materials and methods
2.1 Study area
Adyar is one of the important rivers that Cow
through Chennai city. It is a non-perennial river
that Cows towards east and drains into the Bay of
Bengal. The total area of this sub-basin is 828 km2.
Figure 1 represents the Adyar sub-basin along with
the water bodies, Chennai city and greater Chennai
area. The topography of the entire sub-basin is low
lying, Cat and it rises slightly as the distance from
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Figure 1. The study area.

the sea-shore increases with the elevation ranging
from 1.32 to 161.63 m. This area has a semi-arid
tropical climate with high humidity and a mean
annual temperature of 30°C. The annual rainfall of
the Adyar sub-basin varies from 1063 to 1447 mm
with an average of 1282 mm and a standard deviation of 428 mm. Northeast (NE) monsoon (October–December) is the predominant rainfall season
which contributes to about 56%; subsequent contributions are southwest (SW) monsoon (June–
September) 36%, pre-monsoon (March–May) 6%
and post- monsoon (January–February) 2%. Land
use of this sub-basin consists of about 30% of
urbanized, 30% of agriculture and the remaining
40% are scrubland, water bodies and forest. This
sub-basin mainly contains clayey soils, beach sand
and alluvial soil (Balakrishnan 2008).
The Chembarambakkam reservoir present in the
Adyar sub-basin was serving as an irrigation source
for over 5000 hectares of registered ayacut, but in
the recent past agriculture activity in this region
has been reduced drastically because of the conversion of lands for urban uses and reasons of
uneconomical production costs (State of environment report of Chennai Metropolitan Area 2013).
Currently, the upstream area of the Chembarambakkam reservoir has higher agriculture use (38%
of Chembarambakkam sub-basin) and very minimal agriculture activity is being carried out in the
ayacut area. The urbanization and population

growth in Chennai city between 1978 and 2018 is
nearly 2.5 times, i.e., 176 km2 of city area with a 30
lakh population in 1978 and 426 km2 with 74.38
lakh in 2018 (CMWSSB 2020). This growth has
increased water demand from 240 million litres per
day (MLD) to 830 MLD in the same period. To
meet this demand, usage of surface reservoirs for
domestic water supply become essential. The predominant source of surface water resource to
Chennai city is the runoA generated during monsoon periods that are stored in four surface reservoirs, i.e., Poondi, Cholavaram, Redhills and
Chembarambakkam. About 75–125 million liters
per day of water is supplied to Chennai city from
these reservoirs, depending on the availability of
water (CMDA 2008). The Chembarambakkam
reservoir is one of the major water supply sources
of Chennai city with a capacity of 103.21 Mm3. It
supplies 0.01–0.5 Mm3 of water to 0.1–5 million
people at an average of 100 liters per capita per day
depending on the availability of water. Hence, the
role of Chembarambakkam reservoir is critical in
water supply to Chennai city. However, a rapid
increase in the population coupled with the decline
of the water resources resulting in a lesser quantity
of water availability. Also, the reservoir storage is
subject to high evaporation and seepage losses
accounting for about 40% of the total inCow due to
climate, soil type and shallow water depth (CMDA
2008). This situation has pushed Chennai city to
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suffer acute water scarcity periodically. For
instance, during the meteorological drought, the
Chennai Metropolitan Water Supply and Sewerage
Board utilizes the water left in the abandoned
quarries around the city to manage the water
shortage (The Hindu 2017).

of the time series may aAect detecting the trends
in both positive and negative correlations. So, it
has been veriBed and accounted for using the
white-noise test, normality test, and autocorrelation
method before using time series data (Basistha et al.
2009).

2.2 Data collection

2.3 Rainfall characteristics and trends

Daily rainfall data of 20 rain gauge stations within
and outside the Adyar sub-basin from 1978 to 2016
(Bgure 1), were collected from the Public Works
Department (PWD), Tamilnadu and India Meteorological Department (IMD), Chennai. Ten percent of the missing values were Bxed as threshold
values for rainfall analysis and the stations which
have more than 10% of missing rainfall have been
neglected from further analysis due to its severe
impacts on the rainfall extremes and trends estimation. Four Homogeneity tests were used in this
study to identify the breaking years, i.e., Pettit’s
test (Pettitt 1979), Standard Normal Homogeneity
Test (SNHT) (Alexanderson 1986), Buishand’s test
(Buishand 1982) and Von Neumann’s test (Von
Neumann 1941) to check whether the breaks have
occurred within the study period. These tests help
to analyze the data series to identify the changes in
distribution, changes in average and the presence
of trends. These four methods have a uniqueness in
detecting the breaking year, i.e., Pettit and Bushand’s tests evaluate the breaks in the center of the
data series, whereas the SNHT detects it at the
beginning of the data series, whereas Von Neumann’s test is to check whether the breaks had
occurred within the study period. The results are
classiBed as useful (none or only one test rejects the
null hypothesis), doubtful (two of the test reject
the null hypothesis), suspect (three or all tests
reject the null hypothesis) (Tan et al. 2018). The
doubtful and suspect rainfall stations can be compared with the nearby useful rainfall stations for
the cross-validation of these results. This validation can help to understand the inhomogeneity in
the rainfall information.
Chembarambakkam reservoir inCow, storage,
and release data from 2004 to 2016 were collected
from Chennai Metropolitan Water Supply and
Sewerage Board (CMWSSB). Skewness in the
time series data was tested before applying trend
analysis. Since the skewness was less than 10%,
the Mann–Kendall test was used to detect the
trend in the rainfall time series. Autocorrelation

Monthly rainfall data of the selected rain gauge
stations were used to derive the seasonal and
annual data series. Subsequently, mean, standard
deviations (SD) and coefBcient of variations (CV)
have been estimated for the monthly, seasonal
and annual series. This can be used to understand
the yearly changes and risks in water availability
in the basin (Sushant et al. 2015). The inverse
distance weightage interpolation method in a GIS
environment was used to prepare the spatial
average seasonal rainfall variation map. In addition to this, the precipitation concentration index
(PCI) and seasonality index (SI) has been estimated to understand the shift in rainfall concentration and seasonal changes spatially. PCI
(equation 1) was considered as a sign of concentration and erosivity of precipitation (Oliver 1980;
Michiels et al. 1992).
P12

2
i¼1 Pi
 100:
PCIAnnual ¼ P12
ð i¼1 Pi Þ2

ð1Þ

PCIAnnual is the Precipitation Concentration Index
and Pi is the monthly rainfall of the month i. SI was
used to compute the degree of variability in
monthly rainfall data series, which is deBned as the
sum of absolute deviations of mean monthly rainfall from the overall monthly mean, divided by the
mean annual rainfall (Walsh and Lawer 1981). SI
regimes are site-speciBc (Walsh and Lawer 1981;
Livada and Asimakopoulos 2005), hence the mean
SI should be estimated and compared with SI
(Thomas and Prasannakumar 2016). Mean SI is an
average of SI for each year and is deBned as the
sum of absolute deviation of monthly rainfall of the
year divided by the annual rainfall of the year. The
degree of variability in rainfall can be understood
from the ratio of seasonality index and mean
individual seasonality index (Livada and Asimakopoulos 2005). If the ratio is low, the maximum
rainfall is seasonal.
Rainfall regime classiBcation based on SI is given
in table 1.
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Table 1. SI value and seasonality (Walsh and Lawer 1981).
SI value

Seasonality

B 0.19
0.20–0.39
0.4–0.59
0.60–0.79
0.80–0.99
1.00–1.19
C 1.20

Very equable
Equable with a definite wetter season
Rather seasonal with a short drier season
Seasonal
Markedly seasonal with a long drier season
Most rain in 3 months or less
Extreme, almost all rain in 1–2 months

12 

R
1X
X 
SI ¼ 
12
R i¼1

 is the mean rainfall of
SI is the seasonality index, X
the month n, and R is the mean annual rainfall.
A Mann–Kendall trend test was carried out at a
95% significance level to estimate the trends in the
monthly, seasonal and annual data series (Kendall
1975; Abeysingha et al. 2016; Chatterjee et al.
2016; Thomas and Prasannakumar 2016; Chandniha et al. 2017). Z statistics values can be used to
understand the positive and negative trends of a
series. A positive value implies an increasing trend,
and negative values imply decreasing trends. This
test is advantageous, since it is a non-parametric
test and exhibits low sensitivity towards sudden
breaks in the data series (Sushant et al. 2015).
Also, the magnitude of the trend was estimated
using Sen’s Slope estimator (Sen 1968).
2.4 Drought analysis
Rainfall deBcit over a long period causes difBculty
in determination of drought onset, extent and end
of the event. This study attempts to assess and
compare the meteorological drought with rainfall
deviation from the long-term mean method given
by IMD and National Commission on Agriculture
(NCA), Standardized Precipitation Index (SPI)
which applies precipitation probabilistic approach
(McKee et al. 1993) and Standardized Precipitation Evapotranspiration Index (SPEI) based on the
potential evapotranspiration (Vicento-Sererano
2010a, b).
2.4.1 Rainfall deviation
Drought can be understood from the rainfall deviation from the long-term mean of a particular data
series. If the rainfall received is less than 75% of the
long-term mean, it is deBned as a meteorological

drought (IMD 1971). The percentage deviation
(equation 3) used in this study and its corresponding drought classiBcation is based on
Devappa et al. (2011) derived from IMD 1971 and
NCA 1976
D% ¼

Xi  Xm
 100
Xi

ð3Þ

D% is the deviation from mean, Xi is the annual
rainfall of year i and Xm is the mean annual
rainfall.
2.4.2 Standardized precipitation index
and standardized precipitation
evapotranspiration index
Standardized precipitation index (SPI) developed
by McKee et al. (1993) is a widely used drought
index due to its quality to describe the meteorological drought, i.e., statistical consistency, intrinsic probability nature, applicability to various
climate regions, and Cexibility in the calculation
with various time scales. If SPI value continues to
be negative and reaches –1 or less than that, it is
deBned as the onset of drought, when the SPI
becomes positive, it is considered as the end of the
event (McKee et al. 1993; Hayes et al. 2000). It can
be assessed at various time scales, in which the
short time scales can be closely related to the local
soil moisture; while long time scales can be related
to seasonal water availability, reservoir and
groundwater storage (Keyantash et al. 2018).
Table 2 indicates the classiBcation of drought
events based on SPI. Drought magnitude is calculated as the positive sum of the SPI values for all
the months within a drought event. Drought
intensity is calculated as the ratio between drought
magnitude and its duration (Thomas and Prasannakumar 2016).

Table 2. Meteorological
(Hayes et al. 2000).
SPI value
2.00 or more
1.50 to 1.99
1.00 to 1.49
0 to 0.99
–0.99 to 0
–1.49 to –1.00
–1.99 to –1.50
–2.0 or less

drought

classiBcation
Category
Extremely wet
Severely wet
Moderately wet
Mildly wet
Mildly dry
Moderately dry
Severely dry
Extremely dry
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SPEI, which includes the changes in evapotranspiration in drought analysis was estimated with
the help of SPEI Global Drought Monitor’s data.
The near-real-time data with 0.58 spatial resolution
was used in this study. Thortnthwaite equation
was used for the estimation of Potential EvapoTranspiration (PET) (Vicente-Serrano et al.
2010a, b). An attempt was made to utilize this
database for drought identiBcation and compare
the drought magnitude, intensity, and severity
with SPI and rainfall deviation method.
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Multivariate El-Nino Southern Oscillation Index
(MEI) was developed to monitor ENSO (Wolter
and Timlin 2011) and Indian Ocean Dipole (IOD),
were assessed. MEI is the representation of one of
the most important large-scale atmospheric circulation phenomena. ENSO in the oceans aAects the
climate variability of tropical and sub-tropical
regions on an interannual time scale.

3. Results
3.1 Rainfall characteristics

2.4.3 Hydrological stress indicators
The prolonged meteorological drought can cause
subsequent hydrological and agricultural droughts
in a hydrologic system and it can be identiBed
using various hydrological indicators, i.e., reservoir
inCow, reservoir storage and reservoir outCow
(annual report on natural calamities, Government
of Tamilnadu 2005–2006). Reservoir inCow and
reservoir storage data were used to Bnd out the
relative impacts of the meteorological drought in
this hydrological system. Kolmogorov–Smirnov
and Chi-square tests were carried out to Bnd the
distribution of reservoir inCow and storage data.
For a better understanding of the response of the
reservoir system, StreamCow Drought Index (SDI)
was estimated and assessed. SDI was calculated for
the reservoir inCow series using DrinC software
(Tigkas et al. 2012) at various time scales. Meteorological drought indices, i.e., rainfall deviation
series, SPI and SPEI were used to measure the
degree of association with the hydrological drought
indicators such as standardized data series of
reservoir storage and SDI. Different time scales of
SPI and SPEI were used to Bnd the best time scale
that explains the hydrological variability (LorenzoLacruz et al. 2010). Pearson R correlation test was
carried out to assess the correlation between these
series. Spectral analysis was carried out for the
time series of SDI, SPI, SPEI and rainfall deviation
to conBrm the pattern at various time scales. It
transforms the time series to a sum of sinusoidal
components from which auto-covariance and
autocorrelation functions were converted to a
sinusoid. For transforming time series to sinusoid,
Bnite Fourier transform was used and spectral
density was estimated using a smoothing function
(Guttman 1998; Mendicino et al. 2008). The correlation between hydro-meteorological drought
indices and atmospheric circulations, i.e.,

The inhomogeneity in rainfall information was
identiBed for monthly, seasonal and annual rainfall
series. Four rainfall stations, i.e., Chepauk, Saidapet, Guindy and Poonamallee were neglected from
further analysis due to its high inhomogeneity and
high numbers of missing data. The remaining 16
rainfall stations were homogeneous at an annual
scale, and 10 rain gauges were homogeneous at a
monthly scale. Table 3 shows the list of rainfall
stations with identiBed break years for the monthly
analysis. No inhomogeneity was detected in May,
June, July, August, September, November and
December. Mostly inhomogeneity was identiBed
during 1985–1990 and 1996–1999 in very less
rainfall occurring months from January to April.
The inhomogeneous monthly rainfall series were
veriBed with nearby homogeneous series of the
same month from nearby rainfall stations. Figure 2
shows four monthly rainfall series from the rainfall
series with breaking periods (table 3) along with
nearby homogeneous series. It is understood that
these stations cannot be considered inhomogeneous
because of the breaking point. For example, in
Bgure 2(a and b) February month rainfall series
from Tambaram and Chembarambakkam stations
are compared with respective nearby stations
((Meenambakkam and Kattankulathur) and
(Avadi, Sriperumbudur)). The data from 1980 to
1985 are very high compared to nearby stations so
the February rainfall record of these two rainfall
stations (Tambaram and Chembarambakkam) has
been ignored and an average rainfall of nearby
rainfall stations was used for these months. The
small difference in other series in Bgure 2(c and d)
may be due to high rainfall variation or changes in
the location of the rainfall station.
The annual average rainfall has a significant
correlation with the northeast monsoon (R2=0.75)
and southwest monsoon (R2=0.5). Interannual
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Table 3. Rainfall stations with break periods.
Rain gauge station

ClassiBcation

Time series

Egmore
Meenambakkam
Avadi
Kattankulathur
Tambaram
Chembarambakkam
Chembarambakkam

Doubtful
Doubtful
Doubtful
Doubtful
Suspect
Suspect
Suspect

January
April
October
October
February
February
March

Pettit’s
test

SNHT
test

Buishand’s
test

von Neumann’s
test

1997
1988
1998
1992
1987
1987
1990

1996
1982
1998
2003
1985
1985
1987

1996
1983
1998
1999
1986
1986
1987

1.04
1.22
1.41
1.27
0.12
0.14
1.60

Figure 2. Monthly rainfall of inhomogeneous rainfall stations (a) Tambaram (February), (b) Chembarambakkam (February),
(c) Avadi (October), and (d) Kattankulathur (October) with nearby rainfall stations.

variability of northeast monsoon, southwest monsoon and annual time series is shown in Bgure 3.
The northeast monsoon has a more yearly deviation from the mean and it has a higher inCuence on
the total annual rainfall departure (Bgure 3).
The spatial average seasonal rainfall variation
map for the analysis period is shown in Bgure 4.
Variations can be easily visualized with isohyetal
lines, i.e., the average rainfall increases towards
the coast during the northeast monsoon and vice
versa during the southwest monsoon, whereas the
pre- and post-monsoon do not have definite spatial variations. The maximum rainfall has occurred in the coastal stretch, which is the urbanized
area of the Chennai Metropolitan city (Bgure 4).
This information can be put in place in conjunction with almost all the Cood events that
have happened historically in the northeast
monsoon.

Mean PCI of the Adyar sub-basin varies from 16
to 30 over 37 years of the study. A measure of
dispersion of PCI values in all rainfall stations is
given in Bgure 5(a). It contains PCI ranges and
their corresponding categories as per the classiBcation given by Oliver (1980). The mean PCI values of all the rain gauges vary from 18.03 in
Arakkonam to 23.43 in Egmore. The average PCI
value of all the rainfall stations of the Adyar subbasin was 20.75 over the study duration and it
implies that the annual rainfall has an uneven
distribution (Bgure 5b). Mostly the rainfall concentration is irregular to strongly irregular in the
basin and it can also be visualized from large
variations in PCI near the coastal stretch, i.e.,
Egmore–Nungambakkam–Meenambakkam-1.
The seasonality index of the rain gauge stations
in the study area is given in table 4. Almost all the
stations exhibit SI value around 0.86–0.99, which
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Figure 3. Seasonal rainfall variations of rainfall stations in Adyar sub-basin.

conBrms markedly seasonal with longer drier
periods. From table 4, the Si/Si ratio’s highest and
lowest values have been taken and the long-term
monthly rainfall average of corresponding stations
are plotted as Bgure 6(a) (Egmore) and Bgure 6(b)
(Arakkonam). Egmore receives maximum rainfall
in fewer months, whereas Arakkonam is seasonal in
behaviour.
3.1.1 Trend analysis of monthly, seasonal
and annual time series
In the monthly time scale, about 16% of the
months have statistically significant trends, of
which 14 months have an increasing trend and 17
months have decreasing trends. Increasing trends
were observed mostly from January to May and
some stations exhibit increasing trends from
September to December. About 84% of the months
indicate non-significant trends, of which 57% of
months indicate increasing trends and 43% of
months indicate decreasing trends. Table 5 shows
the Z-statistics estimated for the monthly trend
analysis for all the rainfall stations.
Seasonal rainfall trends of the rain gauge stations
are given in Bgure 7(a–e). In the annual time series,

six stations at 95% significant level indicates significant increasing trends. Considering four seasons
in general, six stations exhibit an increasing trend
in the northeast monsoon, four stations in the
southwest monsoon. Ten stations in post-monsoon
and Bve stations in pre-monsoon have revealed
significant increasing trends. The estimated magnitude of a trend for all the stations for the annual
rainfall series is depicted in Bgure 7(f). The magnitude of stations varies from 4.999 mm/year in
Nungambakkam-1 to 16.759 mm/year in Kattankulathur (Significant and non-significant).
From this analysis, it can be understood that most
of these stations are exhibiting increasing trends in
September, October, November, and December,
whereas the drought in the study area is strongly
related to the monsoon failures (June–December).

3.2 Drought analysis
3.2.1 Rainfall departure from the long-term
mean
The departure from the long-term mean is calculated for monthly, seasonal and annual scale to
understand the rainfall deBcits. The annual
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Figure 4. Spatial variation of seasonal rainfall (a) post-monsoon, (b) pre-monsoon, (c) southwest monsoon, (d) northeast
monsoon, and (e) annual rainfall.

deviation from 1980 to 2016 is depicted in Bgure 8,
which indicates excess rainfall to extreme drought
conditions. This can also be used to understand the
rainfall availability before and after the events. The
rain gauges in Bgure 8 are arranged in such a way
that, distance from the coast is increasing from
Mylapore to Arakkonam. Based on the IMD
classiBcation, mild drought conditions (20–25%
deBcit) are frequent in the study area during the
study period. In the year 1980–1981, it was mild
drought to moderate drought (26–45% deBcit) and
in some areas (Tambaram and Kattankulathur)
severe (45.01–70.00% deBcit) to extreme drought

conditions (more than 70.01% deBcit) has occurred.
The annual rainfall deviation in the years 1986,
1992, 1999 and 2000 indicates partly mild drought
to a moderate drought year. During these years, few
rain gauges have been recorded with average annual
rainfall. In the year 2002–2003, it was mild to
extreme drought throughout the basin. The excess
rainfall (more than 20% excess) years 1995, 1996,
2005, 2008 and 2015 can be visualized from Bgure 8.
The analysis gives a perspective that the meteorological drought phenomena are frequent over the
years. Mostly moderate drought occurs after a mild
drought and vice versa over the study period.
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Figure 5. PCI. (a) Variations in all rainfall stations and (b) average PCI series of Adyar sub-basin.
Table 4. Seasonal index and individual mean seasonal index.

Sl. no.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

Station

Seasonal
index

Mean seasonal
index (Si)

Linear correlation
coefBcient

Si=Si

Nungambakkam
Egmore
Kancheepuram
Sriperumbudur
Avadi
Chembarambakkam
Kattankulathur
Meenambakkam
Tambaram
Chengalpattu
Arakkonam
Thiruvallur
Nungambakkam-1
Meenambakkam-1
Mylapore
Taramani

0.97
0.99
0.90
0.94
0.98
0.94
0.95
0.92
0.96
0.99
0.86
0.92
0.95
0.94
0.96
0.92

1.02
1.03
1.02
1.02
1.03
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.01
1.02
1.01
1.02

0.97
0.90
0.95
0.97
0.96
0.97
0.97
0.97
0.96
0.98
0.97
0.97
0.98
0.92
0.98
0.98

0.95
0.97
0.88
0.92
0.96
0.92
0.94
0.91
0.94
0.97
0.85
0.90
0.94
0.92
0.95
0.91

3.2.2 Standardized precipitation index (SPI)
and standardized precipitation
evapotranspiration index (SPEI)
The drought was evaluated using SPI at various
time scales from 1-month to 12-month. Figure 9

depicts the meteorological drought estimated for
Chembarambakkam rainfall station using SPI at
1-month, 3-months, 6-months and 12-months time
scales. It indicates that when the time scale
increases, the range of SPI values has been
improved but the representation of the dryness has
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Figure 6. Monthly average rainfall (a) Egmore rainfall station and (b) Arakkonam rainfall station.

not been improved. When the duration of analysis
increases, the distribution of drought magnitude
also increases, implying that a small time scale may
be attributable to the soil moisture and large time
scales to streamCow, reservoir storage, etc. Since
this region is receiving major rainfall from the
southwest (June–September) and northeast monsoon (October–December), most of the time the
meteorological drought condition can be changed
in three to four months. So, the SPI 3-month scale
was used for the assessment of drought.
Eight drought events were identiBed and
compared with SPI and SPEI along with monthly
rainfall deviation. Table 6 displays the intensity,
magnitude and severity of the meteorological
droughts.
3.2.3 Hydrological drought
Six hydrological drought events were identiBed
using SDI from 2003 to 2016 are listed in table 7.
The most severe drought occurred between 2003
and 2005 with 22 months duration. The other three
major droughts occurred in 2006–2007, 2009–2010
and 2016–2017 with 14, 9 and 7 months duration.
These major hydrological drought events were
occurred mainly due to the deBcit in the rainfall.
Further, the response of the reservoir system was
assessed with meteorological drought events identiBed between 2004 and 2016 (table 6). In which,
2004–2005 drought is due to the failure of northeast
monsoon, whereas 2012–2013 was due to the failure
of two major monsoons, i.e., southwest and northeast monsoon.
4. Discussions
Meteorological drought can be assessed using
various indicators. Applying one or more than
one indicator for drought assessments has been

reported in a few studies (Thomas and Prasannakumar 2016). In this study, three different indicators were used for the drought assessment. Though
these indicators identify the meteorological
drought events in a similar pattern, there are slight
variations between them in identifying the onset,
termination and intensity of drought. The rainfall
deviation method can only give the percent of
deviation, while SPI and SPEI can provide information on onset, termination and intensity. The
magnitude of two major drought events that
occurred recently during 2002–2003 and 2012–2013
estimated with SPI and SPEI indices are shown in
Bgure 10. In terms of time scale, usage SPEI follows SPI, whereas the magnitude of the drought
identiBcation differs from the SPI. Since the SPEI
is accounting for the eAects of PET, the drought
intensity is slightly higher than the SPI (Bgure 10).
The average dry periods are higher for some
rainfall stations in SPEI compared to SPI in all
time scales for this basin. Considering trend analysis, rainfall characteristics and three drought
assessment methods used in this study, the rainfall
deviation method can be used for the data-scarce
situation, whereas SPI can be used where the longterm rainfall data is available and temperature
data is scarce. The use of SPEI maybe suggested in
long-term studies that involve an increased number
of drought frequency and intensity due to climate
change.
4.1 Response of reservoir system to
hydro-meteorological drought
The response of reservoir system to meteorological
drought events (2003–2004 and 2012–2013) was
analyzed using a standardized series of reservoir
storage and reservoir inCow. The distribution of
the data series was tested for various distributions,
i.e.,
normal,
Gumbel’s
and
exponential.
Figure 11(a) depicts the reservoir inCow variations

0.105
0.036
0.048
0.065
0.052
0.062
0.099
0.012
0.101
0.153
0.030
0.029
0.144
0.108
0.065
0.054
0.257
0.099
0.295
0.029
0.117
0.286
0.162
0.15
0.211
0.003
0.258
0.011
0.189
0.105
0.095
0.014
0.048
0.120
0.029
0.150
0.071
0.127
0.120
0.030
0.027
0.011
0.177
0.232
0.060
0.083
0.096
0.180
0.333
0.015
0.276
0.006
0.024
0.092
0.150
0.050
0.063
0.146
0.002
0.077
0.018
0.002
0.089
0.143
0.048
0.171
0.124
0.012
0.103
0.054
0.003
0.051
0.063
0.137
0.063
0.072
0.042
0.035
0.145
0.018
0.524
0.074
0.371
0.014
0.073
0.086
0.078
0.063
0.020
0.038
0.105
0.149
0.174
0.194
0.056
0.035
0.076
0.051
0.100
0.021
0.264
0.291
0.192
0.099
0.058
0.270
0.005
0.052
0.187
0.283
0.202
0.075
0.11
0.182
0.126
0.263
0.025
0.110
0.163
0.319
0.086
0.440
0.024
0.210
0.547
0.302
0.252
0.330
Mylapore
Egmore
Taramani
Nungambakkam
Nungambakkam-1
Meenambakkam-1
Meenambakkam
Tambaram
Avadi
Chembarambakkam
Kattankulathur
Thiruvallur
Chengalpattu
Sriperumbudur
Kancheepuram
Arakkonam

0.056
0.165
0.106
0.159
0.039
0.048
0.014
0.375
0.063
0.226
0.110
0.311
0.188
0.446
0.503
0.192

0.151
0.012
0.012
0.219
0.227
0.126
0.177
0.391
0.044
0.442
0.036
0.251
0.374
0.421
0.391
0.355

0.01
0.014
0.019
0.011
0.071
0.166
0.107
0.045
0.171
0.036
0.298
0.151
0.139
0.095
0.211
0.194

Dec
Nov
Oct
Sep
Aug
Jul
Jun
May
Apr
Mar
Feb
Jan
Station

Table 5. Z-statistics values at 95% significance (bold indicates significant trend at 95%).

0.333
0.044
0.230
0.033
0.105
0.084
0.069
0.120
0.131
0.054
0.224
0.086
0.185
0.086
0.155
0.027
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along with the rainfall from 2004 to 2016. The
number of Cow days is limited so that the data
series does not Bt with tested distributions
(Bgure 11b). P-value was \ 0.05 for chi-square and
Kolmogorov–Smirnov tests. Figure 11(c) shows
the partially Btted normal distribution of Cow data
series. This shows that reservoir inCow is highly
irregular and the range is too high.
Figure 11(d–f) depicts the dispersing range of
storage, Btted normal distribution and the probability distribution of the reservoir storage from
2004 to 2016. It is indicated that only 5% of the
time, the storage was above 80% of its total
storage (84.605 against 103.21 Mm3). Though the
Cow data series does not Bt with any distribution,
the storage data series Bt with the normal distribution. It is mainly due to the reservoir operations that allow the storage for a longer period.
For a better understanding, the correlation
between the rainfall with reservoir inCow and
outCow is plotted in Bgure 11(g). There is a
strong correlation between rainfall and inCow
(0.730), inCow and outCow (0.896). The relation
between the meteorological drought and reservoir
storage was analyzed using the Pearson R correlation test. It has been carried out at various time
scales of SPI, SPEI and rainfall deviation series
and the best correlation was recorded for SPI-12
(R=0.602), SPEI-6 (R=0.384) and rainfall deviation (R=0.339). This fact reveals that this
region’s hydrological indicators, i.e., reservoir
storage can be represented by SPI at a higher
time scale. Whereas, poor correlation with the
other two methods is inCuenced by the reservoir
operations. Figure 12 depicts the evolution of the
SPI-3 and SPEI-4 against the storage, the positive
values indicate the moist condition, while the
continuous negative values are representing a
drought meteorologically as well as hydrologically.

4.1.1 Correlation and coherence between SDI
and meteorological drought indices
Correlation analysis was carried out to assess the
characteristics of streamCow drought index (SDI)
of 1-, 3-, 4-, 5-, 6- and 12-month series with other
meteorological drought series, i.e., SPI and SPEI of
same time scales and rainfall deviation series.
Figure 13 illustrates the correlation between the
meteorological indices and hydrological drought
index and correlation within the meteorological
drought indices. For the rainfall deviation, the
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Figure 7. Seasonal trends (a) pre-monsoon (b) post-monsoon (c) southwest monsoon (d) northeast monsoon (e) annual, and
(f) Sen’s slope magnitude of annual time series (statistically significant trends are marked green and non-significant trends are
marked yellow).

higher correlation was seen with other meteorological and hydrological drought indices when the
time scale is small. The correlation between rainfall
deviation and SPI-1 is 0.777, whereas SPI-12 is
0.249. Correlation between rainfall deviation and
SPEI also follows a similar pattern, SPEI-1 gives a
higher correlation of 0.510, whereas SPEI-12 gives
a lower correlation of 0.131. Similarly, the correlation between SPI and SPEI is also assessed, SPI-4
and SPEI-4 have a higher correlation of 0.592,
SPI-3, SPEI-6 series also gives correlation [0.50

(Bgure 13). In the correlation between SDI and
other meteorological indices, rainfall deviation has
a strong correlation with the SDI-4 month series. In
terms of SDI and SPI, it has a strong correlation of
0.765 in the 12-month series. Compared to small
time scale series, the higher times scale series in
SDI gives a better correlation with the same time
scale of the SPI series (Bgure 13). These results
show that the changes in rainfall are directly
responsible for the changes in reservoir inCow in
the region, the cycle of wet and dry conditions
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Figure 8. Rainfall deviations of Adyar sub-basin (based on Devappa et al. 2011).

Figure 9. Meteorological drought for Chembarambakkam rainfall station (a) SPI-1 month, (b) SPI-3 months, (c) SPI-6
months, and (d) SPI-12 months.
Table 6. Comparison of drought indices.
SPI
Sl.
no.
1
2
3
4
5
6
7
8

SPEI

Drought event

Duration

Magnitude

Intensity

Magnitude

Intensity

Drought based
on rainfall
deviation

Nov 1981 to Jan 1982
Oct 1982 to Feb 1983
Dec 1992 to Jul 1993
Dec 2002 to May 2003
Nov 2003 to Feb 2004
Nov 2004 to Feb 2005
Feb 2009 to Oct 2009
May 2012 to Jan 2013

3
5
8
6
4
4
9
9

4.84
6.11
5.2
2.31
2.31
9.79
8.67
10.83

1.61
1.22
0.65
0.38
0.57
2.44
0.96
1.20

5.76
7.23
6.48
3.22
3.99
10.48
9.89
20.70

1.92
1.446
0.81
0.54
1.0
2.62
1.09
2.30

Severe to extreme
Moderate to extreme
Moderate to extreme
Mild to extreme
Moderate to extreme
Moderate to extreme
Mild to extreme
Moderate to extreme
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Table 7. Magnitude and intensity of hydrological drought.
SDI
Sl. no.
1
2
3
4
5
6

Drought event

Duration

Magnitude

Intensity

Dec 2003 to Sept 2005
Apr 2006 to Jun 2007
Apr 2009 to Feb 2010
Nov 2013 to Feb 2014
Nov 2014 to Feb 2015
Aug 2016 to Feb 2017

22
14
9
4
4
7

21.45
7.10
3.68
1.80
1.51
5.45

0.97
0.51
0.41
0.45
0.38
0.78

Figure 10. Spatial variation of drought magnitudes for 2003–2004 and 2012–2013 events (a) SPI (2002–2003), (b) SPEI
(2002–2003), (c) SPI (2012–2013), and (d) SPEI (2012–2013).

follows the same pattern in SDI and SPI. Also, a
higher correlation in SPI with SDI reveals that SPI
can represent SDI for the hydrological drought
assessments. Among various series of SDI and
SPEI, SPEI-1 gives a better correlation with SDI-6;
however, SPEI are poorly correlated with SDI. The
poor correlation can be explained by the fact that
SPEI accounts for temperature and this region is
low lying and Cat in topography which leads to
higher soil moisture availability. It may inCuence
the lower severity of hydrological drought (SDI)
than the meteorological drought (SPEI). Also, this
difference in response is attributable to the

operating rules of the reservoir and other factors
like climate, land-use practices and other water use
practices in the basin need to be addressed for the
clear demarcation of causes.
Figure 14(a–c) represents the spectra of SDI-4,
SDI-12 and SDI-6 series, respectively, (d–f) represents the spectra of the rainfall deviation series,
SPI-12 series, SPEI-1 series, respectively, of the
Chembarambakkam sub-basin for the years from
2004–2016. Low spectral density represents the
threshold period, i.e., the time scale of the series
and peak next to its lower spectral density represents the number of months in the past by which
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Figure 11. (a) Reservoir inCow and rainfall, (b) variations in average monthly reservoir inCow, (c) partially Btted normal
distribution of reservoir inCow; reservoir storage, (d) variations, (e) Btted normal distribution, (f) probability distribution of the
reservoir storage, and (g) correlation matrix of rainfall with inCow and outCow.

Figure 12. Standardized reservoir storage along with the
SPI-3 months and SPEI-4 months series.

the current time series was inCuenced. Spectral
density of the SDI-6, rainfall deviation, SPI-12
month and SPEI-1 month series was following a
similar pattern (Bgure 14c–f). These observations
were veriBed using cross spectra analysis.
Figure 14(g–i) depicts the cross spectra between
SDI and rainfall deviation, SDI and SPI, SDI and
SPEI, respectively. Based on the cross spectra
analysis and its coherence value, the highest
coherence is in between the SDI and SPI, rainfall
deviation and SPEI are falling next to SPI. Spectral analysis of these time series conBrms the
relationship established in the correlation analysis.
This analysis helps to understand the relationships

Figure 13. Pearson R correlation matrix between meteorological drought indices and streamCow drought index.

and it has to be analyzed in detail for determining
a consistent time scale to represent streamCow
drought index in the long run.
4.2 InCuence of atmospheric circulation
on drought in Adyar sub-basin
The drought years in this region were assessed for
the inCuence of atmospheric circulation indices
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Figure 14. Spectral density (a) SDI-4, (b) SDI-12, (c) SDI-6, (d) rainfall deviation, (e) SPI-12, (f) SPEI-1; Cross spectrum,
(g) SDI-4 and rainfall deviation, (h) SDI-12 and SPI-12, and (i) SDI-6 and SPEI-1.
Table 8. Drought in Adyar sub-basin along with El-Nino and
National drought years (4 Drought/El-Nino years, 7 No
drought/El-Nino).

Year

Meteorological
drought in Adyar
river basin

El-Nino

All India
drought

1981
1982
1985
1986
1987
1992
1997
2000
2002
2003
2004
2009
2012
2013
2014
2015

4
4
7
7
7
4
7
7
4
4
4
4
4
4
7
7

7
4
7
7
4
7
4
7
4
7
4
4
7
7
4
4

7
4
4
4
4
7
7
7
4
7
4
4
7
7
4
4

meteorological drought in the Adyar sub-basin
along with El-Nino years and all India drought
years.
About 44.44% of drought had occurred in this
region when drought occurred throughout the
country which are attributable to El-Nino. But the
all India drought is much aAected by the El-Nino
eAects, 50% of the time the large-scale drought is
associated with the El-Nino, in 130 years of study
from 1875 to 2005 (Shewale and Kumar 2005).
Correlation between the drought indices with MEI
and IOD has been analyzed using Sperman’s rho
coefBcient method (Tan et al. 2018). It reveals a
weak relation between the droughts in the basin
and the atmospheric circulation indices. At 95%
conBdence level, Sperman’s rho coefBcients are
–0.167 between SPI and IOD, –0.089 between SPI
and MEI, –0.078 between SPEI and IOD, 0.050
between SPEI and MEI, –0.072 between SDI and
IOD, and –0.025 between SDI and MEI.

5. Summary and conclusions
with MEI and IOD. Meanwhile, the drought years
in the study region are compared with the drought
event that occurred throughout the country to
understand the spatial scale variation. All India
drought occurred in the following years, 1982,
1985, 1986, 1987, 2000, 2002, 2004, 2009, 2014,
2015 (within the present study duration) (Manual
for drought management 2016; Shewale and
Kumar 2005). Table 8 provides information on the

The rainfall occurrence and its variations over
Adyar sub-basin for the past 39 years was analyzed
using homogeneous and autocorrelated rainfall
records. This region receives its major rainfall
during northeast and southwest monsoons; however, interannual variability is higher. A significant
number of rainfall stations show increasing
trends in post-monsoon and northeast monsoon.
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Predominantly these increasing trends are seen in
the stations located near the coastal stretch. The
annual rainfall is concentrated in less than six
months and shows an irregular to strongly irregular
distribution. The degree of variability in monthly
rainfall reveals markedly seasonal with long dry
periods. It implies that the interannual variability
is higher in rainfall occurrences which are driven by
monsoons. These rainfall characteristics make this
region susceptible to frequent meteorological
drought conditions. The meteorological drought
was analyzed using three different methods, i.e.,
the rainfall deviation method, standardized precipitation index (SPI), and standardized precipitation evapotranspiration index (SPEI). These
methods were eAective in identifying meteorological drought events and the duration ranged from 3
to 9 months. IdentiBed drought events reveal that
the rainfall deBciency in the northeast monsoon
causes most of the meteorological drought. The
rainfall deBciency in both southwest and northeast
monsoons would be a setback to the water supply
to the city. The response of the reservoir storage
and inCow, to meteorological drought in this
region, is assessed. Strong correlations and coherence are found with higher time scales of SPI than
the SPEI. The results reveal that the evolution of
hydrological drought in this region can be better
represented with the higher time scales of SPI by
replacing SDI. The difference in response to SPEI
is mainly attributable to the reservoir operations;
however, various factors such as climate, land use
land cover, domestic water supply rate, etc., also
play a role and the inCuences on the response need
future studies. The heterogeneity and the difference in the response of SPEI on representing
hydrological drought in this region need detailed
study in future research. On comparing the three
methods of drought indices, SPI identiBes meteorological drought and it can be used to represent
the hydrological drought at higher time scales for
this region. Hence, SPI is recommended as more
suitable for this region; however, the rainfall deviation method is useful in data-scarce situations and
SPEI may be suggested for long-term studies
involving climate change eAects. The eAect of
large-scale atmospheric circulations on the occurrence of drought in this region reveals weak relations during the assessment period. The occurrence
of drought in this region was compared with all
India drought; however, it may require detailed
analysis to establish a relationship. In general, this
study provides an extensive understanding of
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rainfall characteristics, meteorological drought,
inCuence of large scale atmospheric circulation and
its response by a reservoir system in this region.
Suitable drought indicators and time scale for the
meteorological drought (SPI-3) and hydrological
drought (SPI-12) were identiBed. Since rainfall is a
major inCuencing factor for hydro-meteorological
drought, rainfall deBcit can be used as an indicator
for early drought warning systems, where long
term hydrological data such as water level, storage
and streamCow data are not available. This information will play a vital role in developing a decision-supporting system for the drought and water
resources management to address existing water
crisis in Chennai Metropolitan city.
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