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Hydrological Risk Assessment )
of the Coastal Megacity Chennai Using L
DRASTIC Method and SWAT

Preethi Vasudevan(®, M. A. Sherly @, and Ranjana Ray Chaudhuri

Abstract Chennai is a coastal city located in the northern part of Tamil Nadu with
an average annual rainfall of 1400 mm. It is among the major metropolis of India and
has undergone rapid urbanization. Accommodating the growing population in the
past few decades has been at the cost of an increased hydrological risk in the region.
Chennai has been suffering from frequent floods and droughts due to poor land and
water resources management practices. This study quantifies the hydrological risk
in the region with respect to surface and groundwater using the DRASTIC method
and SWAT model. Simulation results show that the run-off in 2018 was 141% of
the run-off in 1998. This increase is heavily influenced by the land management
practices of the study area. It has been found that 36.8% of the study area is under
high vulnerability to groundwater contamination, while 58.4% has a medium vulner-
ability. Development plans need to include management practices both for surface
and groundwater resources to ensure that the present level of risk is not further
aggravated.

Keywords Chennai + Hydrological risk + SWAT - DRASTIC

1 Introduction

Water resources assessment and management are crucial for the sustainable develop-
ment of water resources projects [1]. Run-off estimation is a significant parameter in
watershed management, but often data on run-off is either partially or not available.
Duvvuri [2] reports that an increase in urbanization has intensified water scarcity
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and run-off, especially in urban areas. With the increased demand for water, often
households and communities turn to groundwater resources in the absence of reliable
supply. This has led to the exploitation of groundwater resources in many parts of
the country. Reducing the run-off and harvesting of this water are crucial to meet the
water demand of the growing population. Rainfall run-off models have been used
extensively to assess the impact of land-use change on run-off [3]. Understanding
the relationship between land use and surface water hydrology will help in forming
the baseline for policy interventions.

Anincrease in the number of impervious structures has led to a decrease in ground-
water recharge with only extraction and limited recharge that has led to the rapid
depletion [4]. Groundwater as a resource is relatively less vulnerable to pollution
than surface water. But owing to the limited access, any pollution to the ground-
water 1s difficult to detect and control which leads to the contamination, which
may persist for years together. Prevention of contamination is easier than remedi-
ation of contaminated aquifers. Since groundwater monitoring is often expensive
to adequately define the regional extent of contamination, assessing the ground-
water vulnerability becomes an important step [5]. Groundwater vulnerability can
be defined as the susceptibility of groundwater to contamination [6, 7]. It covers the
tendency of contaminants to reach the groundwater when introduced at the surface.
It is not an absolute measure but rather indicates the possibility of groundwater
contamination [8].

Chennai has been experiencing rapid urbanization for the past three decades which
has led to unregulated settlements on wetlands, watercourses, and small water bodies
[9, 10]. The region experiences both flooding and droughts due to poor water manage-
ment as evident from the 2015 flood catastrophe followed by a day zero in 2019 [11,
12]. Flood management is complicated as the city has a largely flat terrain and
lacks a gradient for proper natural drainage [13]. The flooding in Chennai is also
compounded by the fact that it lacks an effective sewerage and storm water drainage
system. It was initially established in the 1980s, and the improvements over the
years still do not cater to the growing population and city limits [14, 15]. The water
supply in the city is inefficient and does not cover the entire population; most of
the households depend on local groundwater sources for domestic purposes. Over-
exploitation of the resource has brought about a drought-like situation in the city
[14]. The presence of open water bodies alone does not prevent the occurrence of
floods and droughts; increased catchment inflow and reduced groundwater recharge
also impact the occurrence of these extreme events [14]. Along with the projected
climate change, the management practices and land-use changes in the region have
resulted in increased run-off generation and reduced groundwater recharge [13].

Chennai has been chosen as the focus of this study since it faces both surface
water and groundwater issues due to expanding population growth. This study uses
the DRASTIC method to assess the groundwater vulnerability to contamination,
while the SWAT model to quantify the hydrological risk to the region from increased
surface run-off.
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2 Study Area

The study area (Fig. 1) is located in the south of Chennai city between 80.09 to
80.22 °E and 12.84 to 12.96 °N. It follows the catchment of the Pallikaranai marsh-
land which extends to an area of 289.2 km? and covers parts of the Chennai and
Kanchipuram districts. The average annual rainfall is about 1400 mm, with the
majority of the rainfall occurring during the North-East monsoon from October to
December. A tropical climate with a mean temperature of 24-32 °C prevails over
the study area, and the region also experiences high humidity values in the range of
65-84% [10, 16].

Pallikaranai marshland is the only marsh wetland ecosystem in the city of Chennai.
The wetland spanned an area of 50 km? in the 1960s, while currently only 5 km? of
this area is preserved as a wetland. This loss in the wetland extent can be attributed
to urbanization caused by the emergence of the city as a metropolis. The remaining
wetland area still supports a huge amount of biodiversity including threatened species
of birds such as spot-billed Pelican, woolly necked Stork, and black-headed Ibis. The
wetland extends from Velachery to Karapakkam and connects to the Buckingham
Canal through the Okkiyam Maduvu which acts as the outlet of the wetland [16, 17].

The second Chennai master plan drafted in 2006 for the year 2026 shows that parts
of the wetland are planned to be replaced by industrial, institutional, and residential

T T T
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Fig. 1 Study area within Chennai that includes Pallikaranai wetland
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set-ups to cater to this growing industry demand [18]. This region forms a part of the
newly expanded Chennai city and has grown tremendously in the past few decades
due to the presence of IT industries. The undeveloped parts of the wetland have
since been declared a reserve forest [17]. Much of the existing settlements in this
region lack a proper sewerage system for wastewater, and the residents are forced
to adopt their own practices of disposal including dumping untreated wastewater in
the nearby water bodies [14, 19]. This is the state of most of the water bodies in the
region, contaminated with sewage and solid waste. Parts of the study area around
the Pallikaranai marsh, like Velachery, Perungudi, Thoraipakkam, Pallikaranai, etc.,
are waterlogged almost every year during the monsoon. These areas are low-lying
and heavily populated leaving little open green spaces making them at heavy risk for
flooding [9, 10]. The population stress coupled with the lack of reliable water supply
in certain places leads to over-exploitation of groundwater. The contaminated water
bodies have the potential to contaminate the groundwater sources as well [14].

3 Materials and Methods

3.1 SWAT Model

The soil and water assessment tool (SWAT) was developed by the United States
Department of Agriculture (USDA) for assessing and predicting the impact of land
use, land management practices on water, sediment, and agriculture in watersheds.
It was used in this study to estimate the run-off generated across two timescales.
The hydrological processes simulated in the model are based on the water balance
equation [20].

t
SW; = SWy + Z(Rday — Qsut — E4 — Wseep — ng)' (1)

i=1

where SW, is the final soil water content (mm H,O), SW,, is the initial soil water
content on day i (mm H,O), Ry, is the amount of precipitation on day i (mm
H,0), Oyt is the amount of surface run-off on y i (mm H,0), E, is the amount of
evapotranspiration on day i (mm H,O), wgeep is the amount of water entering the
vadose zone from the soil profile on day i (mm H,0), and Qg is the amount of
return flow on day i (mm H,0).

The watershed delineator delineates the watershed into further sub-basins which
are further subdivided into hydrological response units (HRUs) based on the land
use, soil type, and slope characteristics. The land classified under a particular HRU
has been assumed to exhibit similar hydrological properties, and the area under a
particular HRU can be simulated as a single unit [20, 21]. Calibration of the model is
necessary to match the results with the observed data and also to ensure the consistent
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Table 1 SWAT model input Parameter Source
data source
Digital elevation model NASA SRTM
(DEM)
Land use and land cover Landsat 5 and 8 images (1998
(LULC) and 2018)
Soil data FAO HWSD
Weather data NASA POWER

performance of the model. Calibration of the model improves the reliability of the
results obtained [22].

The input data used in the model is listed in Table 1. The watershed was divided
into a total of six sub-basins and 35 HRUs. The SCS curve number method was
used in the model for run-off calculation. The model was run from 1990 to 2018 in a
monthly time step. An initial warm-up period of 5 years was provided. The watershed
under consideration is ungauged; hence, for calibration, the spatial proximity region-
alization method was used based on the Chengelpet catchment which is at an approx-
imate distance of 52 km [23]. Calibration and validation of the model were carried
out using the SUFI2 algorithm in SWAT-CUP. The calibration period considered was
from 2000-2006, and the validation was done from the period 2007-2010.

3.2 DRASTIC Method

DRASTIC is a weighted index-based approach developed by the US Environmental
Protection Agency (USEPA) to assess the groundwater vulnerability to pollution
based on hydrogeologic parameters of the region [24]. It was used in this study to
assess groundwater vulnerability to contamination. The seven parameters considered
in the method are mentioned below:

e Depth to groundwater (D): The depth at which the groundwater is available from
the surface. Shallower depth is more susceptible to pollution.

e Net recharge (R): Net recharge is the amount of water per unit area that adds to
the groundwater. The recharge aids in the transport of water from the vadose zone
to the saturated zone. The net recharge can determine the extent of the transport
of contaminants. Higher recharge values could indicate more vulnerability to
pollution.

e Aquifer media (A): The aquifer media is the saturated zone that stores water.
Water gets collected in the pore spaces and fractures of the aquifer media. Certain
aquifers help in the attenuation of pollutants due to the slower mobility of water
[25].

e Soil media (S): The soil media influences the vertical movement of contaminants.
If the soil has a higher permeability, the vulnerability is more as the contaminant
is more likely to reach the water table.
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e Topography (T'): Areas with a higher slope retain the water for a lesser duration
and are hence less vulnerable to contamination [25, 26]. The slope is defined as
the steepness of the area.

e Impact on vadose zone (/): Vadose zone refers to the unsaturated or partially
saturated soil layer above the water table. The transport of contaminants into
the water table is dependent on the properties of the vadose zone [25]. A highly
fractured vadose zone is more vulnerable to contamination.

e Hydraulic conductivity (C): Hydraulic conductivity governs the rate at which the
groundwater flows. Higher conductivity corresponds with a higher vulnerability
[27].

As shown in Table 2, the seven parameters have been evaluated with respect to
each other to determine their relative significance [26]. Accordingly, they are assigned
weights on a scale of 1-5 depending on their significance. Then each parameter has
been divided into ranges or significant media types based on the impact on pollution
potential. A rating varying from 1 to 10 is assigned to the various ranges for each
DRASTIC parameter. Here, the rating assigned is after evaluation of its relative
significance to pollution potential [26]. The equation for determining the DRASTIC

Table 2 DRASTIC parameters ratings and weights [26]
Parameters Ranges Ratings Weights

Depth to groundwater 0-1.5 10 5
1.5-4.5 9
4.5-9 7
9-15 5
Net recharge 11-13 10 4
9-11
7-9

8

5

Aquifer media Charnockite 4
Alluvium 9
9

6

Soil media Sandy

Sandy loam

Topography (slope) 0-2 10 1
2-6

6-12

12-18

18+

Impact of the vadose zone Alluvium
Charnockite
Hydraulic conductivity 471 E-7t0 4.71 E-5
1.41 E-4to 3.29 E-4

A=A |O | =W WO
W
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Table 3 Sources of inputs used in DRASTIC method

Parameter Source

Depth to groundwater (D) | The layer was derived using the inverse distance weighted tool in
ArcGIS for an average water level. The average water level was
obtained from the pre and post-monsoon water levels from 29 wells
in the Chennai and Kanchipuram district. The well-log data was
obtained from India WRIS and CGWB

Net recharge (R) The net recharge was obtained from using the Piscopo [29] method
which is considered a better field-based method [25]. The method
considers the slope percentage, rainfall, and soil permeability to
calculate the net discharge. The slope percentage was derived from
the SRTM DEM, rainfall data was obtained from IMD, and soil
permeability was obtained from the FAO soil properties

Aquifer media (A) The aquifer media data was obtained from India WRIS

Soil media (S) The soil characteristics have been obtained from FAO’s
harmonized world soil database

Topography (T) The slope is derived from the SRTM DEM using the spatial analyst
tool

Impact of vadose zone (I) | The vadose zone was obtained using Piscopo [29] method which
uses soil permeability and the depth to groundwater

Hydraulic conductivity (C) | The hydraulic conductivity for the study area is determined from
the standard values for the soil media cover [30]

vulnerability index (DVI) is

DVI = D, Dy + R, Ry + A Ay + S, S + T, Ty + I Iy + C.Cyy 2)

where r is the rating and w is the weight.

Once DVI map has been generated, it is possible to identify areas that are more
likely to be susceptible to groundwater pollution relative to one another. The higher
the DVI, the greater the groundwater pollution potential is. DVI provides only a
relative evaluation and is not designed to provide absolute answers [26, 28]. Table 3
lists the input used for the DRASTIC assessment.

3.2.1 Sensitivity Analysis on DRASTIC Method

Sensitivity analysis is important to determine which of the parameters influence the
vulnerability the most and to find the relative significance of the parameters [31].
Single-parameter sensitivity analysis was performed for the resultant DRASTIC map.
A single-parameter sensitivity measure was developed to evaluate the impact of each
DRASTIC parameter on the vulnerability index. It compares the effective weight
with the theoretical weight to gauge the significance of a parameter [25, 32].
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4 Results and Discussion

4.1 Surface Runoff Assessment

Figures 2 and 3 show the LULC of the study area in 1998 and 2018, respectively. The
built-up area has increased from 13.46% to 44.69% within two decades as shown in
Table 4. The percentage of water bodies is higher in 2018 than in 1998. This increase
in water cover could be due to the fact that the 1998 image is from February and
the 2018 image is from January. Another reason for this increase could be that most

L Lol L ] Ll L] L
LULC 1998 H LULC 2018

i e i

Fig. 2 LULC of the study area: Year 1998 (left) and Year 2018 (right)

-ler i

Fig. 3 Elevation and soil maps of the study area
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Table 4 LULC changes in the study area during 1998-2018

Land use % in 1998 % in 2018
Built-up 13.46 44.69
Vegetation 54.5 40.53
Water 3.49 7.09
Barren 28.55 7.69

of these water bodies are surrounded by urban settlements and receive untreated
wastewater from them due to the lack of a proper sewerage system.

Figure 3 shows the elevation and soil maps where it is evident that the study area
is on largely flat terrain with few small hills. The lowest region in the study area
is the marshland itself. The soil in the region is mainly classified into two, namely
sandy and sandy loam. Areas closer to the sea are sandy, and the soil turns loamy as
the distance from the sea increases.

The simulated run-off in the year 2018 has become approximately 141% as
compared to 1998. It is during the months of November and December that the region
constantly experiences waterlogging and flood scenarios, whereas the drought-like
conditions prevail during the hot summer months of April and May. The R? values
of the calibrated and validated models are 0.66 and 0.64, respectively. The results
could be improved further by using more accurate data and further calibration of
parameters.

4.2 Groundwater Vulnerability Assessment

The raster calculator tool was used to assign ratings and weights and to overlay the
multiple layers to form the DVI. The depth to groundwater has among the highest
weight of 5. The average depth values range from 1.26 mbgl (metres below ground
level) in Velachery to 11.55 mbgl in Tambaram.

The major part of the watershed falls in the range of 1.5-9 mbgl as shown in
Fig. 4. The vulnerability decreases with an increase in groundwater depth. Most of
the study area lies on a flat topography and receives rainfall of 1350 mm per year.
Hence, the recharge is mainly governed by the infiltration capacity of the soil. It is
observed that the coastal sandy soil has a greater recharge (Fig. 4). Higher recharge
values indicate that the contaminant transport potential will be higher, and hence,
the vulnerability is also higher.

The study area comprises two aquifer types: charnockite and alluvium. Alluvium
covers the area near the coast, and the rest is dominated by charnockite. Permeability
of the aquifer medium determines the mobility of the groundwater. Aquifers like
alluvium are more vulnerable than charnockite. The soil media is mainly sandy
and loamy sand. Sandy soil is concentrated near the coast. Soil with greater grain
size and permeability are more vulnerable to pollution as they allow the percolation
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Fig. 4 Input layers used for generating the DRASTIC vulnerability index
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of pollutants easily. The average slope is within 6% indicating that the terrain is
relatively flat throughout. Flatter terrains retain water for longer, and hence, pollutants
have a longer time to percolate into the soil, thereby increasing the vulnerability to
pollution.

The impact of the vadose zone media is critical to assess the pollution vulnera-
bility of the underlying aquifer. The impact of the vadose zone is dependent on the
permeability of the unsaturated/partially saturated layer and the attenuation charac-
teristics of the aquifer media. Lower ratings were given to materials having lower
permeability. The impact of the vadose zone in the study area is evident from Fig. 4.
Hydraulic conductivity in the study area ranges from 6.34 E-6 m/s in loamy sand to
1.76 E-4 m/s in sandy soil. A higher conductivity value means more transportation
of pollutants, thereby increasing the vulnerability.

The resultant map (Fig. 5) indicating the vulnerability index of the study area was
obtained by the weighted sum method. The DVI of the study area ranged from 101

30'5I'U'E 80‘19‘0'5 90‘!;:'0‘5

Drastic Vulnerability Index N

|3'(:‘U'N

100N

!2'5?'U'N
1
12°55'0°N
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. o
B Medium
[ ] High
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12'5?’011
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Fig. 5 Groundwater vulnerability map prepared for the study area using drastic vulnerability index
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Table 5 DRASTIC vulnerability index classification

Range Vulnerability % area
101-120 Low 4.71
121-150 Medium 58.42
151-170 High 31.59
171-191 Very High 5.25

Table 6 Single-parameter sensitivity performed for DRASTIC method

Theoretical weight Theoretical weight % Effective weight

Avg (%) Min Max SD
D 5 21.7 28.85 19.34 34.65 4.56
R 4 17.4 24.19 16.39 32.79 4.61
A 3 13 10.57 6.28 19.01 32
S 2 8.7 5.19 3.97 6.61 0.73
T 1 43 5.19 0.74 9.01 242
1 5 21.7 17.61 10.47 31.69 5.34
C 3 13 5.61 1.99 9.92 2.95

to 196. The values were divided into classes low to very high. It can be seen that the
area near the coast is more vulnerable to pollution than the area further inward. The
high and very high vulnerability areas are underlain by alluvium. As shown in Table
5, 31.59% of the study area falls in the high vulnerability region.

4.2.1 Sensitivity Analysis

The single-parameter sensitivity measures the impact of each parameter on the index.
It compares the effective weight with the theoretical weight of each parameter. As
shown in Table 6, the depth to groundwater and net recharge are among the most
effective parameters in the vulnerability index since they have a higher effective
weight (28.85 and 24.19%) as compared to their theoretical weight (21.7 and 17.4%).

5 Conclusion

Chennai city faces a multitude of water issues including floods, water scarcity, water
pollution, and groundwater contamination. Climate change and seawater intrusion
are also factors that need to be considered in a coastal city like Chennai. The region
has expanded in terms of area, infrastructure, and development tremendously in the
past few decades. But the need of the hour is to consider the environmental impacts
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of any future development. Many of the water issues faced by the city have been
brought about due to this rapid urbanization.

The results of the study also follow this pattern of urbanization. The increase
in urban land use from 13.4% in 1998 to 44.6% in 2018 has impacted the run-off
in all areas of the basin. The simulated run-off in 2018 has become approximately
141% as compared to the year 1998. Low-lying areas such as Velachery, Perungudi,
Thoraipakkam, and Pallikaranai lie close to the Pallikaranai marsh and are water-
logged and flooded every year. This could be attributed to the implementation of
the second master plan of Chennai that planned to convert parts of the marsh into
industrial, institutional, and residential areas. The importance of wetlands, especially
in an urban metropolis like Chennai, is highlighted by this.

The obtained DVI was classified under four categories (low, medium, high, and
very high) of vulnerability. It was estimated that about 5.3% of the area falls under
very high followed by 31.6%, 58.4%, and 4.7% of the area under high, medium, and
low vulnerability, respectively. Perungudi, Thoraipakkam, and Adyar are the most
vulnerable to groundwater contamination as these localities are the nearest to the
shore, and vulnerability decreases as the distance from shore increases. This can
be attributed to the change in aquifer and soil properties as the distance from shore
increases. St. Thomas Mount has a low vulnerability as it is at a higher elevation.
The results of the study are meant to contribute towards identifying the vulnerable
regions for future development.

Models like SWAT and DRASTIC can be useful in situations where it is not
possible to physically measure the required parameters for hydrological risk assess-
ment. Simulations can help identify the effect of land management practices in real
time which can serve as an input to the decision-making processes. The results can
be used by local regulatory authorities to formulate management action plans for
surface and groundwater resources. Any further development of land use can also be
regulated keeping in mind the vulnerable zones.
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Analysis of Rainfall Data of Agartala )
Sadar, Tripura Using Statistical er
Approach

N. Vivekanandan, C. Srishailam, and R. G. Patil

Abstract Analysis of trend in rainfall is one of the important aspects to study about
the temporal and spatial variations in nature, and assessment of extreme rainfall is a
pre-requisite for planning, design and management of civil and hydraulic structures.
For this purpose, Mann—Kendall (MK) test is applied for detecting a trend in rainfall
data whereas Extreme Value Analysis (EVA) by fitting probability distributions such
as Extreme Value Type-1, 2-parameter log normal and log Pearson type-3 (LP3) to
the annual maximum rainfall series are adopted for rainfall estimation. Based on
the variate under consideration, the method of moments and maximum likelihood
method are used for determination of parameters of the distributions. The adequacy of
fitting distributions adopted in EVA is evaluated by quantitative assessment through
Goodness-of-Fit (viz., Chi-square and Kolmogorov-Smirnov), diagnostic (viz., D-
index) tests and qualitative assessment with the fitted curves of the estimated rainfall.
In this paper, a study on analysis of rainfall data for Agartala Sadar, Tripura using
statistical approach is carried out. The MK test results witnessed that there is an
increasing trend in annual maximum rainfall (AMR) and annual total rainfall (ATR)
series with a rate of 5.51 mm/decade for AMR and 20.32 mm/decade for ATR. The
results of quantitative and qualitative assessments showed that the LP3 (MLM) is a
better suited amongst three distributions adopted in EVA for rainfall estimation.

Keywords Chi-square - D-index - Extreme Value Type-1 + Kolmogorov-Smirnov -
Log Normal - Log Pearson Type-3 - Mann—Kendall - Rainfall - Trend analysis

1 Introduction

Rainfall is one of the most important natural input resources that help us to study about
the temporal and spatial variations in nature. Also, it is witnessed that the analysis of
trend in rainfall and determination of extreme (i.e. 1-day maximum) rainfall would
enhance the management of water resources applications as well as the effective
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utilization of water resources. Apart from this, estimation of extreme rainfall for a
given return period is a pre-requisite for planning, design and management of various
hydraulic structures, viz. dams, bridges, barrages, storm water drainage systems, etc.
In this context, CWPRS carried out the study on analysis of rainfall data of Agartala
Sadar, Tripura, using statistical approach for Agartala Smart City Limited (ASCL),
which is constituted by Agartala Municipal Corporation (AMC) for implementation
of Smart City Mission (SCM) for Agartala. The study carried out for ASCL consists
of two parts, viz. (i) Trend analysis of Annual 1-day Maximum Rainfall (AMR)
and Annual Total Rainfall (ATR) using Mann—Kendall (MK) test and (ii) Extreme
Value Analysis (EVA) of rainfall using Extreme Value Type-1 (EV1), 2-parameter
log-normal (LN2) and log Pearson Type-3 (LP3) distributions.

2 Literature Review

Trend analysis of a time series consists of the magnitude of trend and its statistical
significance. In general, a non-parametric Mann—Kendall (MK) test is employed for
identifying trends in time series data. The MK test compares the relative magnitudes
of sample data rather than the data values themselves. The advantages of the MK test
are (1) its low sensitivity to abrupt breaks due to in homogeneous time series and (ii)
the data need not conform to any particular distribution [1]. Mann [2] originally used
this test and Kendall [3] subsequently derived the distribution of MK test statistic.
A number of studies have been carried out by different researchers to analyse the
trends in rainfall and climatological variables using MK test. Immerzeel [4] studied
the historical climate variation and future climate change for the entire Brahmaputra
Basin. Joshi and Pandey [5] observed that no trend in annual precipitation over the
entire Indian Territory and specific Indian regions for a study period of 100 years
(1901-2000). Mondal et al. [6] have analysed the mean monthly precipitation data
for the period 1971-2010 along Birupa River in Orissa, India, using MK test. They
have found that there is either non-significant increase or decrease in precipitation
trend in the various months of the year. Ganguly et al. [7] stated that there is a
significant decreasing trend at 5% level of significance in the month of February
for Kangra. They have expressed that there is a significant negative trend in annual
rainfall data for Dharamshala. Study by Sharma [8] revealed that a statistically vital
decreasing trend in annual mean rainfall of Punjab region. Li et al. [9] investigated
the abstraction and temporal pattern of rain in reason of the Himalayas that was
supported by four sets, viz. interpolated gridded data based on gauge observations,
reanalysis data, and high-resolution simulation by a regional climate model. Praveen
etal. [10] applied MK test and Sen’s innovative trend analysis to analyse and forecast
the long-term spatio-temporal changes in rainfall using the data from 1901 to 2015
across India at meteorological divisional level. Patel et al. [11] applied MK test to
identify the trends in seasonal and annual rainfall data for river Bhogavo in Sabarmati
lower basin, Gujarat. In light of the above, in the present study, MK test is applied
for detecting the trends in AMR and ATR series.



Analysis of Rainfall Data of Agartala Sadar, Tripura ... 19

In addition to trend analysis of rainfall data, the EVA of rainfall using AMR series
is carried out. For which, Extreme Value Type-1 (EV1), 2-parameter log Normal
(LN2) and log Pearson Type-3 (LP3) are widely adopted in EVA [12-14]. AlHas-
soun [15] carried out a study on developing empirical formula to estimate rainfall
intensity in Riyadh region using Gumbel (also known as EV1), LN2 and LP3. He
concluded that the LP3 distribution gives better accuracy amongst three distributions
studied in estimation of rainfall intensity. Esteves [16] applied EV1 distribution to
estimate the extreme rainfall depths at different rain-gauge stations in the southeast
United Kingdom. Rasel and Hossain [17] applied EV1 distribution for development
of intensity—duration—frequency curves for seven divisions in Bangladesh. Afungang
and Bateira [18] applied EV1 distribution to estimate the maximum amount of rain-
fall for different periods in the Bamenda mountain region, Cameroon. Arvind et al.
[19] stated that the EV 1 is a better suited amongst five probability distributions (viz.
normal, LN2, Pearson Type-3, LP3 and EV 1) for analysing the annual and monthly
rainfall data for Musiri region, Tiruchirappalli, Tamil Nadu. Esberto [20] determined
the best-fit frequency distribution of rainfall patterns for event forecasting in order
to address potential disasters using sixty probability distributions. Baghel et al. [21]
applied eight probability distributions for frequency analysis of daily maximum rain-
fall data of Udaipur district. They have also found that LN2 and EV 1 distributions are
the best-fit distributions for a given sample population. Studies carried out by Sasireka
et al. [22] indicated that the extreme rainfall for various return periods obtained from
EV1 distribution could be used for design purposes by considering the risk involved
in the operation and management of hydraulic structures in Tiruchirappalli region.
Vivekanandan and Srishailam [23] compared the MoM and MLM estimators of EV1,
LN2 and LP3 distributions applied in EVA of rainfall for Anakapalli, Atchutapuram,
Kasimkota and Parvada rain-gauge sites. They have also found that the LP3 (MLM)
is better suited distribution for EVA of rainfall for Anakapalli, whereas LN2 (MLM)
for Kasimkota and EV1 (MLM) for Atchutapuram and Parvada. However, when
number of probability distributions adopted in EVA of rainfall, a common problem
that arises is how to determine which distribution model fits best for a given set of data.
This possibly could be answered by quantitative and qualitative assessments, and the
results are quantifiable and reliable. The adequacy of fitting of the probability distri-
butions adopted in EVA of rainfall is evaluated by quantitative assessment through
Goodness-of-Fit (GoF) (viz. Chi-Square ( x2) and Kolmogorov-Smirnov (KS)) and
diagnostic (viz. D-index) tests, and qualitative assessment with the fitted curves of
the estimated extreme rainfall. This paper details a study on analysis of rainfall data
of Agartala Sadar, Tripura, using statistical approach and the results obtained thereof.

3 Methodology

The methodology adopted in trend analysis of rainfall using MK test, EVA of rainfall
using probability distributions, computation of GoF and diagnostic tests are briefly
described in the following sections.
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3.1 Trend Analysis

The Mann—Kendall (MK) test statistic (§) is defined by:

Mz

Sgn(X(j)—X(i)) (D

+

where x(i) and x(j)’s are the sequential data values and N is the total number of
data points in the set. This statistic represents the number of positive differences
minus the number of negative differences for all the differences considered. If the
variable constantly decreases downward, then S is to be an indication of decreasing
trend and the value (S) would be negative, whereas constantly increasing dataset
shows a positive (S) value or increasing trend. For large samples (N > 10), the test
is conducted using a normal distribution with the mean and the variance as follows:

E(S) =0 and Var(S) = (1/18) |:N(N - 12N +5) — Ztk(tk — D2y + 5)]

k=1
2

where n is the number of tied (zero difference between compared values) groups
and t;, the number of data points in the kth tied group. The standard normal deviate
(Z-statistic) is then computed as:

sz S>0
Z=10 if §=0 3)

S+l
NS if §<0

If the computed value of IZ] > Z,,», then the null hypothesis is rejected at the level
of significance («) in a two-sided test. Significance level («) is used for testing either
an increasing or decreasing monotonic trend (a two-tailed test).

3.2 Extreme Value Analysis

The cumulative function (CDF) and quantile estimator of EV1, LN2 and LP3 distri-
butions adopted in EVA are presented in Table 1. The parameters of the distributions
are determined by method of moments (MoM) and maximum likelihood method
(MLM) [24] and also used for estimation of extreme (i.e. 1-day maximum) rainfall
for different return periods. The procedures involved in determination of parameters
of EV1 [25] and LN2 [26] are presented in Table 2.
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Table 1 CDF and quantile estimator of EV1, LN2 and LP3 distributions

Distribution | CDF Quantile estimator (x(7'))
EV1 F(x) = exp(— exp —(Xa;‘)) x(T) = c-aln(-In(F(x))
LN2 F(y) = q)(y;gf)”) where iny = In(x) | x(T) = exp(u(y) + K(T)o (»))

G(b, 71'1("2_"), a>0
LP3 F(x)= No explicit expression of the quantile

I —c
1- G(b, %) a<0 function is available

In Tables 1 and 2, c is the location parameter, a is the scale parameter, b is the
shape parameter, F'(x) (or F') is the CDF of x (i.e. AMR), F(y) is the CDF of y, ¢ is the
standard normal distribution function, G(...) is the incomplete gamma integral, j(x)
and o (x) are the average and standard deviation of the observed data (x), u(y) and o (y)
are the average and standard deviation of the log-transformed series of the observed
data (i.e. y = In(x)), k(T) is the frequency factor of a return period (7') corresponding
to coefficient of skewness (CS) (viz. CS = 0.0) and x(7) is the estimated rainfall (x)
for a return period (7). If (1—p) is the probability of non-exceedance in a year then
the return period (7') is defined by 7= 1/(1—p) and a relation between F and T is
defined by F (or F(x)) = 1-1/T.

MoM of LP3 distribution

The MoM estimators of LP3 distribution [27] can be determined by solving the
following system of equations:

;=%whereinl—m>0, r=1,23 (4)
—ra

! ! ’ 2 ! ! ’ ’
() = py, 0 () = py — (m) and y (y) = p3 — 3pop; + 2’ (5)

where u; is the rth moment of x about the origin. If a > 0, then y (y) > 0; therefore,
y must be positively skewed such that f{y) is lower bounded (¢ <y < +00). In this
case, x must also be positively skewed; thus, x also possesses a lower bound [exp(c)
<x < 4 o0]. When a < 0, then y(y) < 0, such that y is negatively skewed, such
that f(y) is upper bounded (—oo <y < c¢). In this case, x either can be positively or
negatively skewed, depending on the values of the parameters a and b, but x is upper
bounded [0 < x < exp(c)]. For this case, the density function f{x) may be defined as
zero atx = 0.

MILM of LP3 distribution

The MLM estimators of LP3 distribution [27] can be determined by solving the
following system of equations:
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Z y(i) —c= Nab
i=1
AR
D0 =0 =Ny®) 6)

i=1

N

N

i=l1

1
Zy(i)—c:a(b—l)

Here, ¥ (D) is the digamma function of estimator of the scale parameter (b).

3.3 Goodness-Of-Fit Tests

A number of GoF tests are available for checking the adequacy of probability distri-
butions adopted in EVA. From this, the widely accepted GoF tests are x° and KS,
and hence, considered in the present study. Theoretical descriptions of GoF tests [28,
29] statistic are presented in Table 3.

Test criteria: If the computed values of GoF tests statistic given by the probability
distribution are less than its theoretical values at the desired level of significance,
then the distribution is acceptable for EVA at that level.

Table 3 Theoretical descriptions of GoF tests statistic

GoF test

Test statistic

Description of symbols

X2

NC 2
2 (0;(x)—E;j(x))
Xe = Zl . Ej(X])
j=

m = Number of parameters of distribution

X} = Computed value of x? statistic by
probability distribution

0j(x) = Observed frequency value (x) of
Jjth class

Ej(x) = Expected frequency value (x) of
Jjth class

NC = Number of frequency classes

KS

KS=Max Y\, [Fo(x(i)) — Fp(x(i))|

F.(x(i)) = Empirical CDF of x(i) using
Weibull plotting position formula (P =
r/(N + 1)), wherein r is the rank assigned
to the samples arranged in ascending
order (i.e. x(1) < x(2) < x(3).....x(N))

Fp(x(i)) = Derived CDF of x(i) by
probability distribution

N = Sample size
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3.4 Diagnostic Test

A diagnostic test, viz. D-index is applied for the selection of a suitable probability
distribution adopted in EVA for estimation of rainfall. The theoretical expression of
D-index [30] is given as below:

6
D —index = (1/p(x)) Y _ |x(i))—x(i)*| )

i=1

Here, x(i)(i = 1-6) and x(i) " are the six hi ghest observed and corresponding estimated
rainfall by the probability distribution. The distribution with the lowest D-index is
considered as a better suited distribution in comparison with the other distributions
adopted in EVA for estimation of rainfall.

4 Application

Agartala is the capital city of the Indian state of Tripura, and is the second-largest
city in northeast India after the State Guwahati. The city is governed by the Agartala
Municipal Corporation. Agartala city is located on the banks of the Howrah, near
the Bangladesh border, about 90 km east of Bangladesh’s capital Dhaka. Agartala is
being developed under the smart cities Mission, a flagship scheme of the Government
of India.

The river Howrah is one of the major rivers in Tripura which flows through Agar-
tala and Sadar sub-division of the western district of Tripura. This is also called as
Saidra in Kokborok by the original inhabitants of the state. The Saidra or the Howrah
originates from the Boromura hills in central Tripura, and flows through the foothills
passing through important towns like Champaknagar, Jirania, Khumulwng, Khay-
erpur and the capital city Agartala before reaching Bangladesh. From the topography
of Howrah river basin, it is observed that about 30% of the area falls in hilly terrain,
20% is under undulating and 50% is under plain land. The total flow length of the
Howrah River in the state is about 61.2 km of which 52 km is flowing within Indian
Territory. The catchment area of the river is about 457.92 km?. The index map of the
study area is presented in Fig. 1.

For the present study, the daily rainfall data of Agartala Sadar IMD rain-gauge
station for the period from 1901 to 2014 is used. From the scrutiny of rainfall data, it
is found that the rainfall data for the years 1952, 1954, 2004 and 2005 are missing.
However, by considering the importance of the hydrological extremes, the data for
the missing years are ignored and not considered in EVA.
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Fig. 1 Index map of the study area

5 Results and Discussions

By applying the procedures of trend analysis and EVA, as described above, a
computer code was developed and used. The results obtained from trend analysis
and EVA of rainfall are summarized and presented in the following sections.

5.1 Trend Analysis of Rainfall

The AMR and ATR series were extracted from the daily rainfall data and used in
trend analysis for detecting the presence of statistically significant trend in rainfall
data with reference to climate change. The statistical results indicated that there is
a significant trend in AMR series at 5% level of significance, and also the graphical
results (Fig. 2) showed that the trend is increasing at the rate of 5.51 mm/decade.
Likewise, for ATR series, it was found that there is no significant trend at 5% level
of significance. However, the graphical results (Fig. 3) witnessed that the trend is
increasing at the rate of 20.32 mm/decade.
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Fig. 3 Trend analysis of annual total rainfall

5.2 EVA of Rainfall

For EVA of rainfall, the AMR series for the period 1901-2014 (except for the year
1952, 1954, 2004 and 2005) were extracted from the daily rainfall data and used.
For which, the parameters of the EV1, LN2 and LP3 distributions were determined
by MoM and MLM, and also used for estimation of extreme (i.e. 1-day maximum)
rainfall for different return periods. The EVA results of rainfall are presented in Table
4, while the plots are shown in Fig. 4. From EVA results of rainfall (Table 4), it is
noted that (i) the rainfall estimates given by LP3 (MLM) distribution is higher than
those values of EV1 and LN2 for the return periods from 10-year and above; and
(i) MoM gave higher estimates than MLM (for the return periods from 5-year and
above), while the parameters of the EV1 and LN2 are determined by MoM and MLM.
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Table 4 Estimated rainfall for different return periods using EV1, LN2 and LP3 distributions

Return period (year) 1-day maximum rainfall (mm)
EV1 LN2 LP3
MoM MLM MoM MLM MoM MLM
2 135.4 137.6 128.8 137.4 125.4 145.5
215.0 183.7 205.4 188.5 178.1 208.7
10 267.8 214.1 262.1 222.4 227.2 276.3
20 3184 243.4 320.6 254.9 287.1 366.9
25 334.5 252.7 340.0 265.2 309.2 402.2
50 383.9 281.3 402.3 297.2 387.9 535.7
100 433.0 309.6 467.9 329.3 484.9 714.2
200 481.9 337.9 537.4 361.6 604.4 953.3
250 497.6 347.0 560.6 372.1 648.5 1046.4
500 546.4 375.2 635.5 405.1 806.1 1398.0
1000 595.2 403.4 714.9 438.7 1000.3 1868.9
2000
® Observed —EVI(MoM) ——EVI(MLM)
——LN2(MoM) ——LN2(MLM)  ---LP3(MoM)
——LP3 (MLM)
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1000 A

1-day maximum rainfall (mm)

(%3
(=3
(=]

1 10 100 1000
Return period (year)

Fig. 4 Plots of estimated 1-day maximum rainfall using MoM and MLM estimators of EV1, LN2
and LP3 distributions with observed AMR data

From Fig. 4, it can be seen that the fitted lines of the estimated rainfall by EV1 and
LN2 (using MoM and MLM) are in the form of linear curve, while the fitted lines
using LP3 (using MoM and MLM) are in the form of exponentially growth curve.
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Table 5 Computed values of GoF tests statistic by EV1, LN2 and LP3 with theoretical values

GoF tests | Theoretical value at 5% Computed values of GoF tests

level EVI LN2 LP3

EV1 LN2 LP3 MoM |MLM |MoM |MLM |MoM |MLM
X2 18.307 |18.307 |16.919 |67.746 |68.762 |55.927 |57.325 |9.364 |9.645
KS 0.130 | 0.130 | 0.130 | 0.216 | 0.219 | 0.205 | 0.210 |0.057 |0.059

5.3 Analysis of Results Based on GoF Tests

The adequacy of fitting probability distributions adopted in EVA is evaluated by
GOF tests (viz. x° and KS), as described earlier. In the present study, the number of
frequency class (NC) is considered as thirteen while the degree of freedom (NC-m-1
wherein m is the number of parameters of the distribution) was considered as nine
for LP3, whereas ten for EV1 and LN2. The GoF tests results are presented in Table
5.

From the GoF tests results, the observations are drawn from the study:

(i)  x? and KS tests results confirmed the applicability of LP3 distribution for EVA
of rainfall while the parameters are determined by MoM and MLM.

(ii) x? and KS tests results did not support the use of EV1 and LN2 (using MoM
and MLM) for EVA of rainfall.

5.4 Analysis of Results Based on Diagnostic Test

In addition to GoF tests, the diagnostic test (say, D-index) is applied for the selection
of a best suitable distribution for estimation of rainfall. The D-index values are
computed by MoM and MLM of EV1, LN2 and LP3 distributions and are presented
in Table 6. Based on the D-index values, the rank (shown within brackets) is assigned
to each of the probability distributions and also presented in Table 6.

From the diagnostic test results, it is noted that the D-index values given by LP3
(MoM), LN2 (MoM) and EV1 (MoM) are the first, second and third minimum in
order. But, the GoF tests results did not support the use of LN2 (MoM) and EV1
(MoM) distributions though its D-index values are minimum next to LP3 (MoM).
Moreover, the research reports indicated that the MoM estimators of the distributions
are often less accurate than those values of MLM. Hence, by eliminating the D-index

Table 6 D-index values given by EV1, LN2 and LP3 distributions

Diagnostic test EV1 LN2 LP3
MoM MLM MoM MLM MoM MLM
D-index 4.868 5.682 4.643 5.100 3.768 5.032
(3) (6) ) ® &) “
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values of LP3 (MoM), LN2 (MoM) and EV1 (MoM) from the selection, it is found
that the D-index value of LP3 (MLM) is the next minimum in the array of D-index
values. In view of the above, it is identified that the LP3 (MLM) is a better suited
amongst three distributions adopted in EVA for rainfall estimation.

The estimated rainfall by LP3 (MLM) for different return periods with 95% confi-
dence limits are presented in Table 7 while the plots are shown in Fig. 5. From Fig. 5,
it can be seen that about 90% of the observed AMR data are within the confidence
limits of the estimated rainfall using LP3 (MLM) distribution.

Table 7 Estimated rainfall with 95% confidence limits by LP3 (MLM) distribution

Return period (year) Estimated rainfall (mm) 95% confidence limits (in mm)
Lower Upper
2 145.5 120.1 170.9
208.7 160.0 257.4
10 276.3 200.3 352.2
25 402.2 254.5 550.0
50 535.7 300.4 770.9
100 714.2 350.0 1078.5
200 953.3 4253 1481.4
500 1398.0 575.0 2221.0
1000 1868.9 750.2 2987.5
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Fig. 5 Plots of estimated extreme rainfall with 95% confidence limits using LP3 (MLM) and
observed AMR data
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6 Conclusions

The paper presented a study on analysis of rainfall data of Agartala Sadar, Tripura,
using statistical approach that includes trend analysis of AMR and ATR using Mann—
Kendall (MK) test, and EVA of rainfall using EV1, LN2 and LP3 distributions. The
parameters were determined by MoM and MM, and also used for rainfall estimation.
The adequacy of fitting probability distributions in EVA was evaluated by GoF (viz.
x? and KS) and diagnostic (viz. D-index) tests. On the basis of evaluation of the
results through quantitative and qualitative assessments, some of the conclusions
drawn from the study were summarized and are presented below:

(i) For AMR series, the results of trend analysis ascertained that there is a signif-
icant trend in AMR series at 5% level of significance, which is increasing at
the rate of 5.51 mm/decade.

(i)  For ATR series, the results showed that there is no significant trend at 5% level
of significance. But, the graphical results witnessed that the trend is increasing
at the rate of 20.32 mm/decade.

(iii) x? and KS tests results supported the use of LP3 distribution for EVA of
rainfall while the parameters are determined by MoM and MLM.

(iv)  Thequalitative assessment (plots of EVA results) of the outcomes was weighed
with D-index values indicated that the LP3 (MLM) is better suited amongst
three distributions adopted in EVA for rainfall estimation.

(v)  The fitted lines of the rainfall frequency curves indicated that about 90% of
observed AMR data are within the confidence limits of the estimated rainfall
by LP3 (MLM).

The results presented in the paper would be helpful for the stakeholders to resolve
various issues, viz. enhance the management of water resources projects, effective
utilization of water resources, planning and design of hydraulic structures regarding
implem