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I. Summary

This study aimed to propose management options for the improvement of water issues at Sembakkam
lake. There are three major concerns in this study area. First, there is severe water scarcity during the
dry period of the year in the catchment area. Second, flooding occurs during the wet period in the
catchment area. Third, untreated sewage inflow contaminates the lake through the year. This study
focused on the problems related to water quantity by proposing and evaluating two Low Impact
Developments (LIDs) at the household level: percolation pits and cisterns.

In order to evaluate their impact on Sembakkam lake, a hydrological model of the water balance of the
lake was established using SWMM software. The runoff was estimated using GIS data and a literature
research. Climate data of evaporation and precipitation and local arbitrary measurements of the dry
weather inflow and overflow were used. Human consumption was estimated by literature review and
making assumptions and in the end the seepage at the lake was arbitrarily calibrated. Moreover, the
drainage network, infiltration parameters and dry weather inflow were found to be sensitive and
uncertain parameters, which makes the results for infiltration and overflow volume uncertain. Further
research and data collection should be carried out in order to increase the reliability of the results.
Furthermore, the amount of percolation pits and cisterns was estimated based on the three scenarios that
5, 15 and 25% of households in the catchment area implement these LIDs. The dredging of the lake,
proposed by experts from HITM, was also evaluated for different post-development hydraulic
conductivities of the lake bed.

The dry weather inflow appeared to be a major inflow of Sembakkam lake (26-38%). The outflows are
overflow (68-78%), seepage (12-18%), evaporation (5-7%) and human extraction (1-4%). Moreover,
the lake is always full throughout the year, resulting in the inability to store the runoff caused by rainfall
events higher than 2 mm/hr. Therefore it is suggested to empty the lake during dry season by lowering
the weir to create free storage capacity.

The results indicated that the implementation of cisterns and percolation pits would not effect the runoff
enough to have an impact on the water balance of Sembakkam lake. Implementing these LIDs in the
guantities used in this study is therefore not recommended. Percolation pits however can increase the
infiltration volume in the catchment by 5-25%. Although the increase in infiltration volume is too little
to mitigate the water scarcity during dry season, implementing this LID could be effective for increasing
the small infiltration volume at the catchment, especially in larger quantities than modelled in this study.
Further research should be done on the water quality of the runoff infiltrating and its effect on the
groundwater quality. More research could also be done on the question if cisterns are a cost-effective
option for water supply since they can provide 5-9% of a households yearly water demand. Another
subject for future research could be the impact of cisterns on local flooding.

The dredging of the lake could increase the lake’s seepage by 150-200%, leading to a reduction in total
overflow volume of 30-45%. Dredging the lake bed is therefore recommended, but it is important to
find solutions for the lake’s detoriating water quality before dredging to prevent groundwater pollution.
Also, further research on the downstream effects of an increase in groundwater and a decrease in
overflow from Sembakkam lake is suggested.
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3. List of abbreviations
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MLD
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Meaning

Chennai Metropolitan Area
Green-Ampt infiltration method
Curve Number

Million Litre per Day

10° m?

Low Impact Development

Storm Water Management Model



4. Introduction

In the last few years, India has experienced a rapid population increase. In 2015, 1.31 billion people
lived in India and it is expected that it will rise to 1.5 billion by 2030 (New York Times, 2015). 44.7%
of them live in rural areas, but a rising part migrates to cities (World Bank Group, 2015).

In these hugely populated cities authorities have trouble with their water management. The distribution
of water is often unequal, impairing people with lower income. Besides that, the treatment of waste
water is a major problem in India. Roughly 100 million people lack basic sanitation (UNESCO, 2019).
80-90% of the waste water is discharged untreated into low-lying areas or water bodies, limiting the
amount of water available for drinking and daily use (Nigam, 2005). Furthermore, the increase in
impervious area, caused by urbanisation, does not let the water infiltrate. This induces an increment in
runoff rates and volume, which makes cities more prone to flooding (Eckart et al., 2018).

India is further known for its monsoon dominated climate. In summer, this dominant wind blows from
the ocean to the North-East, carrying vast amounts of rainfall. During winter, the monsoon blows to the
South-West, coming from land and causing droughts. Extreme rainfall and extreme droughts become
more common, due to global climate change, leading to both catastrophic flooding and water scarcity
(The Guardian 2016; The Guardian 2017). Yearly, 17.5 million people are affected by droughts, causing
agricultural loss and shortage of food. Besides that, 19 million people are yearly exposed to flooding,
causing casualties and economic damage (UNESCO, 2019). Considering these problems, adequate
water management is needed to keep the population safe and healthy.

\ i Fh B _Minju r

Afghanistan \Q = 2 R
. & .

7 ‘K‘éthivakkam

China 0z
‘ 7 RedHills i
Nepal™._ - 2 - N ez P ;
*AIR gL ucknow . dj;ﬂ'z Y 5 X i ;’f
llonae ®Kohima |- = e Ambattur SNLGRp e
eVaranasl elmphal 7 ) i 7‘_.' At SRS
"amlagnruam S i | el e
Calct =e | \ Jhiruverkadu =
Burmal| | N et s e B
/ <3 'Kundra'thur' 5 o s“j‘ .
eHyderabad Z & e (=55 Ea  Thiruvanmiyur
e/ B:fy A ¢ Py Pallavaram g
Bengal Andarman: ,I i 2 , 7 “‘
Islands 8 ’ v' T ambarqm 17 2| A
5- ’ l; / 7 5ho|i?§anallur N
Nicobat . ol - !“ 0 5 10 15 km
Islands "< ' i
) a
Figure 1: India and its major cities. Chennai is Figure 2: Chennai Metropolitan Area (CMA), indicated
indicated within the red box (Destination360, 2006) in green (own figure, based on (Chennai Metropolitan
Water Supply and Sewerage Board, 2012; Open Street

Maps, 2019)



4.1. Water management in Chennai

Chennai, situated on the shores of the Bay of Bengal, is the capital of the Tamil Nadu state (Figure 1).
Chennai City, together with the surrounding villages, constitutes the Chennai Metropolitan Area (CMA)
(Figure 2). It is the fourth largest metropolis in India (Chennai Metropolitan Development Authority,
2008a). CMA currently has 10.7 million inhabitants. About half of the CMA inhabitants live in Chennai
City. The city grows fast, attracting migrants from the Tamil Nadu state and other Indian regions. From
1971 to until now, the city had an annual growth rate of approximately 2% (Chennai Metropolitan
Development Authority, 2008a). Chennai has a tropical climate, with temperatures around 20°C in
January and 40°C in May-June. The area is dominated by the monsoon, with a wet period from October
till December. There can also be cyclones during this time (Chennai Metropolitan Development
Authority, 2008a). Between January and April there is a dry period (Chennai Metropolitan Development
Authority, 2008b).
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Figure 3: Water bodies in CMA. Sembakkam lake is indicated with red, the rivers Kosasthalaiyar, Adyar and Cooum with
green, the water tanks Sholavaram, Red Hills and Chembarambakkam with purple and the Pallikaranai marsh with orange
(Chennai Metropolitan Development Authority, 2008a).

Hydrology

The CMA is situated in a plain with contours ranging from 2 to 10 m above sea level. It is traversed by
three major rivers, namely Kosasthalaiyar, Cooum and Adyar River (Figure 3). The discharge of the
Cooum river varies between 266 million liters a day (MLD) in the dry season to 709 MLD in the wet
season. Adyar river has a discharge of 515 MLD in the dry season and 2585 MLD in the wet season.
During the dry season, these rivers discharge only domestic and industrial sewage. Furthermore, the low
discharge of Cooum river is due to heavy silt disposition in the storm water drains (Gowri et al.,2007).



There are also many water storage systems for domestic water supply present in Chennai. The most
important ones are Sholavaram Tank, Red Hills Tank and Chembarambakkam Tank (Figure 3). Beside
these big tanks, CMA has 320 lakes, with one of them being Sembakkam lake (Chennai Metropolitan
Development Authority, 2008b).

Water scarcity

The water demand for households in 2017 was approximately 807 MLD, including water for domestic
industrial purpose (Srinivasan et al., 2010). The water supply cooperation, Metrowater, supplies the 95%
of the households with approximately 600 MLD, and is not able to supply constantly. Households cope
with this irregular supply and water deficit by building their own wells. Approximately two thirds of the
population has private wells, resulting in a total of 420,000 wells. During the dry period, when ground
water tables are low, severe water scarcity is experienced (Natarajan & Kalloikar, 2017).

Flooding

Despite the big storage capacity of water tanks and lakes and the high drainage capacity of the rivers,
Chennai suffers from annual flooding of settled areas (Suriya et al., 2011). The drainage systems cannot
process the amount of water that comes with the heavy rains, sometimes associated with cyclonic
activity (Chennai Metropolitan Development Authority, 2008a). In 2015, an even bigger flood
happened, submerging almost the whole city (The Indian Express, 2015).

This malfunctioning of the water systems has a number of reasons. Firstly, most of the waterways and
water tanks are silted or blocked by buildings and other structures. Secondly, the areas around the water
tanks or rivers have become more urbanized. Some water tanks have even been removed and made
urban area. Urbanized areas increase both the volume and the rate of the runoff because the water cannot
infiltrate into the ground (Suriya & Mudgal, 2012). Moreover, the infiltration of water in the soil is
already low, especially in the south-west part of Chennai, due to a relatively small layer of soil (20 m)
available for ground water storage (Chennai Metropolitan Development Authority, 2008a).

Measures are already being taken all over the city in order to mitigate flooding. These measures include
creating additional storage capacity, developing a network of green environment, preventing
encroachments of the macro drainage systems and improving micro drainage systems, like Sembakkam
lake (Chennai Metropolitan Development Authority, 2008a).

Water quality

Besides the problems with handling the water quantity, there are also problems with the water quality
of the CMA. Only 30% of the sewage is being treated before it is disposed (Singh, 2004). Untreated
waste water is dumped in the ground or discharged in water bodies. Also, solid waste ends up in the
waterways, blocking drainage systems (Chennai Metropolitan Development Authority, 2008a). This
leads to a high level of pollutants in ground- and surface water (Arunprakash, 2013). 57% of the
households pump groundwater for drinking purposes, which makes the groundwater pollution
problematic (Anand, 2001).



5. Study Area

There are three main problems at Sembakkam lake. The first is the water scarcity in the catchment area
and the dropping ground water tables during the dry season. The second is that the capacity of the lake
is too small to accommodate for the amount of inflow during monsoon. The third is that the inflow of
sewage water is not treated, causing the lake to be polluted. In this section, these problems will be
discussed in more detail.

5.1. General information

Hydrology

The Pallikaranai marshland (indicated in orange in Figure 3), the only fresh water marsh in the city of
Chennai, has recently been restored. However, it still receives polluted inflow from the upstream lakes
in its watershed. One of these lakes is Sembakkam lake (indicated within the red circle in Figure 3 and
in brown in Figure 4).

i RAJAKILPAKKAM
LAKE

Figure 4: Pallikaranai Marshland catchment area (Sembakkam lake indicated in brown) (Indian Institute of Technology
Madras, 2018b)

Sembakkam lake and its catchment receive an average yearly rainfall of 1350 mm. The average
maximum air temperature is 33°C and the average minimum air temperature is 23°C.

In the last two decades, the catchment of Sembakkam lake have become heavily urbanized and
encroached. There are three lakes which are located in the catchment area: Chitlapakkam, Selaiyur and
Rajakilpakkam Lake (Figure 4). These lakes constitute a cascading system: when a lake reaches its
capacity, it discharges its surplus to the next downstream lake. Before the urbanisation of the catchment
area took place, it mostly consisted of agricultural lands. The lake would fill up during monsoon and be
empty at the end of the dry season. Nowadays, the lake is completely full for most of the year due to the
dry weather flow from the urban area, consisting of untreated sewage water.

Site layout

The layout of Sembakkam lake is presented in Figure 5. It consists of a water spread area, a former
dump yard and a wetland portion with a size of 34, 2 and 4 ha respectively. (Figure 5). This wetland
mainly exists of marshlands and is heavily silted due to the high amount of drainage inlets situated at
the western side of the lake (Indian Institute of Technology Madras, 2018b). The dump yard has been
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cleared in 2018, but dispersion of the garbage has contaminated the soil and the lakes water and there is
still waste in the soil (Indian Institute of Technology Madras, 2018b). The 22 inlets are all situated at
the western and southern sides of the lake. The outfall of the lake, a weir and a sluice, are situated at the
northern edge. The well in the northwest of the lake is used by water tankers for water extraction. More
detailed figures can be found in appendix I.
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Figure 5: Layout of Sembakkam lake with position of inlets (own figure, based on (Indian Institute of Technology Madras,
2018a))

5.2.  Water management problems

Water scarcity & flooding

During the dry season the surrounding neighbourhoods of Sembakkam lake encounter water scarcity.
Ground water tables are dropping and the surface water of the lake is too polluted for domestic use
(Viswanathan, 2018). On the contrary these neighbourhoods experience yearly flooding during the
monsoon season, due to an insufficient drainage system.

Water quality

Garbage and sewage dumping into this lake has been going on for decades, resulting in polluted water
and soil (The Times of India, 2017). Moreover, during the dry season, the drains of these catchments
carry mostly sewage water into the lake. As a result, the concentration of heavy metals, TDS, BOD and
COD are too high to be used for human consumption or swimming. Furthermore, the amount of
ammonical nitrogen in the water is exceeding standards, causing a lot of hyacinth growth in the northern
and western parts of the lake. These hyacinths stagnate the water flow. Also, the wells around the lake
are influenced by the water in the lake, which makes them polluted. This is problematic, because the
ground water is used for (commercial) drinking purpose (Indian Institute of Technology Madras, 2018b;
Indian Institute of Technology Madras, 2018c). These problems do not only occur at Sembakkam lake.
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For example, Rajakilpakkam lake, Madipakkam lake and Medavakkam lake are also heavily polluted
and their water is unusable for domestic purposes (Chennakrishnan et al., 2008).

Improvements

Residents of the surrounding neighbourhoods of Sembakkam lake, united in active welfare associations,
have long been discussing these issues with governmental bodies. Since 2017, there have been initiatives
to improve the situation. Experts from 1ITM have started investigating the water quality of the lake.
Following from this research, the hyacinths that were a result of nutrient pollution and covered the lake’s
surface have been partly removed. They also proposed to dredge the top part of the lake bed to increase
storage capacity. The aim is to make Sembakkam lake a retention area for storm water and a good source
of drinking water (Deccan Chronicle, 2018).
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6. Research Aim & Questions

The aim of this research is to give water management options of Low Impact Developments (LIDs)
which can be implemented in the catchment and lake area of Sembakkam lake. The focus of these LIDs
is to mitigate flooding and recharge groundwater. Advice will be given based on the impact of the
proposed LIDs, which will be calculated using a model of the water balance of Sembakkam lake,
developed with the Storm Water Management Model (SWMM) software.

The main research question for this research is:
- How is the water balance of Sembakkam lake currently composed and what efficient Low
Impact Developments could be implemented in its catchment area and lake bed?

The sub-questions are:

1. How is the water balance of Sembakkam lake currently composed and what are accompanying
uncertainties?

2. What Low Impact Developments could be implemented in the catchment area and the lake bed
of Sembakkam lake?

3. What is the quantitative impact of these LIDs on the overflow and storage of Sembakkam lake
and the infiltration in the catchment area during a dry, average and wet year?

4. How does the impact of these LIDs influence the handling of Sembakkam lake’s water
problems?

13



7. Background Theory
In this section, background theory regarding the SWMM model and LIDs is provided.

7.1. Storm Water Management Model

The software that was used for modelling the water balance of Sembakkam lake is the Storm Water
Management Model (SWMM) developed by the U.S. Environmental Protection Agency and the
consultancy engineering firm Camp Dresser & McKee Inc. It is a dynamic hydraulic-hydrologic model,
able to model the quantity as well as the water quality of runoff (Zhu et al., 2019). It is dominantly used
for modelling urban areas (Rossman, 2015).

The concept of SWMM is to divide a catchment in smaller sub-watersheds in order to account for spatial
variability of characteristics and to get a more detailed computation of the precipitation to runoff
processes. A SWMM model (visualised in Figure 6) consists of a collection of these sub-watersheds
with different parameters: area, slope, percent imperviousness, Manning-N for pervious and impervious
areas, depressions storage for pervious and impervious areas, the percentage of impervious area without
depression storage and infiltration parameters. Additionally, there is the width of the sub-watershed.
These sub-watersheds receive precipitation and generate infiltration, evaporation and runoff. The runoff
is calculated based on a non-linear reservoir model (Palla & Gnecco, 2015). Runoff is generated as soon
as the depression storage is exceeded. Its flow and quantity are calculated based on the Mannings
equation (Zhu et al., 2019). The runoff is then handled by the transport component of the SWMM
software. It represents the drainage system and consists of junctions (which can also be storage units)
and links (e.g. canals, pipes, weirs), each with its own dimensions and parameters. The flow is also
calculated based on the Manning equation (Rossman, 2015).

Transport component

Precipitation [ Evaporation

Outflow
- T,

Runoff

Sub-watersheds

| Infiltration

Figure 6: Basic representation of the SWMM model (own figure, based on (Rossman, 2015))

7.2.  Low Impact Developments

Low Impact Developments (LIDs) are decentralised hydrological controls using natural processes and
resources (Yang & Chui, 2018; Huang et al. 2018). The aim is to restore the pre-development
hydrological situation (Eckart et al., 2018; Yang & Chui, 2018). They are meant to mitigate the
guantitative influence of the high imperviousness in urban areas by reducing the peak and the total
runoff, replenish ground water and reduce the pollutant load (Palla & Gnecco, 2015; Huang et al., 2015).
They also mitigate the qualitative influence of urban areas on the runoff by filtering runoff. Storage,
infiltration and evapotranspiration are the main parameters to accomplish this (Palla & Gnecco, 2015).
Examples of LIDs are bioretention ponds, rain barrels, vegetative swales, porous pavements and green
roofs.

Their emergence in the field of water management is relatively new and their effect is debatable, mainly
due to the fact that big scale experiments have not been conducted (Palla & Gnecco, 2015). Moreover,
it is often hard to determine the type, the size and the location (Xu, et al., 2018). Especially the latter is
very important for its effectiveness (Martin-Mikle et al., 2015). Furthermore, there are often trade-offs
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between economic and environmental stakes when it comes to the implementation of LIDs (Liu, et al.,
2016). The cost effectiveness of a certain LID determines it favourability (Xu, et al., 2018).

Last but not least, LIDs can also have an adverse effect. For example, in areas with shallow ground
water, the ground water can drain out and become extra water load on the surface. Besides that, there
will be less filtering of the infiltrating water due to the short travel distance through soil layers to the
ground water. This can have ground water contamination as a consequence (Zhang et al., 2018).

In SWMM, LIDs are modelled per unit of area. Different layers (e.g. surface and storage layer) have
their own properties and SWMM calculates the flow between these different components (Figure 7)
(Rossman, 2015).

Surface

by

Storage

") Drain

Figure 7: SWMM modelling of LIDs (Rossman, 2015)
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8. Methods

This section describes the approach of modelling the water balance of Sembakkam lake in SWMM.
Additionally, it outlines the method of performing the sensitivity analysis and the modelling of the LIDs.
The steps undertaken are visualised in Figure 8.

Establish conceptual model

l

Develop model of Quantify Runoff Delineate catchment area and
current situation in SWMM in- and outflows draw drainage network
Set up . Determine parameters
. > Precipitation >
model settings sub-watersheds

A 4

o . Dry weather N Determine parameters
Perform sensitivity analysis — inflow drainage network

i || i > Determine infiltration parameters

Develop model with Determine suitable LIDs Fraporation i

implemented LIDs in SWMM

Determine guantity and * Human extraction

dimensions LIDs

Outflow &
Implement in SWMM Seepage

Develop model with dredged
Sembakkam Lake in SWMM

Figure 8: Overview of methods

8.1. Conceptual model

A visualisation of the conceptual model of Sembakkam lake is presented in Figure 9. Sembakkam lake
was modelled as a storage reservoir with in- and outflows. It receives four inflows: Precipitation on the
lake, the overflow from upstream lakes, the runoff of its own catchment and dry weather inflow which
is sewage water from the urbanized area. Latter is a combined flow with overflow from upstream lakes
due to dry weather flow and the dry weather flow of the catchment of Sembakkam lake. This
combination was made because there was only data available of the dry weather inflow in Sembakkam
lake. There are four ways how water leaves Sembakkam lake: evaporation, seepage to the ground water,
overflow and human use. Especially during the dry period of the year water supply companies pump big
amounts of water from the lake for commercial purposes.
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Figure 9: Conceptual model of Sembakkam lake (P = precipitation, E = evaporation, Q = flow, S = storage)
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The catchment areas of Sembakkam lake and upstream lakes receive precipitation. A part of this
precipitation is stored in small depressions and eventually evaporates, a part infiltrates into the ground
and the remaining water becomes runoff. The upstream lakes receive runoff and precipitation. This
inflow is stored and some part evaporates. Once the amount of inflow exceeds the storage capacity, the
surplus is discharged towards Sembakkam lake. The seepage at upstream lakes has not been taken into
account, due to the absence of data.

8.2.  Modelling current water balance
8.2.1 Runoff

Delineation of sub-watersheds & drawing of drainage network

To delineate the sub-watersheds that drain into Sembakkam lake and to find the drainage network, this
study used a 10 meter Digital Elevation Map (DEM) supplied by Digital Globe Quickbird Imagery.
QGIS was used to perform analysis. Because the study area is mostly urbanised, the drainage network
is artificial and depends more on the city layout than on elevation levels. To compensate for that, the
DEM was manipulated. It was assumed that most drainage canals are located along roads (Ji & Qiuwen,
2015). Therefore, the main roads and secondary roads were lowered. More detailed information can be
found in appendix II.
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Figure 10: CéitchFﬁent\ofJSen:lbakkam lake, divided in 49 sub-watersheds (own figure, based on (Open Street Maps, 2019))

The ‘GRASS r.watershed’-tool was used to delineate the sub-watersheds and draw the drainage network.
After a process of trial and error the minimal external watershed area was assumed to be 5 ha in order
to have sub-watersheds which were not too small and not too big. To define the total catchment area,
besides the sub-watersheds draining directly in Sembakkam lake, the sub-watersheds draining into
Chitlapakkam, Selaiyur and Rajakilpakkam lake were also selected. Experts of IITM discovered that
these lakes also discharge on Sembakkam lake, although for Rajakilpakkam Lake the generated drainage
network did not indicate this. Furthermore, the sub-watersheds were manually edited.
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Because the dominant flow direction is eastwards, all parts of sub-watersheds east of Selaiyur,
Rajakilpakkam and Sembakkam lake were deleted. Furthermore, all sub-watersheds which discharged
on secondary streams were merged with the primary sub-watersheds. This resulted in 49 sub-watersheds
with areas ranging from 3.9 to 34 ha and a total catchment area of 796 ha (Figure 10).

Determination parameters sub-watersheds
A 50 meter land use map from the National Remote Sensing Centre (NRSC) from 2004 was used to
determine the impervious area of each sub-watershed. This study only considered ‘Build-up’ area as
impervious area. Using the ‘zonal histogram’ tool of QGIS, the percentage of impervious area was
determined. This impervious area is the Total Impervious Area. Sahoo and Sreeja (2014) however
stressed the importance of using the Effective Impervious Area because using the TIA often results in
overestimates. The EIA was determined for every sub-watershed and used in calculation of the runoff
and can be approximated with the empirical formula: (Alley & Veenhuis, 1983)

EIA = 0.15 * TIA4! Equation 1

Where EIA is Effective Impervious Area in ha, TIA the Total Impervious Area and 0.15 and 1.41 factors
which were used to fit the trendline to the data.

The slope of each sub-watershed was determined using the original DEM and the GRASS
‘r.slope.aspect’-tool. The default parameters were taken as input. The ‘zonal statistics’-tool of QGIS
was used to calculate the average slope for every sub-watershed. This study calculated the width
parameter of the sub-watersheds by dividing the sub-watershed area by the longest flow path in the sub-
watershed to the beginning of the drainage network. Because the shape of each sub-watershed is
capricious, an arbitrary mean flow path was taken based on visual inspection of the sub-watershed.
Remaining parameters were estimated based on literature and set equal for all sub-watersheds. Their
values are presented in Table 1.

Table 1: Parameters sub-watersheds

Parameter Value Unit Source
Manning-n impervious area 0.014 s/m*® (Kumar et al., 2019; Li et
al., 2016; Tsai etal., 2017)
Manning-n pervious area 0.1 s/m*3 (Kumar et al., 2019; Li et
al., 2016; Tsai et al., 2017)
Depression storage impervious area | 2 mm (Li et al., 2014; Rossman,
2015; Vemula et al., 2019)
Depression storage pervious area 7.5 mm (Kumar et al., 2019;
Vemula et al., 2019)
Fraction of impervious area without | 50 - (Lietal., 2014)
depression storage

Determination parameters drainage network

Junctions

In SWMM, the complete runoff from a sub-watershed enters the drainage system at one point, a junction.
Runoff cannot enter the drainage system at a conduit. In reality, the sub-watershed will drain in different
places along the drainage network. To compensate for that the junction point in the drainage network at
which the whole sub-watershed drains was chosen closest to the centre of gravity of the sub-watershed.
The invert elevation of these junctions was determined by subtracting 1 meter of the DEM elevation at
their locations, because it was assumed that the drainage network has a depth of 1 meter. In some parts
of the drainage network, an adverse elevation was found. This was resolved by taking the invert
elevation of the last junction before and the first junction after the adverse slope, assuming a linear
descend between them and adjusting the invert elevation of intermediate junctions accordingly.
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The SWMM software allows flooding only to happen at the junctions and not at the conduits. The
amount of water that flows into the junction which cannot be discharged by the outflow conduit, will be
counted as ‘flooding loss’ and does not come back in the system. However, it was assumed that no water
was lost but that area is temporarily flooded. Eventually the drainage system transfers all runoff to the
lake. To account for that, the option ‘Allow ponding’ was used, to create a ponding area at each junction,
where the water can be temporarily stored. The surcharge depth was taken as 1 meter and the ponded
area at 1000 m?.

Storage elements

The four lakes were modelled as storage elements in SWMM, which cannot receive precipitation
directly because they are part of the drainage network. Therefore, this study created a sub-watersheds
for each storage element with the area of the corresponding lake. Its parameters can be found in appendix
I11. They were chosen in such a way that the runoff would almost immediately flow in the storage
element.

The invert elevation of each storage element was estimated similarly to the invert elevation of the
junctions. Furthermore, a contour map of Sembakkam lake was used to determine the depth profile of
Sembakkam lake (Appendix 1V). Experts from IITM asserted that the maximum depth was
approximately 1.5 meter, which was also assumed for the upstream lakes. Since there was no contour
map of the upstream lakes, their depth profile was assumed to be rectangular, having the same area for
all water depths. The storage capacities of each lake are shown in Table 2. Furthermore, the initial depth
was set to 1.5, because it was assumed that each lake is full at the start of the year, which is right after
the wet period.

Table 2: Capacity of Sembakkam, Chitlapakkam, Selaiyur and Rajakilpakkam Lake (Tank Memoir, n.d.)

Lake Capacity (Mm?®)
Sembakkam 0.28
Chitlapakkam 0.20
Selaiyur 0.46
Rajakilpakkam 0.31

Conduits and weirs

This study determined the length of the conduits using build in functions of QGIS. Because it was
observed that the models results were very sensitive to the width and height of the conduits,
measurements of the dimensions of the drainage network at 18 locations in the catchment area were
carried out (Appendix XV). The researcher discovered that all conduits were made of concrete and were
rectangular in shape. The dimensions of the conduits at measurement locations were directly
implemented in the SWMM-model. To estimate the dimensions of the remaining conduits, three kind
of roads were distinguished. The average of the measured dimensions for each kind of these roads was
calculated (Table 3). The conduits without direct measurement were then categorised in one of the three
kinds of roads and the corresponding average dimensions were used.

Table 3: Average conduit dimensions for primary, secondary and tertiary roads in Sembakkam catchment area

Road type/category Average width (m) Average height (m)
Primary 0.78 0.63
Secondary 1.01 0.66
Tertiary 0.68 0.61

Furthermore, this study assumed the Manning-n coefficient of the conduits to be the same for the whole
drainage network. Ranges from 0.011 to 0.024 were used for areas in Taiwan and China (Tsai et al.,
2017; Li et al., 2016). A study in Mumbai (India) used 0.014 as coefficient, whereas a study in
Hyderabad (India) used ranges from 0.02 to 0.035 and a study in West-Bengal (India) 0.01 to 0.03
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(Vemula et al., 2019; Bisht et al., 2016; Ranger et al., 2011). Ranges from 0.011 to 0.02 are typical for
concrete open channels. However, during the field visit, it was observed that many conduits are clogged
by solid waste (Appendix XV). Therefore, taking a higher value seemed more reasonable. Taking the
studies from Vemula et al. (2019) and Bisht et al. (2016) into account, a value of 0.022 was chosen.

The system of upstream lakes is a cascading system, which means that when a lake’s storage capacity
is fully reached, it will start discharging into Sembakkam lake. This was modelled by using a weir for
the lake’s outflow conduit. By visiting the weir in Sembakkam lake it was assumed that its properties
also count for the weirs of the upstream lakes. Their parameters can be found in Table 4.

Table 4: Parameters weir at Sembakkam lake and upstream lakes

Parameter Value

Height 15m

Length 50 meters

Inlet offset 1.5 meter

Discharge coefficient 1.6 (Rossman, 2015)
Type Transverse

Determination of infiltration parameters

To determine the infiltration, the model provides three different methods. The first is the Green-Ampt
method (GA) which is a physically based model. The second is Horton, a semi-empirical method and
the third is a method based on the Curve Number (CN), which is completely empirical. A review, done
by Mishra et al. (2003), showed that the GA-method is popular, because its parameters can be derived
from the soil type. However, Horton was considered to be more suitable than GA, also for Indian soils.
This conclusion was also made by Chandramouli (2016). Furthermore, Innes (1980) found that the CN-
method predicted the infiltration in dry soil the best and Eckart et al. (2018) mention the responsiveness
of this method on the characteristics of the runoff production in urban areas as a strength. Suribabu and
Bhaskar (2014) stated that this method was only useful for the infiltration processes of short events. CN
was chosen because of the ease to determine its parameters. The parameters of the Horton can only be
found by conducting a regression analysis on infiltration measurements, which was not in the research
scope. No proper soil map was available so the GA method was also not usable. The available land use
map however was enough for determining the CN parameters.

The curve number for each sub-watershed was chosen based on its land use and hydrologic soil group.
Based on a soil map of Tamil Nadu Agricultural University (2004), the hydrologic soil group was found
to be D*. The corresponding Curve Numbers per land use for Indian conditions are presented in appendix
V. The final Curve Number for each sub-watershed was calculated by taking the weighted average of
the area.

8.2.2 Precipitation

This study used precipitation data from a Self Recording Rain Gauge (SRRG) of the Indian
Meteorological Department (IMD) at Meenambakkam, which is approximately 7 km away from the
study area, to find an appropriate precipitation pattern for a dry, average and wet year. This data
consisted of hourly precipitation amounts for 47 years, from 1969 to 2016. The data was prepared for
use by inserting zero precipitation values for missing hours (0.1%) and omitting five incomplete years.

1 Soils from hydrological soil group D have a high runoff potential and a low infiltration rate (Booij, 2017).
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To determine which year would be used as a dry, average and wet year, the mean and standard deviation
of the yearly precipitation amounts were calculated. Years that had a yearly rainfall more than the mean
plus one standard deviation were counted as wet years, years with a yearly rainfall less than the mean
minus one standard deviation were counted as dry years, and the remaining years were taken as average
years (Leary, Conde, Kulkarni, Pulhin, & Nyong, 2008). After that, the average yearly precipitation for
each of these batches was computed. The representative year for each batch was the year which had a
yearly precipitation closest to the average yearly precipitation of that batch. In this way the
representative dry, average and wet year were found to be 1982, 1971 and 1990 respectively. Their
precipitation pattern is illustrated in Figure 11.
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Figure 11: Precipitation pattern in catchment area of Sembakkam lake during a dry, average and wet year

8.2.3 Dry weather inflow

The dry weather inflow into Sembakkam lake was measured in an arbitrary way by experts of ITM.
Only the flow of six inlets was measurable (Appendix V). This study modelled the total inflow of 8.78
MLD as a direct constant inflow into Sembakkam lake.

8.2.4 Evaporation

To model the evaporation, a climate file containing daily minimum and maximum air temperature data
from the IMD was used. The location of the closest measurement point is at 12.5, 79.5, which is 85 km
away from the lake in a rural area. Other location points were further away or located in the sea, which
was considered to be unreliable. SWMM uses the Hargreaves equation to estimate the evaporation
(Rossman, 2015; Hargreaves et al., 2003).

8.2.5 Human extraction

Private and public water supply companies extract water from the well in the northwest of the lake by
water tankers for human usage. Most households in Chennai are connected to private or public pipe
supply, but this supply is often irregular and insufficient, especially in the dry period. Shortages in water
supply are compensated by water supply by tankers. Because extractions of these tankers happen
irregularly and without any governmental control, no data is available for this outflow. An estimation
was made, based on the daily water use per capita from water tankers, the amount of inhabitants and the
amount of tanks in the neighbourhood.

The consumption per capita from private tankers and mobile/standpipe public supply for a dry, average
and wet year in Chennai can be found in Table 5. The three different periods were based on the rainfall
pattern: there is a dry period from January to May. From June to September, some rain falls and from
October to December the raining season is there. Only values from January to March for a dry and a wet
year could be derived from (Srinivasan 2010). For April and May, it was assumed to be the same water
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demand, because rainfall patterns are similar during these months. Concerning the period from October
to December, which is the raining season, this study assumed that for all types of years the regular water
supply would be enough to meet the water demand. The water demand for tankers would be small and
was assumed to be the same as the demand in January to March during a wet year. Furthermore, this
study estimated the period from June to September to be the average of the other two periods. Lastly,
the water use during an average year was calculated by taking the average of a dry and wet year for
every period.

Table 5: Daily water use in litres per capita in Chennai

Year Jan-May June-Sep Oct-Dec
Dry 31 19 6
Average 19 12 6
Wet 6 6 6

The total population in 2011 of the surrounding three districts and the amount of water tanks in these
districts is shown in Appendix VII. The total population was divided by the amount of water tanks,
resulting in a rough estimation of 42,600 people in the Sembakkam lake area being dependent on tanker
supply. By multiplying this value with the water demand per capita per day, the human water extraction
from Sembakkam lake for the different types of years and periods was determined and presented in
Table 6. The monthly-weighted average is used in the model, as a constant outflow of the lake.

Table 6: Human extraction in m3/s from Sembakkam lake

Year Jan-May June-Sep Oct-Dec Weighted average
Dry 0.0153 0.0091 0.0030 0.0102
Average 0.0092 0.0061 0.0030 0.0066
Wet 0.0031 0.0030 0.0030 0.0031

8.2.6 Calibration seepage Sembakkam lake

SWMM models the seepage from a storage element using the Green-Ampt method. Three input
parameters, the suction head, hydraulic conductivity and initial deficit, are given as input. To find these
parameters, calibration of these parameters during the dry weather season was done. The overflow of
the lake during the dry season was arbitrarily measured by experts of IITM. The initial parameters were
chosen based on a soil type profile of the lake bed (Appendix VIII). The lake bed consists mostly of a
mixture of sand and clay, therefore the parameters of sandy clay were chosen from the SWMM manual
(Table 7) (Rossman, 2015). This study assumed that the lake is always full causing the soil to be always
saturated. The initial deficit was set to zero accordingly. The overflow of the lake was measured in the
last week of January 2019 and amounts 0.03 m?/s. Calibration was carried out with the human extraction
of an average year. The final values are displayed in Table 7.

Table 7: Calibration of lake seepage parameters

Parameter Initial Final
Saturated Hydraulic conductivity (mm/hr) | 0.51 0.50
Suction head (mm) 240 240

Initial deficit (-) 0 0

8.2.7 Other model settings

There are three modes for calculating the water flows. The first is Steady Flow Routing, which assumes
uniform and steady flow and is only useful for preliminary analysis of long-term simulations. The second
is Kinematic Wave Routing, which solves simplified continuity equations for every time step. The third
and most detailed method is Dynamic Wave Routing, which solves the complete one-dimensional Saint
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Venant flow equations and takes backwater effects into account (Rossman, 2015). For running the
model, the ‘Kinematic Wave’-method was chosen. The ‘Dynamic Wave’-mode was regarded to be too
detailed for the amount and precision of data available and the ‘Steady Flow’-method to be too
simplistic.

This study used a reporting time step of an hour because this was considered detailed enough for a run
length of a year. The runoff time step for dry weather was also set to 60 minutes because the dry-weather
inflow was a constant flow which is not necessary to determine for a smaller time-step. To strike a
balance between computational time and level of detail, the runoff for wet weather was set to 5 minutes
and the routing time step to 2.5 minutes. The latter was taken more precise than the first because this
was considered to be the time step of the most important process which should be calculated more
precisely.

8.3.  Sensitivity and uncertainty analysis

This study conducted a sensitivity analysis in order to determine the reliability of the simulation results
because of the absence of adequate calibration data. All input parameters for the sub-watersheds were
included except for the area, because it was assumed that the total catchment area is reliable and only
areas of sub-watersheds are variable. All parameters from the conduits were included. From the storage
unit representing Sembakkam lake, only the parameters concerning seepage, dry weather inflow and
human extraction were taken into account. The shape and maximum depth were considered to be reliable
by reason of the used shape file. The only parameter of the final weir that was included was the discharge
coefficient. The width and height of the weir were considered to be reliable because they were measured.
The modelling of LIDs was not included in the sensitivity analysis because this study evaluated them
for different scenarios.

The ranges of the input parameters were determined by conducting a literature research. Studies were
filtered based on the study area. Only studies conducted in Asia were taken into account, because of
comparable conditions in these countries. The results of the literature research and the final chosen
ranges for each parameter are presented in Table 8. The maximum value of Manning-n of the pervious
area in the sub-watersheds was chosen lower based on the field visit. For some parameters a factor was
used as range because no literature value could be found or the parameter is different for every single
sub-watershed or conduit. This study used a range of -25% and +25% for all parameters that no literature
value could be found for (Kumar et al., 2019). Furthermore, the sensitivity analysis was performed for
an average year. Lastly, chapter 7 evaluates the uncertainties of the model.
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Table 8: Chosen and literature ranges of input parameters

Parameters Minimum | Maximum | Literature | Literature | Source
chosen chosen minimum | maximum
Manning-N 0.01 0.03 0.011 0.035 (Kumar et al., 2019;
impervious Vemula et al., 2019;
Vemula et al., 2019; Li
et al., 2016)
Manning-N 0.05 0.15 0.05 0.8 (Kumar et al., 2019;
pervious Vemula et al.,, 2019;
Vemula et al., 2019; Li
et al., 2016; Li et al.,
2014)
Depression 1 3 0 3 (Kumar et al.,, 2019;
storage - Vemula et al., 2019; Li
impervious et al., 2016; Li et al.,
2014; Rossman, 2015)
Depression 5 10 25 10 (Kumar et al.,, 2019;
storage - Vemula et al., 2019; Li
pervious et al., 2016; Li et al.,
2014; Rossman, 2015)
% impervious | 25 75 50 80 (Lietal., 2014)
area no
depression
storage
L | Slope (factor) | 0.75 1.25 0.75 1.25 (Kumar et al., 2019)
L_{—_J Width (factor) | 0.75 1.25 0.75 1.25 (Kumar et al., 2019)
& % impervious | 0.75 1.25 0.75 1.25 (Kumar et al., 2019)
I | area (factor)
;’: Curve number | 0.75 1.25 - -
= (factor)
2 Days to dry 3 8
Manning-N 0.01 0.035 0.011 0.035 (Vemula et al., 2019;
Li et al., 2016; Tsai et
— al., 2017)
5 | Width (factor) | 0.75 1.25 - -
2 | Height (factor) | 0.75 1.25 - -
S | Length (factor) | 0.75 1.25 - -
Suction head | 0.75 1.25 - -
— (factor)
= | Conductivity 0.75 1.25 - -
D | (factor)
& | Dry  weather | 0.75 1.25 - -
é flow (factor)
O | Human Use | 0.75 1.25 - -
5 | (factor)
Outfall weir | 1.38 1.83 1.38 1.83 (Rossman, 2015)
discharge
coefficient
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8.4. Modelling LIDs and dredging

The catchment area of Sembakkam lake is heavily urbanised. There is hardly any space for rain gardens
or other kinds of green infiltration areas. This study therefore only evaluated LIDs which could be
implemented at a household level, which was assumed to be the same as the level of a single residential
building. The Rain Center is a corporation which stimulates and facilitates the implementation of rain
water harvesting measures in Chennai (Rain Centre, 2017). This study evaluates two of them using the
SWMM model: rain barrels, typically build as underground cisterns, and percolation pits. The likelihood
of these two LIDs being implemented is higher because of the efforts of this organisation. Furthermore,
this study also evaluated the dredging of the lake as an improvement for groundwater recharge at the
lake itself.

8.4.1 The amount of LIDs implemented

It is uncertain how many households would implement cisterns and percolation pits. Therefore, three
different scenarios were modelled, differentiating in the share of households that implement the LIDs:
5%, 15% and 25%. As there was only data available about the amount of residents in the Tambaram
neighbourhood, from which the catchment area of Sembakkam lake is a part of (Appendix VII), this
study approximated the amount of households in the latter. Based on Google Satellite imagery,
residential areas within Tambaram neighbourhood were delineated. The area of these residential areas
was calculated with a built in tool of QGIS. After that, the fraction of these residential areas located
inside the catchment area of Sembakkam lake was calculated. The amount of residents in Tambaram
neighbourhood was multiplied with this fraction and after that divided by the average household size of
four persons to obtain the amount of households (Express News Service, 2017). This study assumed that
there were no multiple storey buildings based on observations from the field visit. Consequently the
amount of households per hectare was calculated by dividing the total amount of households in the
catchment area by the total residential area in de catchment area. Finally, this value was used to calculate
the amount of households in each sub-watershed.

8.4.2 SWMM modelling of cisterns

In India, common dimensions for cisterns are 1.8 x 1.8 x 2.7 m resulting in a volume of 9 m?
(Narasimhan, 2019). The draining flow from the cistern was used to model the human usage of the
stored water. Srinivasan et al. (2010) estimates the water use per capita from 40 to 100 litres per day for
the Chennai region. Shaban and Sharma (2007) state that the low-middle income class, which is the
class of most of the households in the catchment area, uses 40 to 60 litres per capita per day. Finally,
Anand (2001) found that the towns in CMA, which Tambaram is one of, use 40 litres per capita per day.
Therefore, 40 litres per capita per day was chosen as the water consumption of residents in the
Sembakkam catchment area, which makes the consumption of an average 4 person household 160 litres
a day. It was assumed that all of this water was taken from the cistern whenever there is sufficient water
in it. Furthermore, only 67% of the runoff is directed to the cisterns. Cisterns only store runoff from
rooftops and the percentage of impervious area being rooftops was estimated 67% of the total
impervious area.
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8.4.3 SWMM modelling of percolation pits

The design of a percolation pit build by the Rain Center can be found in Figure 12. The dimensions for
the storage space at the top are typically 1.8 x 1.8 x 0.9 meter in India (Narasimhan, 2019). The void
ratio was taken as 0.4 (Ven, 2016), the surface roughness as 0.2 and the slope as 0.5, in order to have
most of the runoff going into the storage space instead of flow over it. As the seepage rate, the hydraulic
conductivity of sand (120 mm/hr (Rossman, 2015)) was taken, because the borehole will extend to the
depth of a sand layer.

TOP PERFORATED SLAB

0 00O
G.L © 0 O GL
TR TR
— AIR VENT
—SAND
—PEBBLES

SACK PACKING
SILT ARRESTER

10” BOREHOLE
FILLED WITH

? PEBBLES
0 0
Pif%
S

Figure 12: Design of a percolation pit (Rain Centre, 2017)

Furthermore, this study modelled the percolation pits by creating a new sub-watershed for every original
sub-watershed. Since percolation pits are probably implemented at the edge of a lot near the street all
runoff was directed from the original sub-watershed to the percolation pit sub-watershed. When the
capacity of the percolation pit is reached, the remaining runoff is directed to the drainage network.

8.4.4 SWMM modelling of lake dredging

Based on the soil profile of the lake bed (Appendix VI1II), experts from IITM proposed to dredge the
lake up to 1 meter, in such a way that the maximum elevation would be 14.25 m (Figure 33). This study
evaluated the expert suggestion by modelling a new capacity and storage curve for the lake accordingly.
Because it is highly uncertain what the new hydraulic conductivity of the lake would become, results
were generated for a range of hydraulic conductivities. This study took 0.5 mm/hr as lower bound
because it is the current hydraulic conductivity. Based on the soil composition and the contour file of
Sembakkam lake (Appendix VI and IV respectively), it was estimated that a maximum of 10% of the
lake bed would be dredged by 1 m, reaching sandy layers. The hydraulic conductivity of sand is 120
mm/hr. Assuming a seepage rate of 1.5 mm/hr for the remaining lake bed area, this study took the
weighted average of approximately 15 mm/hr as upper bound. As intermediate values, this study chose
1.5 and 5 mm/hr. The first is the hydraulic conductivity of sandy clay (Rossman, 2015). A detailed table
on the derivation of the hydraulic conductivity can be found in Appendix IX. Since many soil layers of
the lake bed consist of a mixture of sand, silt or clay, this was regarded as an appropriate summarizing
soil type.

26



9. Results

This section presents results of the storage dynamics and overflow of the lake as well as the infiltration
of the current situation. Further, it demonstrates the impact of the LIDs and the sensitive parameters of
the developed model.

9.1. Current water balance

Table 9 shows a summary of the water balance of the catchment of Sembakkam lake. Only 4.3-6.4% of
the precipitation infiltrates whereas more than 80% becomes runoff. The precipitation pattern of the wet
year shows less rain events with higher intensity compared to the precipitation pattern of the average
year (Figure 11). This can be an explanation of the reduction in infiltration in a wet year compared to
an average year. Because the water cannot infiltrate properly during these high intensity rain events due
to saturated soil, it instead becomes runoff.

Table 10 shows the water balance of Sembakkam lake itself. It can be inferred that the lake’s average
storage is approximately its capacity. Between 26.8% and 38.5% of the lake’s inflow is dry weather
inflow, indicating the importance of this inflow for the water balance of Sembakkam lake. The most
substantial outflow is the overflow at the weir (68-78%). After that the seepage is the most contributing
outflow (12-18%) and evaporation (5-7%) and the human extraction (1-4%) are minor outflows.

Table 9: Total water flows of catchment area of Sembakkam lake in the current situation during a year. Between brackets the
percentage of the total precipitation

Year Total precipitation | Evaporation Infiltration Runoff (Mmd)
(Mmd) catchment (Mmd) catchment
(Mm°)
Dry 9.09 1.21 (13.3%) 0.51 (5.6%) 7.38 (81.2%)
Avg 13.57 1.55 (11.4%) 0.87 (6.4%) 11.17 (82.3%)
Wet 19.50 1.79 (9.2%) 0.84 (4.3%) 16.87 (86.5%)
Table 10: Water balance of Sembakkam lake. Between brackets the percentage of the total inflow
Year | Average | Total Dry Evapo- Lake Human Overflow | Maximum
storage | inflow | weather | ration seepage | extrac- (Mm?3) overflow
(Mm®) | (Mm®) | inflow (Mm% 2 | (Mm® 2 | tion (m%/s)
(Mm°) (Mm®)
Dry | 0.278 8.34 3.21 0.58 1.50 0.32 5.66 3.93
(38.5%) | (7.0%) (18.0%) | (3.8%) (67.9%)
Avg | 0.279 9.77 3.21 0.67 1.46 0.21 7.13 4.86
(32.9%) | (6.9%) (14.9%) | (2.1%) (73.0%)
Wet | 0.280 12 3.21 0.60 1.44 0.10 9.37 5.85
(26.8%) | (5.0%) (12.0%) | (0.8%) (78.1%)

The water level, volume and overflow of Sembakkam lake during a dry, average and wet year can be
found in Figure 13 to Figure 15 respectively. From the figures, it can be derived that during a small rain
event, the lake’s water level increases to a maximum of 1.54 m, its storage to 0.29 Mm? and its overflow
to 0.5 m®/s. During a moderate rain event, the water level increases to a maximum of 1.6 m, the lake’s
storage to 0.31 Mm? and its overflow to a maximum of 2 m¥s. In case of a large rainfall event, the lake’s
water level can increase up to 1.67 m, its storage to 0.34 Mm? and the maximum overflow to 5.8 m®s.
Generally, the lake’s storage remains constant around the lakes capacity throughout the year.
Consequently, it is incapable of storing runoff from big rainfall events which is instead discharged
downstream.

2 SWMM doesn 't provide the lake seepage as a result directly, but returns a percentage, rounded to zero decimals, of the
total storage lost to seepage. The total storage was interpreted as the initial storage plus the sum of all inflows.
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Figure 15: Overflow of Sembakkam lake during a dry, average and wet year
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9.2.

Impact LIDs

This paragraph shows the impact of the cisterns, percolation pits and the combination of them on
Sembakkam lakes overflow, storage and infiltration in the catchment area. As SWMM only shows
results of lake seepage as a percentage of the total storage rounded to zero decimals, the impact of LIDs
on the lake seepage was untraceable. In this section the results are only presented as relative changes.

Detailed data and absolute changes can be found in Appendix X.

9.2.1 Cisterns
Figure 16 shows the impact on the water balance of the lake for different scenarios of households
implementing cisterns over one year. The impact on the infiltration volume in the catchment area, the
storage volume of the lake and the maximum and total overflow is smaller than 0.3% in an average and
wet year. In a dry year, there is a slight difference in impact the infiltration volume (0.8-1%).
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Figure 16: Range of change in infiltration volume (upper left), storage volume (upper right), maximum overflow (lower left)
and total overflow (lower right) for different percentages of households implementing cisterns for a dry, average and wet

year
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While the cisterns have hardly any effect on the lake’s storage and overflow, there is an impact on the
water supply of households (Table 11). For a minimum water demand of 160 Itr/day (Srinivasan, 2010)
a cistern supplies 5-9% of a households water demand yearly. They provide water mostly during wet
season. During the dry season cisterns hardly contribute to a households water demand. More detailed
data can be found in appendix XI.

Table 11: Impact cisterns on the water supply of a household in the dry and wet period of the year and the total year

Year | Scenario | Percentage supplied dry | Percentage supplied wet | Percentage supplied
period (Jan-Jun) period (Jul-Dec) complete year
Dry | 5% 1% 8% 5%
15% 1% 9% 5%
25% 1% 9% 5%
Aver | 5% 3% 12% 7%
age 15% 3% 13% 8%
25% 3% 12% 8%
Wet | 5% 4% 13% 8%
15% 4% 14% 9%
25% 4% 13% 9%

9.2.2 Percolation pits

Figure 17 shows the impact of percolation pits on the water balance of Sembakkam lake for different
scenarios of households implementing percolation over one year. It can be inferred that this LID has a
considerable effect on the infiltration volume in the catchment area. There is an increase of 0.120 Mm?
(25%) during dry years and 0.160 Mm? (20%) during average and wet years if 25% of the households
implement percolation pits. Consequently, the total overflow volume of the lake decreases up to 0.060
Mm?2 (1%). There is still an increase in infiltration volume of 0.035 Mm? (5%) in the 5% implementation
scenario.
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Figure 17: Range of change in infiltration volume (upper left), storage volume (upper right), maximum overflow (lower left)
and total overflow (lower right) for different percentages of households implementing percolation pits for a dry, average and
wet year
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9.2.3 Combination of cisterns and percolation pits

Figure 18 shows the impact of different scenarios of households implementing a cistern as well as a
percolation pit on the infiltration, storage and overflow of the lake. These results do not differ much
from the impact of percolation pits. This can be explained as a result of the small impact of cisterns.
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Figure 18: Range of change in infiltration volume (upper left), storage volume (upper right), maximum overflow (lower left)
and total overflow (lower right) for different percentages of households implementing cisterns and percolation pits for a dry,
average and wet year

9.3. Impact of dredging the lake

In Figure 19 the impact of dredging the lake on the storage and overflow for different hydraulic
conductivities over one year is visualised. If there is no change in the hydraulic conductivity of the
bottom of the lake, besides an obvious increase in storage volume, there will be no change in the total
overflow and the maximum overflow will even slightly increase. Possibly this is an effect due to the
change of the lake’s shape.

If the hydraulic conductivity increases to 1.5 mm/hr, which is the conductivity of sandy clay and covers
a big portion of the lakes bed, the total overflow will decrease up to 40%. Depending on the year, the
average storage capacity will be different, but in all modelled cases, it will be much smaller than the
maximum capacity. The maximum overflow will however remain the same as in the current situation,
indicating that the lake will still not be able to catch the runoff of a big rainfall event.

When some sandy layers can be uncovered and the hydraulic conductivity increases up to 5 mm/hr there
will be almost no overflow, which means that seepage becomes the major overflow of the lake. The
storage will be decreasing with approximately 80%, 60% and 40% in a dry, average and wet year
respectively, which can be explained by the difference in total rainfall. The maximum overflow will
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decrease with 40% in an average and wet year and 60% in a dry year. A probable explanation for this
difference is the variation in lake storage. The storage in a dry year is small enough to catch the complete
runoff during a peak of rainfall. Furthermore, in case the hydraulic conductivity increases up to 15
mm/hr, the lake will be empty.

These changes in storage and overflow are caused by an increase in seepage (Figure 19). A detailed
table on the change in seepage can be found in Appendix XII. An increase in hydraulic conductivity to
1.5 mm/hr would increase the seepage by 150%-180%, which is in increase of approximately 2.5 Mm?.
Higher hydraulic conductivities lead to increases from 400% to 700%.
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Figure 19: Range of change in seepage (upper left), storage volume (upper right), maximum overflow (lower left) and total
overflow (lower right) for different hydraulic conductivities for a dry, average and wet year
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9.4. Sensitive parameters

In this paragraph, the sensitivity of the output variables is evaluated. Due to the large number of
parameters tested for sensitivity, only those which made a change bigger than 0.5% are drawn in the
figures, with the exception of Figure 21 where a threshold of 0.01% was taken.

The infiltration volume is highly sensitive to the percentage of impervious area and the curve number
(Figure 20). With a decrease of 10%, the increase in infiltration volume can be 40% and with an increase
of 10%, the decrease in infiltration volume can be 30-60%. Furthermore, the infiltration volume is
slightly sensitive to the days until the soil is dry again.

Figure 21 shows the sensitivity of the average storage volume. First of all, the overall change in volume
is less than 0.5%. The sensitivity of the storage volume to the input parameters is therefore neglectable.
Having stated that, the most sensitive parameters are the dry weather flow and the discharge coefficient.

The maximum overflow is only sensitive to parameters associated with the drainage network (Figure
22). The most sensitive parameter is the Manning-n coefficient. If it is 50% smaller, the maximum
overflow increases with 50%. The conduit length and width are similarly sensitive parameters,
increasing or decreasing the maximum overflow with 15% when varied by 20%. Lastly, the length of
the conduits can in- or decrease the maximum overflow with 5%, which makes them less sensitive
parameters.

Manning-n, the conduit height and width are also parameters where the total overflow volume is
sensitive to (Figure 23). Especially Manning-n, can increase the volume by 27% when it is decreased
by 45% and decrease the volume by 15% when it is increased by 60%. These outer ranges are however
unlikely. Similar to average storage volume, the overflow volume is also sensitive to the dry weather
flow. Furthermore, the hydraulic conductivity, conduit length, curve number and the percentage of
impervious area are less sensitive parameters. The hydraulic conductivity however is a highly sensitive
parameter for the seepage loss (Figure 24).

To conclude, the most sensitive parameters of the SWMM model of Sembakkam lake are the parameters

associated with the drainage network, the percentage of impervious area, the Curve Number, the dry
weather flow, the weir discharge coefficient and the hydraulic conductivity of the lake’s bed.
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10. Discussion

This section firstly reflects on the input data, the conceptual model, the implementation of the developed
model and discusses related uncertainties. After that, the results are evaluated, considering these
uncertainties and the sensitivities of the model (Sargent, 1998).

10.1. Reflection on uncertainties

10.1.1 Input data
A summary of all input data is shown in Table 22 in Appendix XIII. Uncertainties related to model input
parameters are evaluated in this paragraph.

The rainfall record was measured at Meenambakkam, which is 7 km away from the study area. While
there could be differences in local rainfall, McMillan et al. (2011) found that rainfall patterns for rainfall
events bigger than 1 mm/hr are consistent within such an area when aggregated to hourly data. A larger
uncertainty can be expected for the temperature data as the distance from the measuring location to the
study area is around 85km. In addition, the locations differ in their characteristics. Unlike the study area,
the region where temperature measurements were taken can be described as rural. Because the
temperature in cities is higher than in rural areas (Sun et al., 2019), the temperatures used as input data
for the model are likely to be an underestimate.

The used DEM has a sufficient resolution for the size of the study area. However, as small streets, which
can have an influence on the flow direction, can be substantially smaller than 10 meters in Indian urban
areas, a DEM with a higher resolution would be preferable. The land use map has a low resolution,
which can result in the neglection of small green areas and a overestimation of the TIA and the CN. The
major concern with the land use map however is that it is outdated (2004). Some fallow and scrublands
are now build up area (Appendix XIV). Therefore, the TIA and CN could also be an underestimate.

The values for the dry weather inflows and discharge of Sembakkam lake are arbitrary. For example,
the flow velocity was determined by measuring the velocity of a floating object in the stream. The
contour map however was generated based on a total station survey and can be considered as reliable.
The measurements of the dimensions of the drainage network are significant up to 5 cm. Furthermore,
this research estimated the remaining parameters based on literature research. Studies from India were
used as primary source and studies from China were used as background information. Whereas the urban
conditions of Indian cities are similar and therefore useful, local conditions can vary much within India.
It would still be better to have local measurements, especially for the Manning-n of conduits.

10.1.2 Conceptual model

Concerning the validity of the conceptual model, the most important flaw is the neglection of the seepage
in the upstream lakes. As observed at Sembakkam lake, this is an important flow with much influence,
and should therefore not be neglected. Further research should incorporate this flow, even in a simplistic
way.

10.1.3 Implementation

Runoff

The delineation of the sub-watersheds and drainage network done in this research is a constructive
approximation considering the amount of data available. However, some parts of the generated drainage
network and the sub-watersheds do not follow the urban layout. For example, at the edges of the
catchment area, there are some parts which are likely to not be part of the catchment of Sembakkam lake
because they are divided from it by a big road or railroad. Besides, the drainage network is too coarse.
In the current model, a whole sub-watershed concentrates its runoff on a single junction, from which the
water is handled by a single conduit. In reality, there is a multitude of small canals handling the runoff.
The amount of inlets into Sembakkam lake is a good indicator: In the current model there are four inlets,
while in reality there are 22 (Figure 5). The result of using a more dense drainage network will be that
the flow will be less concentrated, resulting in less flooding in the catchment. This could change the
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unrealistic behaviour of the model after a big rainfall event: the constant inflow, storage rise and
overflow (Figure 13 to Figure 15). In further research, a map of the drainage network should be used,
especially considering the models sensitivity to this input parameter. The sub-watersheds should be
delineated based on areas with similar characteristics (e.g. land use) instead of elevation, so that
parameters could be estimated more accurately.

The sensitivity analysis carried out within this research showed that the model is highly sensitive to the
imperviousness and the Curve Number of sub-watersheds. It was assumed that build up area is
completely impervious area, resulting in 10 catchments having a TIA of 100%, which is implausible.
By converting this TIA to the EIA, this effect was reduced. However, the EIA was derived from this
TIA by an empirical formula based on a study in Denver (US) (Alley & Veenhuis, 1983). It could be
better estimated by using high resolution satellite imagery on which roads and roofs could be
distinguished. Furthermore, the width of the sub-watersheds was determined in an arbitrary way.
Considering the low sensitivity of the model to this parameter, this is neglectable.

As mentioned before, the model is also sensitive to the Curve Number. Choosing the Curve Number
method for calculating infiltration was necessary because of data shortage, but using Horton or GA could
give more accurate results. More studies confirm their reliability (Mishra et al., 2003; Chandramouli &
Natarajan, 2016; Suribabu & Bhaskar, 2014; Viji et al., 2015; Machiwal et al., 2006). Infiltration
measurements should be conducted in representative locations in the catchment area to determine the
parameters for these methods.

The model is also sensitive to the drainage network dimensions and Manning-n. The used measurements
and averages per street type is a good approximation. However, street types on a map Open Street Maps
can be different from the street type in reality. Moreover, having one Manning-n for all conduits is a
simplification. These conduits are all from the same material, concrete, but there are differences in
building quality and the amount of waste clogging the stream (Appendix XV).

Another part of the drainage system, the storage elements representing the upstream lakes, were also
simplified by assuming their shape as rectangular. This is a reliable/decent assumption because most
lakes are shallow and without much difference in bed level height. Their area does not decrease much
when the water level lowers. However, it would be more realistic if the shape would be trapezoidal and
have a gradual small decrease in area for lower water levels. It can be expected that this influences the
results by having too little evaporation when the lake is full and too much when it is emptying.

Precipitation

For determining dry, average and wet years, a broader recognised method as the Standard Precipitation
Index (SPI) or Standard Precipitation Evapotranspiration Index (SPEI) could have been used. These
methods are based on monthly precipitation data and monthly precipitation and temperature data
respectively. By fitting the data to a Gamma function, the probability of the rainfall in each month can
be calculated, which can be used for calculating the index (McKee et al., 1993). The SPEI differs from
the SPI by using the difference between the precipitation and the potential evapotranspiration instead of
only the precipitation (Vicente-Serrano et al., 2010). The amount of large rainfall events and the length
of the dry period between rainfall events are also indicators for recognising dry and wet years (Knapp,
etal., 2015).

39



Dry weather inflow
Concerning the sensitivity of the model to this parameter, a time-dependent dry-weather inflow would
be preferable instead of the currently used constant inflow. Variation in the dry-weather flow is likely,
since there will be less dry-weather flow when there is less water available for consumption during the
dry period. Measuring the dry weather flow with good measurement tools every month would make this
flow more reliable.

Evaporation

The evaporation rates of the current model are solely based on the air temperature. However, evaporation
is influenced by more parameters such as air humidity, radiation, water vapor pressure and heat fluxes
(Vicente-Serrano et al., 2010). This notion, in combination with the underestimated temperatures
(Paragraph 10.1.1), creates uncertainty for the evaporation parameter. It is likely that the evaporation in
the current model is too low. Consequently, the calibrated lake seepage is too high.

Human extraction

The method of estimating the human extraction is useful in the absence of data, but there are three
assumptions which do not necessarily hold: Firstly, the water usage per capita per day for Jun-Dec is
the same as the consumption in the dry period of a wet year. Secondly, all water tanks in Tambaram,
Alandur and Sholinganallur are evenly used for water extraction. Srinivasan et al. (2010) found that
tankers extract water mostly from outside the city in rural areas. Lastly, the people in the three
neighbourhoods get water from inside the neighbourhoods and not from outside. Furthermore,
modelling this outflow as a constant outflow is a simplification, but necessary due to limitations in
SWMM. Especially in the dry period the extraction will be higher. However, since the model is not
sensitive to this outflow, further improvements are not decisive.

Seepage

Using only two parameters to describe the complex process of interaction between the surface and
groundwater of Sembakkam lake is too simplistic. Winter (1999) showed that there are regional, local
and climatological factors which influence the amount of seepage. If the regional hydraulic head
distribution continuously decreases downstream, there will be ground water flowing in the lake.
However, if there is a high permeable zone downstream of the lake, there will be seepage from the lake
to the groundwater. More important in the case of Sembakkam lake is the influence of different
sedimental layers in the lake bed. Since they are heterogenous and spatially different (east to west is
different from north to south), seepage rates and directions will be different across the lake (Appendix
VIII). Furthermore, Winter (1999) also explains that the seepage at the shore is higher. Evaporation
processes extract extra seepage from the lake because the groundwater table approaches the ground
level. Considering these factors, the usage of a simple parameter to model complex processes results in
rough estimates of the seepage volume.

The calibration of the seepage using one value is improvable. Moreover, the assumption that the lake is
always full is not true. During the field visit on 8 June 2019, the lake level was approximately 0.4 m
lower than the maximum level. Data from a longer time frame is essential in order to calibrate the lake’s
seepage, the more because of the models sensitivity to this parameter. To conclude, the most notable
uncertainties and sensitivities are presented in Table 12. The major sensitive parameters are also
uncertain.
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Table 12: Major uncertainties and sensitivities of the developed model, comparatively ordered

Sensitive parameters Uncertainty

Drainage network dimensions and Manning-n Drainage network layout and dimensions
Percentage impervious area Effective impervious area

Curve number Curve number

Dry weather flow Dry weather flow

Hydraulic conductivity Seepage

10.2. Reflection on results

10.2.1 Current water balance

There are some anomalies in the results regarding the current water balance. In Figure 13 to Figure 15
a higher constant depth, volume and overflow can be observed around day 125 for a wet year and later
for the dry and average year. This is due to the high rainfall at this period. Some parts of the catchment
area get flooded. After that, this excess of water is discharged at a constant rate, equal to the maximum
capacity of the drainage network. However the discharge will be higher in reality, because the catchment
area is flooded. The water will find more ways, for example roads, to enter the lake. So, instead of a
constant inflow, the inflow is more likely to be higher than this constant value right after the rainfall
event and decrease over time to an inflow below this constant value. The depth, storage and overflow at
Sembakkam lake will have a similar pattern.

Besides that, the results also indicate that the lake is full and even exceeding its capacity for
approximately 200 and 250 days in a dry and average, and wet year respectively, always having a
constant base overflow. It is however untrue that the lake is always full and having an overflow,
especially during a dry year, which was observed during the field visit. The developed model can be
underestimating the evaporation or the seepage. Either way, the average storage volume and the total
overflow volume should be lower than indicated by the model. During the wet period of the year, the
lake will be full however, leading to the correctly modelled inability to accommodate for big rainfall
events.

As discussed in Section 10.1, the results do not come without uncertainty. However, there are still some
inferences which can be made about the water balance of Sembakkam lake. The first is that around 80%
of the precipitation becomes runoff, while only approximately 5% infiltrates in the ground. Since the
catchment of Sembakkam lake is highly urbanised, this result is in accordance with Trudeau and
Richardson (2016) who found that urban land use highly influences the amount of runoff. Furthermore
this runoff does not stay within the catchment of Sembakkam lake. 68-78% of the inflow in Sembakkam
lake is discharged downstream, which could cause considerable stress on the downstream drainage
network. The lake is not able to store the runoff as it was 20 years ago (Narasimhan, 2019).

This can be explained by the dry weather inflow which makes up for 26-38% of the inflow. This constant
inflow causes the lake to be always at its capacity. Tazyeen and Nyamathi (2015) also observed this
effect in a lake in Bangalore (India). There are two options to restore the lakes storage function. The
first is to divert this inflow to a separate drainage network like a sewerage system. This would also be
beneficial since this inflow contains untreated sewage water and it could be treated in this way. However,
building such a network is very costly. The other option is to increase the outflows during dry periods.
Since human extraction is a minor outflow, increasing it would contribute little. Increasing the seepage
or the overflow are more viable options. The first would also recharge groundwater and is discussed in
Section 10.2.4. Increasing the overflow of Sembakkam lake during the dry period could be done by
building a sluice.
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Recently, a sluice was built at the northern edge (Appendix I, Figure 30) but its bottom is not low enough
to discharge when the lake level is lower than its full capacity (Appendix I, Figure 31). Further research
should be done on the amount of overflow the downstream drainage network can handle during the dry
period. If this is found to be considerable compared to the dry weather inflow of Sembakkam lake,
lowering the sluice bottom elevation is recommended.

Furthermore, the dry weather inflow contains untreated sewage water. If this would be treated before it
is discharged into the lake, the effect on the lake’s water quality could be big because of the substantial
contribution of this inflow to the lake’s total inflow. Besides that, pollutants in the runoff could also be
an important cause for the deteriorating water quality of Sembakkam lake (Kumar et al., 2019). More
research should be done on the pollutants in the runoff to verify if this is the case.

Besides the overflow, the seepage at the lake bed and evaporation are major outflows from the lake. Ali
et al. (2008) and state that evaporation is often is a large component in the water balance of a surface
water body. In another study of Ali et al. (2015), the evaporation losses from a small recharge pond in
a semi-arid region in north-India varied between 7.7% and 9.2%. Although the order of magnitude is
similar to the evaporation at Sembakkam lake, these results are highly site-specific. For example, the
seepage loss in the same study ranged from 83-90%, while Ghosh et al. (2015) found that the infiltration
rate of a waterbody in an urban area in Raipur (India) ranged between 3.75 and 4.82 mm/day, which is
a third of the hydraulic conductivity of Sembakkam lake.

10.2.2 Cisterns

The impact of cisterns on the lake’s storage and overflow are minimal. This was unexpected, since
temporary storage could decrease the amount of runoff flowing to the lake, mitigating the maximum and
total overflow of Sembakkam lake. The small impact of cisterns on the water balance of Sembakkam
lake can be explained by a low amount of cisterns per ha (13, 39 and 65 per ha for 5, 15 and 25% of
households implementing respectively) and the small storage volume that they provide. There is a total
storage volume of 0.010, 0.031 and 0.052 Mm? for 5%, 15% and 25% of the households implementing
this LID respectively. These capacities are too small to accommodate for the large amounts of runoff
(Table 9) ranging from 7 to 17 Mm?. The number of residents used to calculate the number of households
in the catchment area was derived from a survey from 2011. Considering that the study area is situated
in a rapidly urbanising part of Chennai (Devi et al. 2019), the used amount of households can be an
underestimation. If this increase could be incorporated in the model, the effect could be higher. It would
however probably be a reduction lower than 1%, considering the slope of the line in Figure 16.

Petrucci et al. (2012) also investigated the effect of rain barrels implemented at 30% of the households
in Paris. The rain barrels had a neglectable effect on runoff. This inefficiency was linked to the small
volume of the tanks. Huang et al. (2018) however found that rain barrels reduced inundation losses in
the catchment area critically. This can be attributed to the higher amount of rain barrels per hectare:
approximately 1200 m?® of rain barrel storage was implemented in 10 ha of residential area. Huang et al.
(2015) used a similar storage volume of rain barrels per hectare as in this study and reports a reduction
of approximately 70% in flooding loss. These studies show that rain barrels have good potential for
reducing local floods in the catchment area. This research didn’t focus on local flooding but on the effect
on the lake. So, cisterns are possibly useful LIDs for reducing local floods, but on a catchment scale,
their impact is hardly noticeable. Further research could be done on investigating if cisterns decrease
the amount of flooding in the catchment area.

Also, the impact of cisterns on the domestic water use is also limited. While its impact can be 5-9% for
a domestic use which is regular in this catchment area (Shaban & Sharma, 2007), this form of water
supply will be only available during monsoon. During the dry period, when the water is needed most,
the cistern can hardly store any water. Moreover, Hofman and Paalman (2014) state that using individual
scale rain water harvesting options as a source of drinking water is economically not viable when local
water prices are low. However, since water prices can rise high in Chennai and households often need
to pay a substantial part of their income to obtain water (Jayashree, 2005), the supply from a cistern
could still be cost-effective. Further research could be done on this cost-efficiency of cisterns especially
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since the water obtained from runoff from roofs is usable for domestic purposes such as washing and
bathing after providing pre-treatment (Sanjeeva & Puttaswamaiah, 2018). As water from the well of
Sembakkam lake exceeds 1S-norms on hardness, iron and lead concentrations (Indian Institute of
Technology Madras, 2018c), water from a cistern could be healthier to use than water provided by a
tanker. So, cisterns are not a feasible LID to implement in the catchment of Sembakkam lake in order
to influence its water balance. There could be potential for them being used as a source for domestic
water or as a means to mitigate local flooding, but more research regarding these topics is necessary.

10.2.3 Percolation pits

Percolation pits increase the infiltration in the catchment area is by 5-25%. Contrarily, it has little effect
on the storage and overflow of the lake. The storage remains the same and the total overflow is reduced
by approximately 1% in a scenario where 25% of households implements percolation pits. This can be
explained by the small absolute increase of infiltration volume. Because the infiltration in the catchment
area was already small (Table 9), the relative change is high. As a comparison, the increase in total
infiltration volume is equal to the yearly water demand of 0.5-3 households, assuming a daily demand
of 160 I. Subsequently, the increase in infiltration volume has only a small effect on the water balance
of Sembakkam Lake and it has little effect on the water scarcity in the catchment area.

The small increase could again be partially the result of an underestimate in the amount of households
in the catchment area similarly to the case of the cisterns. As a comparison, Zhu et al. (2019) found that
porous pavement, comparable to percolation pits, was able to reduce the peak overflow when applied in
higher densities. 160-225 m? of porous pavement per ha was modelled, while this study used 3800-
19,000 m? of percolation pit per ha. Therefore, would this LID be implemented in bigger amounts than
calculated in this study, the impact on the water balance of Sembakkam lake and the reduction of
flooding could become more considerable. The implementation in humbers used in this study should
only be considered if improving the small infiltration volume in the catchment area is desired.
Furthermore, Zhang and Chui (2019) stress the possibility of runoff contaminating the groundwater in
areas with shallow water tables. When implementing percolation pits, this effect should be taken into
consideration and further research should be done on the quality of the runoff and the necessary
treatment before infiltrating the runoff into the soil.

10.2.4 Lake dredging

The effect of dredging the lake bed will be major if it increases the hydraulic conductivity of the lake
bed. Following the results of this study, the total overflow and storage can even become close to zero
when the hydraulic conductivity increases to 15 mm/hr. This is however unlikely to happen since the
soil composition of the lake bed consists of other, less impervious layers. The sandy layers are only 0.5
to 1 m thick (Appendix VIII). An impervious layer of bedrock is situated at 3-5 meter below the lake
bed, which will block big seepage flows. Also, this study simplified the lake’s interactions with the
ground water greatly (Section 10.1.3), making these results unreliable.
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Notwithstanding, it can still be inferred that an increase in hydraulic conductivity will increase the
seepage and influence the water balance considerably. This increase in the hydraulic conductivity of the
lake is likely since the top layers of the lake bed are clayey layers. If these would be removed, more
sandy layers would become the top layers. If the hydraulic conductivity would rise to 1.5 mm/hr, the
total overflow could decrease by 30-45% and increasing the groundwater recharge with 150-200%. The
decrease in discharge could lead to a decrease in storage at Pallikaranai marshland (Figure 4). On the
other hand, the drainage network of the downstream parts will be partly relieved, decreasing the
probability on flooding. However, the maximum overflow of Sembakkam lake does not change,
indicating that big rainfall events can still not be accommodated for, which can put pressure on the
downstream drainage network.

This potential increase in groundwater recharge could have different effects. Since there is an
impervious layer at 5 m depth, the water table is likely to rise. In the most extreme situation, high water
tables can damage structures and properties due to flooding (Zhang & Chui, 2019; Yihdego et al., 2017).
Furthermore, Abdalla and Khalil (2018) discovered that the unsafe disposal of sewage, which happens
in the catchment of Sembakkam lake, can contaminate the ground water severely when the water table
is shallow. So, during monsoon, these effects could happen. Further research should be done on how
extra seepage from Sembakkam lake would influence the water table of the surrounding and downstream
areas.

During the dry period these effects will be less likely since the water tables in Chennai can drop below
20 m (Srinivasan et al., 2010). In that case, the extra seepage would mean the availability of extra water
to pump for domestic purposes. However, due to the unhealthy water quality of the lake, the groundwater
could become contaminated. It is therefore important to find solutions to improve the water quality
before dredging the lake and increasing the seepage.
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11. Conclusion

This study aimed to make a hydrological model of the current water balance of Sembakkam lake and to
assess its uncertainties. With this model, the quantitative impact on the water balance of the
implementation of two LIDs in the catchment area, cisterns and percolation pits, as well as the dredging
of the lake bed were calculated. With the results, the impact on the water problems at Sembakkam lake
was discussed.

The results concerning the current water balance of Sembakkam lake indicate that the dry weather flow
is a major inflow, constituting 26-38% of the total inflow. The remaining inflow is composed of runoff
from its catchment and the overflow of upstream lakes. From these inflows, 68-78% is discharged
downstream, 12-18% infiltrates at the lake bed, 5-7% evaporates and 1-4% is extracted for human
consumption. Furthermore, the lake’s storage is at its full capacity throughout the year and is not able
to hold the runoff caused by big rainfall events. To restore the lake’s storage function, this study
recommends to empty the lake during dry season by lowering the weir at the northern edge. This could
reduce the flooding downstream and at the borders of the lake. Further research could be done on the
effects of this measure downstream during dry and wet season.

After implementing the LIDs, the results show that cisterns hardly have an influence on the water
balance of Sembakkam lake. Whereas other studies report their positive influence on local flooding,
their influence is not notable on the catchment level. Therefore, cisterns should not be implemented as
a means to decrease the amount of runoff. Further research could be done on their influence on local
flooding and the feasibility to use them as a source of water supply, since they can provide 5-9% of a
yearly household water demand.

Percolation pits increase the infiltration volume in the catchment by 5% and 20-25% for 5% and 25%
of the households implementing them respectively. They reduce the total overflow of the lake by 1%
when implemented in 25% of the households, but they have no further influence on the water balance.
So, as a means to reduce the runoff, percolation pits are not recommended. On the other hand,
percolation pits should be implemented when the goal is to improve the infiltration of the catchment
area, although the increase in infiltration volume is too small to mitigate the water scarcity during dry
season. Moreover, considering other studies and the results from this study, percolation pits have
potential to influence the water balance of Sembakkam lake when implemented in higher quantities than
done in this study.

In contrast with the modelled LIDs, dredging the lake will influence the water balance considerably. It
can lead to a reduction of 30-45% of the overflow volume and an increase of 4 Mm? per year of
groundwater recharge in case the hydraulic conductivity reaches 1.5 mm/hr. This can have considerable
effect for water scarcity and flooding downstream and at the surroundings of the lake. The decrease in
total overflow volume can relieve the downstream drainage network. An increase in groundwater
recharge can raise the groundwater table, which can cause flooding during monsoon. During the dry
season however, downstream households can profit from the extra groundwater. Dredging the lake is
therefore recommended after a solution is implemented for improving the lake’s water quality and after
investigating the effects on the ground- and surface water of the downstream area.

These results of the model concerning the infiltration and overflow of Sembakkam lake come however
with uncertainty. The major uncertain input data and also sensitive parameters of the model are the
drainage network, the Curve Numbers of the sub-watersheds, the effective impervious area, the
hydraulic conductivity and the dry weather flow. Besides that, only arbitrary calibration data of the
lake’s overflow was available. However, this study used the available data to approach the water balance
of Sembakkam lake as good as is currently possible. To improve the reliability of the results, further
research and data acquisition could be done on these parameters.
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13.  Appendices
Appendix I: Pictures Sembakkam lake

Figure 25: Sembakkam lake, partially covered by hyacinth, view from the well in the northwest. The concrete structure is the
cover of the well

Figure 26: Sembakkam lake, seen from the eastern embankment
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Figure 28: Cleared dumpyr
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Figure 30: Sluice, situation besides the weir at the northern edge of the lake, seen from the land side
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Figure 31: The sluice at the northern edge, seen from the lake's side
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Appendix II:DEM Manipulation

This study manipulated the DEM by lowering the main roads by 1 m and decreasing a buffer of 10 m
width by 0.5 around it (Ji & Qiuwen, 2015). This manipulation process is displayed in Figure 32.
Secondary roads were only lowered by 0.5 m without a buffer. Besides that, in order to have drainage
points at the real locations, the elevation of locations of the inlets of Sembakkam lake was changed in
the same way as main roads were manipulated.

Overlay

Origin DEM Roads

Buffer
Analysis

-

[] Buffer Area B z=r-b

Figure 32: Visualisation of DEM manipulation. Green raster cells are lowered by 1 m (with Ea the manipulated elevation, E
the original elevation and D 1 m) and the buffer area by 0.5 m (Ji & Qiuwen, 2015)
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Appendix IlI: Parameters of sub-watersheds representing the lakes

Table 13: Parameters sub-watersheds representing the lake area

Parameter Value
Width Area(m2)/1
Slope 10%
Percentage impervious area 100%
Manning-n impervious area 0.001
Percentage of Impervious area without | 100%

depression storage
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Appendix IV: Contour map Sembakkam lake

Figure 33: Elevation of bed level Sembakkam lake (own figure)
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Appendix V: Curve numbers per land use

Table 14: Curve numbers per land use (Devi et al., 2019)

Land Use Curve Number
Build-up 93
Agricultural 79

Fallow 88

Scrub 67

Water tanks 100
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Appendix VI: Dry weather inflow for six major inlets

Table 15: Dry weather inflow into Sembakkam lake

Inlet Inflow (MLD)
Inlet 4 0.08

Inlet 14 2.039

Inlet 16 3.566

Inlet 17 2.141

Inlet 18 0.929

Inlet 20 0.025

Total 8.78
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Appendix VII: Neighbourhoods around Sembakkam lake
Figure 34 shows three neighbourhoods surrounding Sembakkam lake. Table 16 presents the population
and amount of water tanks for each of these neighbourhoods.

e o =3
! * - X ) e 5
i

‘Figure 34: Neighbourhoods around Sembakkam lake (own figu n (Op;n Street Maps, 2019))

‘,bbas

Table 16: Population and amount of water tanks of surrounding districts of Sembakkam lake (Directorate of Census
Operations Tamil Nadu, 2011)

Taluk Population in urban areas water tanks
Tambaram 356322 18
Alandur 642237 7
Shollinganauller 492901 10

Total 1491460 35
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Appendix VIII:  Lake bed soil profile
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Figure 35: Lake bed soil variation from north to south (Indian Institute of Technology, 2018b)
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Figure 36: Lake bed soil variation from west to east (Indian Institute of Technology, 2018b)
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Appendix IX:

Derivation of lake bed hydraulic conductivity after dredging

Deriving from appendix IV dredging up to 1 meter would mean that silty sand, coarse sand or clayey
gravel layers can be reached. Their hydraulic conductivities can be found in Table 17. The lower value
is 1.5 mm/hr. As a maximum of approximately 10% of the lake bed is going to be dredged to 1 meter
(Figure 33), the upper value was taken as 15.5 was taken as intermediate value.

Table 17: Hydraulic conductivities of different soil types (Rossman, 2015)

Soil type in lake bed

Soil type used from manual

Hydraulic conductivity (mm/hr)

Silty sand Silt loam 6.6
Coarse sand Sand 120.4
Clayey gravel Sandy clay loam 15
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Detailed data on impact LIDs

Table 18: Detailed results for the impact on the water balance of cisterns, percolation pits and the combination of them

Appendix X:

#9L0- SEZE ZEBL0- P85 #l00- 0820 #5002 201 752
Z“Llb0- 226 #L0-  pes #l00- 0820 #1572l  EPED #Sk
#L0-  0SE6 #L0-  p2s #2000 0220 Z9EY 0se0 #S 13
#521- LE0L Zp90- £8v #200-  BL20 #958L 9201 752
#020- E690°L Zp90- €87 Zl00-  BL20 #2911 9960 #Sl
#820- 90LL Zp90- €87 Zl00-  BL20 7EB8C EES0 #S abeiany
#8Z21- 9855 #820- ZB¢ #200-  8L20 #ZLEZ 8290 752
Z0L0-  EI9S 7“E20-  ZBE Zl00-  8L20 ZLLpl £85710 “Sl
#520-  Sp9S #“E20-  ZEE #00°0 8L20 #EBZS SE50 #S Mg uoneuIqwo]
#89'0- £0EE ZELD-  PBS Zl00- 0820 ZEp0Z 9101 752
7“Zp0- LZEE ZL0- RS Zl00- 0820 #5421 1560 “#Sk
ZSL'0-  Z5E6 ZL0- RS 7000 0ggo A 0220 “S 134
7Sk PrOL #Z290- 287 #200- BLZD0 #2806k  0E01 752
ZELD- pLOL Zp90- €87 Zl00- BLZO0 7L 8960 ZSt
#520-  80’L Zp90- €87 7000 6L2°0 ZS6E EE2D “S abelany
“pLl- PES'S #520- ZE¢ #200-  8L20 Z#02ve 12970 752
#59'0- 22995 Z020- ZB¢E Z100-  8L20 #p0'SL S50 “ZSk
#E20-  9p95 #“E20-  ZBE #0010 g8.20 ZLES 9E510 #S fig g Yonejooag
7600- ISEE 7000 58S Z000 0820 ZpZ0-  1p80 752
Z900- 1926 7000 58S #0000 0ggo ZpL0-  Zp810 “#St
#200-  P9EE 7000 585 #2000 0820 #e00-  £p2°0 S 13,
ZEL0- L #00°0 98P #2000 6L20 #520- €980 752
#800- 024 7000 92 #2000 6L20 ZH0- 920 7Sk
ZE00-  vall Z00°0 98P #2000 6420 #p00- 5980 “S abelany
Z0L0- €585 #£00- E£6€ #2000 8.20 #20l- €050 752
#900- 9595 #e00- €6€ #00°0 8L20 #Z60-  p0OS0 ZSk
#Z00-_ 8585 7000 EEE #7000 2420 #280-  p0S0 %S fig  spueguey
996 585 0820 £p2°0 = 194
92L’L 98P EL20 5920 - @beiany
6595 EEE 84270 2050 = g uonenysuaung
([EWl)  moppng =e) (s1ew) Mone (Ewiy) abeios (ewi) Eole () 1esp an
WNWIHE | abelany wawymes|  pauswsduw
uonenyy| sployasnoy

64



Table 19: Detailed results for the impact of dredging the lake on the water balance
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Appendix XI: Impact cisterns on water supply households
Table 20: The water supply from a cistern compared with the dry seasonal, wet seasonal and yearly water demand of
households
Year Scenario | Period Water need (10° m®) | Water supply | Percentage supplied
from  cistern
(10° m®)
Dry 5% Jan-Jun 32.9 0.4 1%
Jul-Dec 34.0 2.9 8%
Full year 66.9 3.3 5%
15% Jan-Jun 98.7 1.2 1%
Jul-Dec 102.0 94 9%
Full year 200.7 10.6 5%
25% Jan-Jun 164.5 1.8 1%
Jul-Dec 170.0 14.8 9%
Full year 334.6 16.7 5%
Average | 5% Jan-Jun 32.9 0.9 3%
Jul-Dec 34.0 4.1 12%
Full year 66.9 5.0 7%
15% Jan-Jun 98.7 3.0 3%
Jul-Dec 102.0 13.3 13%
Full year 200.7 16.2 8%
25% Jan-Jun 164.5 4.6 3%
Jul-Dec 170.0 20.9 12%
Full year 334.6 25.5 8%
Wet 5% Jan-Jun 32.9 1.2 4%
Jul-Dec 34.0 4.4 13%
Full year 66.9 5.6 8%
15% Jan-Jun 98.7 4.1 4%
Jul-Dec 102.0 14.4 14%
Full year 200.7 18.4 9%
25% Jan-Jun 164.5 6.4 4%
Jul-Dec 170.0 22.7 13%
Full year 334.6 29.1 9%
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Appendix XII: Increase in lake seepage for different hydraulic conductivities

Table 21: Seepage volumes for different hydraulic conductivities and their relative increase

Year Hydraulic conductivity (mm/hr) | Seepage (Mm?) Difference
Dry 0.5 1.50 0%
15 3.83 156%
5 7.40 394%
15 7.73 417%
Average 0.5 1.46 0%
15 4.09 180%
5 8.48 480%
15 9.16 527%
Wet 0.5 1.44 0%
1.5 4.08 183%
5 10.08 600%
15 11.40 692%
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Appendix XIII:

Overview input data

Table 22: Overview of all input data

Data source

Source

Description

Rainfall data

Self-Recording Rain Gage
of (Indian Meteorological
Department, 1969-2016)

Hourly rainfall data from 1969 to 2016 at
Meenambakkam (7 km from site)

Temperature data

(Indian  Meteorological
Department, 1969-2016)

Daily minimum and maximum temperature at
12.5,79.5 (85 km from site)

Digital Elevation
Map (DEM)

(Digital Globe Quickbird
Imagery, n.d.)

Raster map of elevation for every 10 x 10
meters.

Land use Map

(National Remote Sensing
Centre, 2004)

Raster map of land use for every 50 x 50 meters.

drainage network

2015; Tsai et al., 2017;
Vemula et al., 2019)

Soil map (Tamil Nadu Agricultural | Polygon map of hydrologic soil group
University, 2004)
Bed level contour | (Indian Institute  of | Contour map of the elevation of the bed level of
map Sembakkam | Technology, 2018d) Sembakkam lake
lake
Capacity lakes (Tank Memoir, n.d.) Capacity of Sembakkam lake and the upstream
lakes
Dry weather | (Indian Institute ~ of | Discharge of six inlets of Sembakkam lake,
discharge Technology, 2018d) measured in an arbitrary way
Dry weather inflow | (Indian Institute ~ of | Discharge of Sembakkam lake, measured in an
Technology, 2018d) arbitrary way
Measurements Field visit Measurement  of  dimensions at 18
drainage network representative  locations in  Sembakkam
catchment area
Remaining (Bisht et al., 2016; Kumar | Parameters such as imperviousness and
parameters sub- | etal., 2019; Li etal., 2014; | Manning-n coefficient
watersheds and | Li et al., 2016; Rossman,

Dimensions LID

(Narasimhan, 2019)

Common dimensions for a percolation pit and
cistern
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Appendix XIV:  Land use map with satellite image background

Figure 37: Land use map against the background of a satellite image. Red area is build up area, Sembakkam catchment
indicated within the black line (own figure based on (Google Maps, 2019))
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Appendix XV: Photos of conduits at measurement locations

The locations of the measurement points are displayed in Figure 38. Pictures of these locations are
presented in Figure 39 to Figure 57.

Figure 39: location 1 Figré 40: location 101
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Figure 41: location 2 “ o Figure 42: location 3

Figure 43: location 4 Figur 44: location 5
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Figure 47: location Figure 48: location 9
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Figure 50: location 11

Figure 51: Location 12 Figure 52: location 13
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Figure 53: location 14 Figure 54: location 15

Figure 55: location 16 ‘ Figure 56: location 17
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