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ABSTRACT

The earliest sewer networks of the city of Kolkata, or erstwhile Calcutta, covered a modest 19.1 km? of
the central district of the city and the first phase of the network-commenced operation in 1868.
Calcutta, then, was the capital of imperial India under British rule and the combined sewer was only
second in the empire after London. The conduits of this sewered catchment, and of the two others
that followed subsequently, continue to be in operation despite heightened base flows due to
population rise and increased stormwater runoff because of greater imperviousness arising from
urbanisation. The recent lining of the sewer conduits or augmentation of the drainage pumping
capacities has not, however, reduced street waterlogging during the monsoons by a great amount.
One aim of this study is to investigate the reasons behind this failure of the system and evaluate the
sustainability of these historic sewers with the help of mathematical models, verifying them as far as
possible with the scant available data. The other objective is to make the reader aware of the
engineering heritage of the country and document the available information about the Calcutta

KEYWORDS
Hydraulics; sewers and
drains; mathematical
modelling; SWMM;
LISFLOOD-FP

sewer networks for providing a base of reference for future researchers.

1. The heritage sewers: a brief historical
introduction

The history of scientific sewerage and drainage in India may
be traced back to the period of British domination of the
subcontinent. The combined sewage and runoff disposal
system at Kolkata, or erstwhile Calcutta, is the oldest to be
planned, designed, and constructed by British engineers in
the country. The city of Kolkata is located on the eastern
bank of river Hooghly, which is one of the distributaries of
river Ganges in its delta and about a hundred kilometres
upstream from the sea and happens to be the first and the
only riverine port of the country (Gardner. et al. 2020).
Recently, the city observed the sesquicentennial year of
establishment of India’s first centralised underground com-
bined sewerage infrastructure. Figure 1 provides a location
map of the city, indicating the three early sewered urban
drainage areas (Town, Suburban, and Maniktala) and one
latter addition (T. P. Basin, which is consists of mostly open
drains), which drain most of the sewage and runoff from the
city’s core areas. An outstanding example of Victorian engi-
neering, the sewered schemes resulted from a long debate
amongst engineers and planners of the era, originating from
a proposal by the then Governor-General Lord Wellesley in
1803 (Dey 2015; Dey and Downey 2020). The plan that
finally got sanctioned was the one by the first engineer of
the Calcutta Municipal Corporation and an inventor in his
own right, William Clark, in 1859. The first network, called
the Town System (Figure 2), was planned to serve 19.1 km?
covering the administrative districts and a section of the
city’s European settlement. The combined sewers were
designed for runoff resulting from a rainfall of a quarter of
an inch per hour (~6.35 mm h™") apart from the base flow of
the city’s municipal wastewater. The trunk conduit, which

was designed to convey 6900 cusec (~195 m’s™'), and a
section of this initial network was put into service in 1868
while the complete project was ready by 1875 (Goode 1916).
A combined sewerage and drainage system of its scale was
preceded only by that of London, within the British Empire.
The main outfall drain, a 5 m by 4 m underground vaulted
brickwork conduit, terminated at the Palmer’s Bridge pump-
ing station (marked ‘X’ in Figure 2) on the eastern fringes of
what was the city’s limit at that time. From here, steam-
powered pumps - later replaced by electrical machines in
the twentieth century - discharged to the tidal creek of
Bidyadhari, about 15 km to the east, through open channels.
Gangopadhyay and Patra (2019) may be referred to for
details about the Bidyadhari creek and others neighbouring
channels the eastern fringes of Kolkata which slope in a
general south-eastward direction and finally debouch into
the sea. Unlike the London sewer lines outfalling to the
neighbouring Thames, this sewer network and the subse-
quent two that were laid in Kolkata drain away from the
river Hooghly, due to higher banks and natural levees along
the river. In fact, the city’s land surface gently slopes from the
river to the east. A technical weakness of the sewer system,
however, was the decision to connect the conduits and
branches at their inverts, the ill effects of which started
showing up shortly after the system was put into operation
(Goode 1916).

In keeping with the general practice of the times, there
was no provision for any formal treatment of the sewage, but
records indicate that the wastewater canal conveying the
discharges from the pumping station widened out to a large
settling basin before outfalling to the Bidyadhari, and the
settled sludge was manually cleaned periodically. The Town
System comprised around 60 km of main brick sewers and
240 km of stoneware pipe sewers. Interestingly, though the
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Figure 1. Kolkata (Calcutta), on the banks of river Hooghly, showing the three
sewered sewerage and drainage catchments and one unsewered catchment
with outfall channel running eastward. Inset: Location of the city of Kolkata
within India.

main sewer lines of this system sloped away from river
Hooghly to the Bidyadhari on the east, connections to
Hooghly through sluices could allow water into the conduits
at high tides by gravity, for providing flushing doses and
keeping the lines silt free (Dey 2015; Dey and Downey 2020).

The next sewer network to be laid in the city was the
‘Suburban System’ which, as the name suggests, helped to
drain the then semi-urban peripheral areas of the city.
Covering an area of around 25.7 km?, the conduit network
of this catchment terminated at the pumping station marked
Y in Figure 2. A head cut channel further conveyed the
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Figure 2. A closer view of the three combined sewerage and drainage catch-
ments of Kolkata, referred to as the heritage networks in this work, along with
the location of the terminal pumping stations. The locations of the rain gauges
used in the study are also shown.

effluents to the Bidyadhari. This pumping station, commis-
sioned by the late nineteenth century, comprised of around
30 km of main masonry sewer and 35 km of stoneware pipe
sewers (Goode 1916). At inception, therefore, the suburban
catchment, though spread over a larger area than that of the
town, contained shorter mains and fewer branch pipes.
Subsequent augmentation of pumps was carried out, keeping
pace with the urbanisation taking place in the city over the
first quarter of the twentieth century.

Unfortunately, by 1930-s the tidal creek of Bidyadhari was
declared as unusable, being choked with silt from the dis-
charges brought in by the two sewerage systems. Efforts
initiated thereafter to find an alternate solution for disposing
the city’s wastewater and runoff culminated in a proposal of
extending the drainage channels further about 35 km east to
another tidal creek - the Kulti. Provisions were made to
convey discharges from the pumping stations in two separate
channels - a deeper and wider stormwater flow canal and a
smaller and slightly elevated - dry weather flow channel
which is in use till today. The latter, conveying mostly muni-
cipal wastewater, is operated mostly during the non-mon-
soon seasons, spanning for about 8 months a year. A part of
the flow is diverted to the fishery lagoons of the East Kolkata
Wetlands (Dasgupta 2019), which were saltwater swamps
connected to the river Bidyadhari, but have since been con-
verted to shallow fish farming lagoons (Bose 1944) with a
thriving pisciculture practice (Saha et al. 2016). The lakes act
as stabilisation ponds and wastewater remediation systems,
probably the only one of its kind globally on such a large
scale (Ghosh and Sen 1987; Sarkar et al. 2009). The distinc-
tive ecology flourishing around the waterbodies has also
earned it a Ramsar site recognition (Hettiarachchi et al
2015).

The last combined drainage system built during the colo-
nial era - the Maniktala network, comprising the areas to the
east of the Town System, came up in the 1940-s. Originally a
low-lying peri-urban neighbourhood, the Maniktala drai-
nage area soon came to be grossly populated by the influx
of refugees streaming in from the newly formed East
Pakistan (presently Bangladesh) after the partition and inde-
pendence of India in 1947. The need to evacuate the surface
runoff through pumps from this locality quickly became
imminent, leading to the commissioning of the terminal
pumping station at Dhapa Lock in 1958. The Maniktala
System, having a catchment of around 8.9 km?, augments
the city’s core drainage network and along with the other two
provides interesting examples of municipal engineering exe-
cuted over different phases through the past 150 years. It is
important to realize that though the combined discharges of
the pumping stations are conveyed through open drainage
channels leading to the creeks, the sewer outflows which
empty into sumps at the pumping stations are not directly
affected by the tides of the oceans. This is because the pumps
which lift water from the sumps for discharging into the
channels try to maintain low sump levels, as far as possible,
such that the sewers are not affected by backflow. However,
on occasions of extreme tides, the drainage channels have
been heavily affected by tidal backflows and the pumps have
failed in maintaining the low sump-level conditions. Further
details about the engineering and hydraulic features of the
systems may be found in Basu et al (2013a, 2013b, 2014).

These vital infrastructural assets, oblivious to public view,
have served the city well, but have increasingly been



subjected to the stresses of a burgeoning population and
consequent urbanisation as discussed in the following
section.

2. Demographic pressure and urbanisation impacts
on the sewer networks of Kolkata

The first systematic record of population survey for the city
of Kolkata according to its distribution in the Municipal
Wards of the city is obtained from the 1961 census (Haque
2013). It is inferred that the average population densities of
the Town, Suburban, and Maniktala drainage areas had,
respectively, been around 70,000, 40,000, and 32,500 persons
per square kilometre. By 2011, the population densities had
changed to about 62000, 34500, and 42000 persons per
square kilometre, respectively. Although the sewers of
Kolkata date back to a period when no authenticated popula-
tion data were recorded, Census India (2011) data have a
section on historic figures which indicates that the overall
population of the city in 1901 had been around a quarter of
that in 1961. Haque’s study also concludes that areas covered
by grass and trees in Kolkata, respectively, have reduced from
about 38 and 21% in 1973 to 8 and 12% in 2010. Built-up area
appears to have substantially increased during the four dec-
ades to about 75%, though Bhatta (2009) suggests a figure of
85%. Again, old settlement maps appear to suggest that in the
late nineteenth century, the open spaces and waterbodies in
the city covered as much as 50 to 60% of the total area, with
the Town catchment having higher built-up area percentage
compared to the Suburban basin. Thus, under pressure from
anthropogenic drivers, the combined sewerage system for
Kolkata has continued getting stressed over the decades,
primarily for the following reasons:

(I)Increased municipal wastewater discharges propor-
tional to the rise in population, resulting in high base flows
for the sewers, and

(2)Increased imperviousness of open space from surfaces,
leading to greater runoffs.

As a result, the increased combined flows often exceed the
carrying capacity of the conduits, the sizes of which have
remained unchanged over the years. Occurrence of street
water-logging thus has also increased, apparently. The high
rainfall event of 1978 (total daily precipitations of 103, 327,
and 124 mm, respectively, on 26, 27, and 28 September) had
been particularly painful when the stagnated water took
more than a day to subside due to the autumn tides restrict-
ing the discharges at the outfalls. The intense rainfall of 19
September 2000 also caused widespread flooding in the city.
Although renovation of the underground conduits has
included clearing the main sewers of solid deposits and lining
them with glass-reinforced plastic (GRP) sheaths (Basu et al.
2014), they have not been modified in size or shape. The
project aimed primarily at preventing further damage to the
original brickwork that was caving in at places while attempt-
ing to clean them of the century-old grit. Of course, the
linings have helped in making the conduits smoother with
increased conveyance capacities.

3. Evaluating the sustainability of the heritage
sewers using computational models

As shown above, the sewer networks of Kolkata, though
planned and executed more than 150 years ago, have been
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serving the city uninterrupted despite the continuously
changing built-environment. The present work, therefore,
aims at investigating the adequacy of the carrying capa-
cities of the three early sewer networks of the city (the
Town, Suburban, and Maniktala drainage basins) in
relieving the city streets of flooding at times of heavy
rainfall now and in future. For this purpose, the Storm
Water Management Model SWMM (Rossman 2015), a
public domain simulation package for modelling flows
through sewer networks, has been used to compute over-
land runoff and conduit flows. Surcharges resulting from
excess runoff are linked as point sources to the two-
dimensional surface flow simulation code LISFLOOD-FP
(Bates and De Roo 2000) for modelling over-ground inun-
dation. This model simulates the movement of the water
overflowing from the sewers which initially accumulate on
the streets in the low-lying pockets of the city. Increasing
discharges cause the inundation depths to rise above the
kerb height or building plinths, thus overflowing into the
basements and ground floors of the houses in the locality.

The LISFLOOD-FP model is a raster cell-based two-
dimensional surface flow simulation code working on the
principles of storage cells, neglecting inertia of the moving
water (that is, the momentum equations are used in their
simplified form). This model is chosen here because of
three primary reasons. First, the computations by the
model, because of the simplified equations, are quicker in
comparison to the full two-dimensional models. Second,
the assumptions on which the model is developed may
not involve large errors for Kolkata as the city has a very
flat terrain and the flooding is due mostly to the accumula-
tion of water within local depressions on the surface from
overflowing manholes. The velocities are consequently neg-
ligible and thus are the momentum (inertia) terms. The
exchange of flows between a cell and its four immediate
neighbours is approximated by the Manning’s relation
(Bates and De Roo 2000), the difference of water levels
between each pair of cells being used to compute the
slope in the equation. The final reason for implementing
LISFLOOD-FP is the availability of its source code from the
developer of the model, Prof. Paul D. Bates of the
University of Bristol, under an academic partnership pro-
gram. Other two-dimensional codes presently in use world-
wide are either proprietary or commercial, with limited or
no public access to their source codes. However, access to
the source code is essential here as the two-dimensional
flow simulation model (LISFLOOD-FP, in the present case)
is coupled with the output of SWMM using an interfacing
code which, for the simulations described in this paper, was
developed with the help of ‘batch-files’ in the MS-DOS
environment using the ‘command line’ arguments. These
files were also used to fetch data from the repository of
rainfall values and, although not used for the present work,
may be configured for receiving data during real-time inun-
dation predictions when rainfall information is received
continuously with time and the file storing this data is
updated dynamically.

For the present simulations, no adjustment has been
made for building footprints within the urban drainage
catchments since almost invariably the floodwater from the
streets finds a freeway to the basements or ground floors of
most buildings. The residents, having adapted themselves to
these recurrent inundations, permit such incidences which
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rarely exceed a metre and subside normally within a couple
of hours.

4, Data availability

In the absence of an official elevation dataset for the city, a
‘Total-Station’ survey was carried out along some of the
major streets within the three sewerage drainage network
catchments with the financial assistance received from the
computer company IBM Ltd. under their Centennial Grant
in 2011. Details about this grant and the works carried out
with the support, including the setting up of the real-time
digital rainfall data collection network for Kolkata, may be
obtained from Sen (2013). The dataset of spot levels was
interpolated to generate a digital elevation model (DEM) of
50 m grid size. The elevation range for the three catchments
(about 53.7 km?) varies between 3 m and 4 m above mean sea
level (MSL), with the land sloping gently towards the east.
The terrain essentially is flat with local pockets of depression.
The sections of the conduits, topology of the sewer networks
and location of the manholes were obtained from the report
of World Bank (2001).

The sewer-flow model, SWMM, was initially calibrated to
obtain an optimum roughness value of the conduits. As a
guideline, the values indicated in standard references were
chosen initially and then adjusted by matching the computed
and measured outflow discharges at the pumping stations for
past around 10 years. The hourly outflow discharges at the
pumping stations were facilitated by accessing the log books
maintained at each station and noting the running hours of
the different pumps located at the station for different years.
Then, by multiplying by the pumps’ respective discharging
capacities and summing up, the hourly values of the total
discharge from a pumping station were obtained. For vali-
dating the sewer-flow model, the time-history of the point
rainfall values recorded at specific stations across the city and
the corresponding outflow discharges from the terminal
pumping stations were selected for two specific time periods
(for the monsoon months of the years 2013 and 2015). The
rainfall data obtained from the network of digital rainfall
monitoring system are transmitted in real-time at intervals
of 15 minutes (Sen 2013) and was used as inputs to drive the
model SWMM. Sump water levels at the pumping stations
are also digitally recorded by a similar network and trans-
mitted at the same frequency. These values were used as the
downstream condition of the outflowing sewers in SWMM.
Of course, it was observed that the sump levels remained low
for these 2 years, indicating no significant tidal influence.
Hence, backflow was not an influencing factor for the sewer
outlets during the simulations of the validation phase.

There is no direct record of surface-inundation depths or
water-logging extents though a street water level monitoring
sensor has been installed at a specific location of the city, on
an experimental basis, in 2019 with the financial assistance of
the Kolkata Municipal Corporation. The city traffic police
force, however, also gathers approximate information on
water-accumulation at important street junctions and
uploads these on the social media platform ‘Facebook’, for
the benefit of the public. Collated from the information
provided by the traffic constables on duty, these flooding
reports categorise the water accumulated in qualitative
terms, such as hip, knee, and ankle deep which are uploaded
to the webpage frequently. In the absence of any other

reliable source of measurement of water inundation in the
city, the information posted by the police is used in the
present study by converting them to numerically equivalent
values, like, 1.0 m, 0.5 m, and 0.1 m, respectively, and made
use for gauging the street inundations.

For evaluation of future scenarios, statistical analyses of
rainfall intensities were carried out using hourly rainfall data
(1980 to 2015) recorded by the India Meteorological
Department (IMD) at their Alipore and Dumdum stations
of the city. The analyses carried out with these data are
described in greater detail in Section 6.

5. Setup and validation of the models for sewer
flow and overland inundation simulation

The numerical models SWMM and LISFLOOD-FP were
setup for the three urban catchments for simulating, respec-
tively, the flow through the sewer networks and flooding on
the ground surface resulting from sewer surcharges. The
three catchments defined in SWMM, that is, Town,
Suburban, and Maniktala, were each linked to a unique
rain gauge of the digital network, depending upon its proxi-
mity to the gauge. Within each catchment, sub-catchments
are defined around the manhole locations, which are
assumed to be the outlet-points of the runoff generated
from the sub-catchments and leading to the underground
sewer network. The sewer overflows computed by SWMM at
each manhole location, and at every computational time
step, are introduced into LISFLOOD-FP as point discharges,
permitting the latter to estimate the possible extent of flood-
ing at the given time. The computational time step for both
the models is set to 5 minutes but the output data are
reported at intervals of 15 minutes, matching with the data
transmission rate of the rain gauge network. A one-direc-
tional coupling methodology is used in the present case, in
which only the excess surcharges from the sewers are
assumed to overflow onto the surface, without reintroducing
it back into SWMM. Apparently, this methodology may look
erroneous at a first glance but it may be remembered that
SWMM, independently, keeps a record of the expelled
volume of water at each manhole node at any given point
of time, assuming it to be temporarily stored in imaginary
containers above the street level. When the runoff and, con-
sequently, the sewer flows reduce, SWMM automatically
withdraws the stored surcharges into the conduits. Hence,
SWMM works independently of LISFLOOD-FP, which only
reads the computed surcharged volumes at the different
nodes at any given point of time from the temporary output
files generated by SWMM, and uses these to estimate the area
inundated over the ground surface. Since SWMM runs inde-
pendently of LISFLOOP-FP (there is no volumetric feedback
from LISFLOOP-FP into SWMM), the mass-balance checks
in SWMM also remain unaffected during the simulations.
However, fetching the surcharge data computed by SWMM
at any time by the LISFLOOD-FP model is facilitated by an
intermediate code that repeats at every computational time
step. This code is activated through a batch-file using the
MS-DOS commands, quite similar to the codes used for
fetching the rainfall values from the data repository for run-
ning the SWMM model.

It may be emphasized that the rainfall data are applied
only to SWMM, and not to LISFLOOD-FP. The SWMM
model converts the rainfall intensity into discharge with the



help of simplified catchment flow equations and applies the
discharge rates at the specified junction nodes of the network
through the manhole connections. Although LISFLOOD-FP
too has the provision to accept rainfall data, converting it to
discharge by multiplying by the area of the computational
grid cell, this is not done here in order to avoid double-
counting of the rainfall-induced runoff which will result in
an overestimation of the inundation area.

Further details on the implementation of the SWMM and
LISFLOOP-FP models are presented in the following sec-
tions. For theoretical and computational details, Rossman
(2015) and Bates and De Roo (2000), respectively, may be
referred to.

5.1. Implementing the sewer network flow model,
SWMM

The SWMM model approximates the discharges through the
sewer conduits as one-dimensional-free surface or pres-
surised flows (depending upon the prevalent conditions)
and uses the equations of continuity and momentum in
one-dimension to model the flow variables. Of the different
options available, the full momentum equation is employed
here to account for any possible backflow effects within the
conveyance elements. An average impervious area factor of
85% is chosen for the urban sub-catchments based upon the
estimates of Bhatta (2009), Haque (2013) and Mukherjee et
al. (2018). The Manning’s roughness coefficient for the con-
duits is assigned a value of 0.01, which agrees with the
calibration results, and also typifies conduits having PVC
finished linings.

To initiate the computations in SWMM, steady-state base
flows commensurate with the catchments’ municipal dis-
charges, are specified in all the branches of the network. In
the absence of observed values of the base flows, approximate
figures, obtained through estimates based upon population
numbers, are applied to the different branches of the net-
works. The computations for conduit flow thus commence
from non-pressurised conditions but a greater volume of
runoft due to rainfall, as during continuous events of a
heavy shower, may cause some pipes to transit to pressurised
flows. Sufficiently high runoff may cause some of the man-
holes to surcharge. As mentioned above, SWMM does not
eliminate the water overflowing the manholes from the sys-
tem but assumes them to be stored temporarily in hypothe-
tical bins only to be fed back once the rain subsides. The
expelled volume from each overflowing manhole is recorded
at each time step and passed on by an intermediate code to
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the overland flow model LISFLOOD-FP as point source
values at appropriate spatial locations.

SWMM, being a flow routing model, also requires an
outlet boundary condition to be specified. Since the main
sewers in all the three drainage systems drain into sumps
from where the water is evacuated by the pumps and dis-
charged into open drains, the sump water levels were applied
as the desired input. During the validation of the model, it
was observed that the pumps were able to keep the sump
water levels sufficiently low without any backflow effect in
the sewers. Hence, in all the simulations presented in this
study, a free outfall condition is specified at the outlet end of
the sewer networks.

5.2. Implementing the overland flow model, LISFLOOD-
FP

The LISFLOOD-FP model, as discussed, is a raster cell-based
two-dimensional surface flow simulation code that works on
a raster (square) grid of spatial discretization. The computa-
tional cell size in the present case is chosen as 50 m, corre-
sponding to the pixel size of the DEM. With this size of the
cells, the results on a desktop PC are computed within a
reasonable time (around 1-minute clock-time required for
each time step of calculation). The complete simulation
exercise is carried out by advancing in time through incre-
ments of computational time step till the end of the simula-
tion period. The sourcing of data from the temporary result
file of the SWMM model as input to the LISFLOOD-FP
model is conducted once every time step.

5.3. Validating the computed sewer flows and surface
inundations

The simulated sewer outflows computed by SWMM for
Town, Suburban, and Maniktala catchments are compared
with the observed discharges at the respective basin outlets at
Palmer’s Bridge Pumping Station (PBPS), Ballygunge
Drainage Pumping Station (BDPS), and Dhapa Lock
Pumping Station (DLPS), respectively.

Two rainfall events, one each from the years 2013 and
2015, are chosen for the validation exercises. These years
have been among the wettest in recent times. The 15-minute
rainfall data from the digital stations of Alipore, New Market
and Ultadanga (locations 1, 2 and 3 in Figure 2 respectively)
are used as input for the SWMM model. The hyetographs for
Alipore are shown in Figure 3 for the events of the 2 years.

2015
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Figure 3. Hyetographs of the rain for: (a) 2 September 2013; (b) 1 August 2015 from the digital rain gauge located at the premises of the India Meteorological

Department weather observatory at Alipore, Kolkata.
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Figure 4. Simulated and observed discharges for the 2013 event: (a) Palmer Bridge Pumping Station (PBPS); (b) Ballygunge Drainage Pumping Station (BDPS); (c)

Dhapa Lock Pumping Station (DLPS).

The 2013 event was a short, intense burst of rainfall, while
that of 2015 was of lower intensity but much prolonged.
The computed and observed outflows at the three pump-
ing stations for the year 2013 are compared in Figure 4. The
computed peak discharges occurring on the 2nd September
appear to be in the same range as those observed though the
discharges a day before and after do not match perfectly. One
reason for the variation could be the fluctuations of the
municipal wastewater flows, which serve as the base flows
for the conduits but not modelled in the present work as
there is no way of gauging these flows within the system. This
may be considered as a limitation of the present work and the
model results may be improved if the municipal discharges
are also included in the model. For the rainfall event of 2015,
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the simulated and observed discharges at these pumping
stations are shown in Figure 5. The showers had mostly
been limited to the 1** of August, with relatively dry days
before and after. However, with the event being much pro-
longed than that of 2013, the total volume of runoff from
each catchment is seen to be greater. The simulated dis-
charges at all the three outfalls for 2015 appear to be under-
estimated by SWMM during the passage of the peak
discharge, and the difference is much greater for 2013.
However, it is also observed that for both the years (2013
and 2015), the simulated discharges beyond the peak dis-
charge (that is, during the recession limbs) are higher than
those observed. This indicates that the error may more likely
be due to the simplified computations carried out by SWMM
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Figure 5. Simulated and observed discharges for the 2015 event: at PBPS (a); BDPS (b); and DLPS (c).
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Figure 6. Rainfall event of 2013: (a) Simulated maximum surface inundations; (b) Streets inundated as per Police report (from the only details reported at
12:30 hours).

and fluctuations in municipal discharges may not be the sole times when the flood depths were maximum, which were
reason for the discrepancy between the simulated and validated with the available descriptive reports of Kolkata
observed. Specifically, SWMM appears to be estimating (Calcutta) Traffic Police after converting to numeric values
smaller outflow discharges during and around the peak out- and mapped (6b and 7b, respectively). The validation is
flows, preferring to temporarily store the excess flows (the approximate, as the numeric conversion from descriptive is
difference between the inflows and the outflows) as sur- also a rough guess, as explained in Section 4 above. Although
charges at the overflowing node points. During the falling it is not possible to present the inundation results at all times,
stage (post-peak), the stored water from the surcharge the following may be concluded, based upon the
volumes is drained back into the system, resulting in higher ~computations:
values of computed flows in the recession limbs as compared (3)The rainfall event of 2013 being short but intense,
to the observed flows. occurring for about half an hour, the corresponding high
The surface inundations were computed simultaneously surcharges result in widespread flooding at the time of max-
at each time step by LISFLOOD-FP using the overflows from imum inundation (Figure 6(a)) and prevails for only one
the manholes. Figures 6a and Figures 7a show the computed = computation time step of 15 minutes.
inundations for years 2013 and 2015 respectively at such
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Figure 7. Rainfall event of 2015: (a) Simulated maximum surface inundations; (b) Streets inundated as per Police report (from the report of 09:00 hours).
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Figure 8. Rainfall time-distribution curves for Kolkata derived from hourly
rainfall observations from 1978 to 2010.

(4)The event of 2015 is more sustained and the maximum
computed inundation (Figure 7(a)), though not as wide-
spread as in 2013 (Figure 6(a)), persists longer. This situation
is more likely to cause traffic disruptions resulting from the
sustained waterlogging.

Whereas, some observations of street inundations from
the police reports may be summarised as:

(5)The 2013 event was reported only once: at around
noontime, whereas the 2015 reports were posted more than
once during the day. This confirms the fact that the inunda-
tions for 2013 had indeed been brief and those of 2015 were
much prolonged, concurring with the simulations.

(6)The 2013 simulated inundation map (Figure 6(a))
shows several affected locations which are not reflected in
the map recreated from police reports (6b). One possible
reason for this discrepancy may perhaps be due to

waterlogging at these spots prevailing only for short dura-
tions and not considered worth reporting.

6. Assessing coping potential of the combined
networks for future uncertainties

The observations from the previous sections provide preli-
minary indicators for the performance of the 150 year old
sewerage system under present conditions. The two storms
of 2013 and 2015, having different characteristics, generate
surface flooding with dissimilar temporal and spatial distri-
butions. Apart from storm patterns, physical factors like
conduit friction and pumping rates are also likely to affect
flooding patterns. The recent glass-reinforced plastic (GRP)
lining of the sewer conduits may have reduced the frictional
resistance and the high-capacity pumps installed at pumping
stations evacuate water reaching the sumps immediately, but
flooding of the low pockets in Kolkata continues to recur.
Apparently, the smoother conduits still retain their original
cross-section and thus the increased base flows and storm
runoffs reaching the sewers under the present conditions
together exceed the conveyance capacities of the conduits
than for which they were originally designed. Increasing the
size of the conduits is not feasible, which involves the mas-
sive excavation of the streets overlying the conduits. Hence,
flooding in certain pockets of Kolkata seems inevitable for a
critical combination of factors, including rainfall, which is
explored using the calibrated and validated simulation mod-
els SWMM and LISFLOOD-FP.

Potential climate change influences on rainfall are not
considered here and the networks” performance is assessed
under rainfall of varying intensities corresponding to return
periods derived from past rainfall history. Observations from
real events indicate that along with intensity, the time dis-
tribution of rainfall also plays a role in influencing conduit
flow and inundation patterns, which are also checked.
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Lagtime for discharge at PBPS (hour:minute)
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Syear

m Advanced ® Intermediate ® Delayed

2Year 5Year

c g

Figure 9. Maximum surcharge discharges reaching the terminal pumping station (PBPS) of the Town catchment (a); its lag time for discharge for 2, 5 and 10 years
of return periods (b) and percentage area inundated at three different return periods (c).
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Figure 10. Peak discharges reaching the PBPS at different Manning’s roughness co-efficient (n) of sewer conduits (a) and maximum volume of water expelled to

the street from the surcharge in the Town catchment (b).

Assuming the GRP linings may roughen by abrasion with
time, changes in conduit friction factors are investigated
along with a possible variation of ground surface friction.
Assuming insufficient pumping, sump-level variations are
checked to assess their influence on reduced conduit flow
and the resulting increase in surface flooding.

Since the sewers form a combined system, base flows from
municipal waste discharges are important and these have
certainly increased over the years. However, a recent decline
in population within the catchments indicates that further
rise may not occur. Similarly, although the proportion of
paved surface in the region has increased considerably over
the past 100 years, any further rise appears unlikely and the
surface runoft conversion rate from rainfall is expected to
remain unchanged in the future. Hence, these two factors are
not varied in the parametric studies demonstrated in the
following sections.

6.1. Rainfall intensity and time distribution

The hourly rainfall data for the years 1980 to 2014 of the
India Meteorological Department (IMD) operated meteor-
ological stations in the city, Alipore and Dumdum are used
to develop: (i) intensity-duration-frequency relations, and
(ii) cumulative rainfall time-distribution curves (Figure 8).
The 35-year records from the two stations indicate slightly
higher rainfall intensities for Alipore station, are thus used
to generate hypothetical rainfall hyetographs for 2, 5, and
10-year return periods by the alternating block method
(Chow et al. 1988), referred here as the intermediate dis-
tribution. The resulting hypothetical hyetograph corre-
sponds to the ‘normal’ distribution of rainfall intensifies
during a storm (curves 2 yr-I, 5 yr-I, and 10 yr-I in Figure
8). The hourly rainfall series for 6 hours or longer events
recorded at Alipore and Dumdum for the 35 years are used
in preparing cumulative rainfall time-distribution curves to
find the extreme distribution patterns. These are shown by
the Alipore-A and -D and Dumdum-A and -D curves of
Figure 8 for the worst extreme cumulative rainfall distribu-
tion curves that are advanced (A) or delayed (D) in time for
these two stations. The hourly ordinates of the 2, 5 and
10 years of return period intermediate (I) hyetographs are
rearranged for advanced and delayed peak distributions
(indicated as n yr-A/D in Figure 8 where n is return period
in years) such that their cumulative graphs match the
observed extreme cumulative graphs of Alipore and
Dumdum stations as closely as possible.

Application of the hypothetical rainfall hyetographs of
different return periods and time distributions to the
sewer-flow model generates the catchment outflows (that is,
the discharges at the sewer network outlets) and surcharges
from the sewers. The surface-inundation model computes
the resulting inundation extents caused by the sewer sur-
charges. For brevity, only results obtained for the Town
system - the oldest sewer network of the city — are presented
and the results analysed.

Figure 9(a) compares the peak discharges reaching PBPS
— the terminal pumping station of the Town catchment. As
expected, these are seen to increase with rainfalls of higher
intensities (greater return periods). The three distributions
produce nearly the same peak discharges for the same rain-
fall, though the delayed distribution shows a greater rise with
increasing return period than the other two. The lag time or
time difference between the peaks of rainfall hyetograph and
discharge hydrograph (Figure 9(b)) indicates that this para-
meter is significantly affected by the rainfall event’s time
distribution. The lag time is least for the delayed distribution,
a woe for authorities concerned with mobilising relief,
whereas Figure 9(c) shows the variations in inundated areas
(depths greater than 0.8 m) expressed as a percentage of the
catchment area with rainfall intensity and distribution type.
Increasing intensity causes greater inundations but with
higher return periods, inundation does not increase much.
This corroborates well with the general apprehension of
flooding in the city that the water accumulates only in spe-
cific depression-like pockets in the otherwise flat terrain and
does rarely spread farther away from these ‘hotspots’.
Similarly, rainfall time distribution does not seem to affect
much though the advanced distribution generates greater
flooding extents in each case.

6.2. Conduit wall roughness

The sewer conduits are lined with GRP, for which the
Manning’s roughness coefficient (#1.,4,:;) is taken as 0.01,
as obtained through calibration and also indicated in the
industry guides of GRP pipe manufacturers. However, with
use, the surfaces of the linings are likely to get abraded and
roughen and three roughness values for the conduits (n-
conduir = 0.01, 0.02, and 0.04) are examined. Results for only
one rainfall return period (2-year) are presented as they are
similar for other intensities of storms.

Figure 10(a) presents the peak discharges reaching the
PBPS for varying conduit roughness and storm types. As
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Figure 11. Peak discharge (a) and maximum flooded volume (b) for three different sump water levels of PBPS.

expected, increasing friction slows down the flows in con-
duits, resulting in a moderation of the peak. There does not
appear to be much difference in the flows due to the time
distribution of the storms. Figure 10(b) shows the maximum
volume of water expelled to the streets from the surcharge
computed for one computational time step. For low conduit
friction, the delayed pattern significantly affects the peak of
surcharged volumes. The advanced rainfall peak consistently
shows lower surcharges for all friction values while the
delayed pattern shows the greatest surcharge among all
three for #1444 = 0.01. For rougher conduits, the intermedi-
ate and delayed rainfalls expel nearly similar volumes.

6.3. Sump water level and ground surface roughness

High-capacity pumps, each of 240 cusec (~6.8 m’s™") dis-
charge capacity, have recently been installed at the pumping
stations, replacing the older pumps of smaller capacities
that had been running for the past few decades. These
pumps have helped in clearing the water reaching the
sumps rapidly. The influence of the sump water level,
which varies between around 2.20 m and 3.75 m (above
Mean Sea level) for PBPS, is shown in Figure 11, where the
peak discharge and maximum flood volume from three
discrete sump levels have been compared, respectively
(11a and 11b). The computed peak discharges for different
sump water levels and rainfall patterns indicate that the
level does not affect the flows much. This suggests that the
sump has been located at a level much below that of the
conduits and a large variation in its water level does not
affect the flows in the conduits by backflow, which may be
considered as a good design aspect.

The roughness of the ground surface (1;,,fac.), specified in
LISFLOOD-FP for simulating surface inundation, is varied
between 0.04 and 0.08 as recommended in texts like ARR
(2012), and simulations are carried out for the three rainfall
types of 2, 5 and 10 years of return periods. However, no
significant change in the inundation extent or duration is
observed. A reason for this is the extremely flat terrain of the
city, whose average slope is of the order of 0.01%. Largely,
overflowing water from surcharged sewers fill pockets of low
depression and return back to the sewers on the easing of
pressured conditions. As observed, there is hardly any obser-
vable flow velocity on the ground during the flooding events.
A variation in friction coeflicient, therefore, does not make
much difference to the spatial distribution of the flooded
areas.

7. Conclusions

The three combined sewer and drainage networks of
Kolkata, the initial laying of which commenced more than
150 years ago, are evaluated in this study for sewer over-
flowing and overland flooding using mathematical models.
Probable conditions are tested to check their adequacy under
increasing urban pressures. The following conclusions are
inferred from the study:

1.Keeping pace with urbanisation, both base flows and
storm runoffs have increased for the sewers. The former has
been due to an increase in population, resulting in an
increase of wastewater flows, while the latter has been due
to a rise in the proportion of paved area within the sewer-
catchments.

2.Though the main conduits of the sewer networks have
recently been lined for reducing flow friction, and high-
capacity pumps installed at the terminal pumping stations
for faster evacuation of the accumulating water in the sumps,
the extent of street flooding has not mitigated enough as was
perhaps expected. A reason behind this is found to be the
inadequacy of the conveyance capacities of the conduits.
Possibly, if the sizes of the conduits were increased while
the lining work was in progress, the extent and depths of
flooding might have reduced. However, the residence time of
the overflowing surcharge volumes has reduced, apparently
due to the smoother conduits and higher pumping rates.

3.Rainfall events of different intensities and time-distribu-
tions, derived from a 30-year record of hourly rainfall data
indicate that (i) the peak discharge reaching the pumping
stations increases marginally with rainfall intensity and are
nearly the same for the three types of rainfall distribution
patterns for a given rainfall intensity; (ii) the surface-inunda-
tion extent is nearly the same for the 5- and 10-year return
periods but much less for the 2-year return period rainfall;
(iii) the lag-time is minimum for the delayed rainfall pattern
for any given rainfall intensity.

4.Increasing roughness of the conduits (as with aging)
reduces the peak discharge reaching the pumping stations
but results in expelling an increasing volume of water on to
the streets during a rainfall event. However, the pattern of the
storm does not cause much difference to these parameters.

5.The sump water level does not significantly influence
the peak discharge of the sewer outfall at the pumping sta-
tion, but higher sump levels seem to force a larger flooding
volume as surcharges through the manholes.

6.The pumps located at the terminal ends of the sewer
networks lift the water accumulating in the sumps by a few



meters and discharge into drainage channels. However,
though the tail end of the 35 km long channel is tide-domi-
nated, pumping is rarely affected by tidal influences except
during rare coincidental occurrences of high rainfall and
high tides as it happened in 1978 or 2000.
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