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Abstract. The study focuses on investigating of stress faced by the stormwater
infrastructure in Mumbai, a megacity prone to urban floods and waterlogging. The main
objective is to assess the effectiveness of the existing urban drainage systems, examine
the various stress factors that contribute to their inefficiency, identify international best
practices, and propose urban planning solutions to mitigate flood impacts. The study
emphasizes the crucial role of infrastructure, especially in reducing the city's
vulnerability. It highlights the challenges encountered by Mumbai, including rapid
urbanization, haphazard development, and the dense population, which intensifies the
flood risk. The research incorporates relevant theories, models, and cases to formulate
comprehensive recommendations. Ultimately, the study aims to contribute to the
sustainable development goals and enhance the overall well-being of Mumbai's
residents.

Keywords: Stormwater infrastructure, Extreme rainfall events, High tides, Urban floods,
Drainage system.

1. Introduction

Stormwater infrastructure plays a critical role in managing rainwater flow and
preventing flooding in urban areas. It encompasses various systems such as storm
drains, detention ponds, and green infrastructure. Proper management of stormwater
infrastructure is essential for maintaining functionality, reducing flooding risks, and
safeguarding water quality. However, waterlogging issues in urban areas stem from
deforestation, inadequate watershed maintenance, and the construction of
infrastructure that hampers natural drainage. Rapid urbanization and high population
density further strain infrastructure, leading to inadequate drainage and choking. To
address these challenges and ensure effective stormwater management, proper
maintenance and planning are necessary. Coastal cities in India, in particular, face
vulnerability to floods, emphasizing the importance of proactive prevention and
mitigation measures for building resilience. Recent floods in several Indian cities have
caused significant damage and economic impact. A study published in November 2019
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by The New York Times predicts that rising sea levels could submerge approximately 40
square kilometers of land in Mumbai, India's largest city and financial capital, including
critical infrastructure and densely populated areas, within the next three decades. This
prediction highlights the urgent need for the Indian government and local authorities to
address climate change and protect residents and assets from the detrimental effects of
rising seas.

2. Literature Review

China has witnessed a significant increase in urbanization, with the urban population
growing from 170 million in 1978 to over 850 million in 2020. Municipalities like Beijing,
Tianjin, Shanghai, and Chongging are key drivers of regional development due to their
dense populations and high demand for urban infrastructure. The resilience of their
infrastructure directly impacts surrounding areas. To assess urban infrastructure
resilience, the Pressure-State-Response (PSR) framework was used, analyzing the
dynamic characteristics of infrastructure in these municipalities from 2002 to 2018. The
study found that factors like highway length and drainage network density significantly
influenced infrastructure resilience. Measures such as enhancing public transport
facilities and improving drainage capacity were identified as essential for a better urban
environment. Additionally, the G-Cans project in Kasukabe, Japan, has effectively
reduced water damage during heavy rainfall, while the Netherlands and Chennai, India,
have implemented measures like floodgates, drainage systems, and stormwater drains
to combat flooding.

3. Methodology
3.1Study area

Greater Mumbai, India's most populous city and a major financial hub, faces challenges
due to limited land availability and high population density. The sewerage system
collects 63% of the generated 2,680 MLD, as reported in the City Development Plan by
MCGM. The MTPD collected for solid waste and construction, demolition, and silt has
also increased over the years. Effective management of these systems is crucial for
sustainable development in the city. The stormwater drainage system is impacted by
unauthorized dumping, which reduces the capacity of nullahs/drains to carry
stormwater runoff, leading to flooding in certain areas of the catchment, caused by slum
dwellers, hawkers, construction, and demolition.
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The drainage network length-to-road length ratios in Mumbai's different regions reflect
their development priorities. The western suburbs prioritize drainage infrastructure,
with a ratio of 3:1, while the island city shows balanced development with a ratio of 1:1.
In contrast, the eastern suburbs focus more on road development, resulting in a ratio of
1:0 for drainage infrastructure. These ratios highlight the varying stages of development
and infrastructure priorities in each region.

Table 1. Showing the types of systems in the stormwater Infrastructure

TOTAL WESTERN EASTERN
TYPE KM SUBURBS KM SUBURBS
KM
Mgjor Nallas >1.5 M| 21507 2o 101.50 90.20
width
Minor Nallas < 1.5 M| 154.50 48.00 42.10 66.40
width
Arch/ Box Drains 174.28 82.35 51.93 40.00
Roadside open drains 1986.98 20.00 1297.50 669.48
Closed pipe or dhapa| 545.23 443.00 86.03 36.20
drains
No. of water entrances 34972 32657 1706 609

Researchers often use non-probabilistic sampling techniques, such as the snowball
method, to collect data from a specific group with common characteristics. This method
enables them to reach a diverse group of participants. A household survey is conducted
with a sample size of 90 or 100 individuals, depending on the research objectives. The
participants are selected based on their willingness to participate and relevance to the
research topic. The selection criteria for catchment areas are determined through
consultations with stakeholders and perception surveys at the household level in critical
areas. After careful consideration, Andheri Subway in K Ward and Goldeval Temple in C
Ward were selected for further action.
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Figure 3. Showing Land use Map of Catchment 218

Catchment 218, located in Andheri (K) Ward, includes Andheri East (K/E) and Andheri
West (K/W). The main waterlogging concern is the Andheri subway, a crucial
transportation link between the two areas. Residential land comprises the majority of
the catchment, with 61 out of 173 hectares allocated for residential use. Slum clusters
cover 26 hectares, while the remaining land includes vacant plots, commercial areas,
industrial zones, open spaces, and under-construction sites. Encroachment issues affect
the open drain (nallah) in the area due to the presence of slums. Historical flooding data
from 2009 to 2011 has been collected, highlighting a significant rainfall spike on 27 July
2005, with 944.20 mm recorded in a 24-hour period.
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Figure 53. Showing Land use Map of Catchment 130, 132, City Nallah
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Catchment 130 is the largest in Mumbai, spanning multiple wards from Fort to Parel and
Byculla to the Western Coast. It includes low-lying areas near Maratha Mandir Road,
Sankla Lane, Mahadev Palav Road, and BDD Chawls that are prone to waterlogging. The
catchment has various outfalls, with the main one positioned below the lowest low tide
level. Catchment 132, which includes Cumballa Hill, has been merged with Catchment
130. The Gol Deval Temple catchment covers an area of 1,370 Ha with ground levels
ranging from 74.93 to 26.39 m THD. It consists of underground drains and open nallah,
with a length of 168,280 m and dimensions ranging from 0.230 m to 30 m. Waterlogging
primarily occurs during heavy rainfall between June and September, especially in July.
The catchment is predominantly residential, with significant commercial and industrial
areas. The Arabian Sea acts as the water-receiving body, and various outfalls drain into
it, including the proposed Charni Road Pumping Station.

3.2Data
3.2.1 Autocorrelation

BRIMSTOWAD-II Report, MCGM Engineering Hub, and climate data from the Regional
Meteorological Centre Mumbai, IMD.

3.2.2 Contour, slope, basin and flow accumulation Maps
Cartosat DEM and USGS Earth Explorer (SRTM) as the primary sources.
3.2.3 Land Use and Land Cover LULC

USGS data from 1993, 2003, and 2023, using Landsat-4, Landsat-5, and Landsat-8
satellites, respectively, with a false-color composite created by changing the symbology
of bands to 5/4/3, and employing supervised classification for image analysis.

3.2.4 Groundwater Recharge Potential Zones

Digital Elevation Model (DEM) and Geology data were obtained from USGS, while the
SOIL-Fos Soil was used for assessing the matrix consistency ratio, which was set at 0.1
for large matrix constraints exceeding 5X5.

3.2.5 Pressure State Response Model

District Census Handbook of Maharashtra, Regional Plan of Mumbai, MMRDA,
Brihanmumbai Municipal Corporation (BMC)/Municipal Corporation of Greater Mumbai
(MCGM), and the Draft Development Plan 2034/MCGM Engineering Hub.
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4. Results

4.1 Autocorrelation

Table 2. Showing the Autocorrelation - Date of Occurrence of Events, their Rainfall and
Hightide data

Date of 24.hr Rainfallin Tide Height Tidal AutoCorrelation- | AutoCorrelation-
Occurrence mm | {mm)g Coefficient S T Lae Rainfall Tides
05 July 1874 575.6 F 0 100 1.00)
30 July 1975 417.2 MM 1 -0.09) -0.35
31 July 1984 5443 Fi 2 0.17] 0,13
16 June 1890 421.2 | | FM 3 0.18] 0,23
10 June 1991 4776 MM FA 007} 0,43
23 August 1987 38,2 FM El 0.14 0,28/
17 July 2000 351.5 Fid 3 -0.08) 0.08]
27 July 2005 944 2 4.7 Fr 7 0.12] -0.17
16 July 2009 179.0 waning gibbous moon phase S a1 0.15
26 July 2011 V5.0 3.9 4.0 FM q .08
1 September 2011 283.0 4.7 85.0 waring crescent meon phase 10 0141
15 July 2014 200.0 4.5 5.0 Fr 11 .24
19 June 2015 283.0 4.5 75 waxing crescent moon phase 12 .07
02 August 2015 285.0 4.9 104 FM 13 -0.08
28 August 2017 350 33 43.0 waring crescent meen phase 14 -0.08)
02 July 2018 373.0 4.3 83.0 wandng crescent moon phase 15 405
05 August 2020 a31.8 4.5 B1.0 waning gibbous moon phase 16 .03
18 July 2021 250.0 3.7 &0.0 waning gibbous moon phase 1?| 0.08]

The table presents rainfall data along with the corresponding dates and tidal height
overlapping with the lunar calendar. By applying the autocorrelation method, the graph
demonstrates a stationary autocorrelation, indicating a dependence between the
variables.

Autocorrelation for Rainfall

Tides \A A 4

Rainfall

Figure 5. Showing Autocorrelation- Date of Occurrence of Events Rainfall Intensity
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By applying the autocorrelation method, the graph demonstrates a stationary
autocorrelation, indicating a dependence between the variables.

4.2 Physiography
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Figure 6. Showing Catchment boundary 218, Mogra Nallah and 130,132, City Nallah

The topography of catchment areas is determined by contour and slope maps, with a
contour interval of 20 meters ranging from -20 to 490 meters and a slope range of 0 to
135 meters. The flow direction of water is determined by basin maps, with catchments
218 lying in the low to medium-range basins and catchments 130 and 132 in the
medium to high range. Flow accumulation analysis is used to identify the topographic
ridges where water accumulates.
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4.3 Land use and land cover maps for the years 1993, 2003, 2013, and 2023

The analysis of land use and land cover indicates a consistent increase in built-up area,
corresponding with population growth due to migration, while water bodies have
steadily decreased due to slum encroachments, leading to disrupted water flow and
increased flooding.

WLC AREA 1993

1w x w0

WIC AREA 2003

Figure 7. Showing Land Use and Land Cover Maps- 1993, 2003, 2013, 2023

Additionally, vegetation has significantly declined, reducing groundwater recharge
capacity and disrupting the city's ecological balance, while barren land has experienced
a gradual decrease over time.

4.4 Groundwater Recharge Potential Zones

The Weighted Overlay Method is employed to determine groundwater potential zones,
while the Analytic Hierarchy Process (AHP) is used to identify and map these zones using
remote sensing techniques. Rank-assigned scale values are derived from field surveys,
stakeholder consultations, expert opinions, and existing reviews.
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Table 3. Showing Weighted Overly Method for Groundwater Potential Zones

Rainfall Geology Slope Drainage LULC Lineament Soil

Matrix
1 2
1 Rainfall 1 3
2 | Geology ' 1/3 1
3 Slope 1/3 1/3
4  Drainage 1/5 1/3
density
5 LuLc 1/5 1/5
6 Llineament /5 1/5
density
7 Soil 1/7 1/5

density

3 4

3 5

3 2

1 1

1 1
1/3 1
1/3 1/2
1/5 1/3

density
5 3
5 5
5 5
& 3
2 3
1 1
1 1
1/3 1

W v 0NN

w

Normalized
Values

38%

25%
13%

9%
6%
5%
4%

A Matrix Consistency Ratio of 0.1 is assessed for large matrix constraints (> 5X5) to
ensure accuracy. Ultimately, the Weighted Overlay Method is applied to establish the

final groundwater potential zones.

GROUNDWATER

Sowce of OF
USGS, SOL- Fou Sd

Sowce: Author ST T

) ora Goskar - GEOLOGY

& LINEAMENT

DRAINAGE
DENSITY

DENSITY

RAINFALL

Figure 8. Showing Groundwater Recharge Potential Zones

The survey coordinates are noted and plotted for spatial analysis by Cross tabulation
Method. A Survey questionnaire is prepared after careful observation on the site by
rekey survey. And the survey area is 500 mts is selected from the point of conflict the
Andheri subway 2.5%, 54% of it from Andheri East and 44% from Andheri West.
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Figure 9. Showing Stormwater Drains Map of Catchment 218 - 43 Surveys

The survey data reveals that 61% of the participants were male, while 39% were female.
The age distribution of the participants was as follows: 20-35 years (11.6%), >35 years
(62.8%), >55 years (23.3%), and >75 years (2.3%). The survey also considered the land
use categories, including residential (7%), mixed (residential and commercial) (30.2%),
commercial (53.5%), institutional (5%), and industrial (5%). The height of the buildings
was categorized as ground floor (20.9%), G+1 (14%), G+3 (18%), G+5 (39.5%), >G+10
(7%), and >G+30 (0.6%). In terms of occupational status, the participants were
categorized as business (60.5%), private (14%), housewives (9.3%), and
industrialists/laborers (7% each).
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Figure 10.54 Showing Perception, Drainage Efficiency, Waterlogging

The perception Map determines the Current status where Waterlogged Sewerage
overflow and Solid waste Dumping are considered. Drain Efficiency determines the Map
of Sewerage overflow, Solid waste clogging, and Drain Efficiency (Not at all, Somewhat)
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critical Points Mapped. Waterlogging Map determines the Frequency of waterlogging,
Depth, and Smell are considered and critical Points are Mapped.

Source: Author

Figure 55. Showing Overlay of Perception, Drainage Efficiency, Waterlogging- Land use
and density

Overlay with Land use Map determines Most waterlogging can be seen along the road
with the critical points being similar. Overlay Map of Perception, Efficiency,
Waterlogging, and Overlay Map with Density determines Overlaying all three
considerations and with the previous history of flooding we can determine the terrain is
a reason and waterlogging is due to the dumping of solid waste and inefficient drainage
and Density ranges from 200-400 pp sq. km.
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Figure 12.56 Showing Depth of waterlogging and Clearing time - Land use

The depth of waterlogging and clearing time are visualized using color-coded symbols,
with red dots and dark grey buffers representing critical points with significant
waterlogging and slow clearing. Yellow indicates moderate cleaning time within a day,
while green represents areas that clear in less than 12 hours. Commercial and industrial
land use, slum encroachments on drains, and an institution are primarily affected. The
depth of waterlogging map highlights severe flooding depths exceeding 5 meters. The
overlay of waterlogging and clearing time with the basin map shows the constrained
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terrain. Spatial analysis using the cross-tabulation method is performed based on survey
coordinates, and a survey questionnaire is prepared after careful site observation
through rekey survey.

Catchment 130 and 132 are major areas of concern for waterlogging, particularly during
the heavy rainfall months of June to September, with July being crucial. The Gol Deval
Temple is a key location that connects traffic from South Bombay to North Bombay. The
survey area, selected within a 500-meter radius of the conflict point, includes various
locations such as Gol Deval Temple (27.7%), MS Ali Road (21.3%), Zohar Chowk (17%),
and Ducan Road (23.4%). The survey participants consist of 40.4% males and 59.6%
females, distributed across different age groups. Land use categories considered in the
survey include residential, mixed (residential and commercial), commercial,
institutional, and industrial.
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Figure 5713. Showing Stormwater Drainage Map of Catchment 130, 132, City Nallah- 47
Surveys

The height of buildings, including street hawkers, is also taken into account, with various
categories such as G+1, G+3, G+5, >G+10, and >G+30, determining the depth of
potential losses. The occupational status is Business (21.3%), Private (19.1 %),
Housewife (29.8 %), Industrialists and Laborers (10.6+10.6 %), and Students (8.5%).
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Figure 58. Perception, Drainage Efficiency, Waterlogging

The perception Map is to know the Current status where Waterlogged Sewerage
overflow and Solid waste Dumping are considered. Drain Efficiency Map- Sewerage
overflow, Solid waste clogging, and Drain Efficiency (Not at all, Somewhat) critical Points
Mapped. Waterlogging Map- Frequency of waterlogging, Depth, and Smell are
considered and critical Points are Mapped.
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Figure 15. Overlay of Perception, Drainage Efficiency, Waterlogging- Land use and
density

Overlaying all three considerations and with the previous history of flooding we can
determine reasons for waterlogging is due to the dumping of solid waste and inefficient
drainage most Residential Followed by commercial are majorly affected most of the
ground floor, Density ranges from 600- 870 pp sq.km which is the most critical is in the
city.

KEY MAP

Figure 16. Showing Depth of waterlogging and Clearing time - Landuse and Basin
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Depth of waterlogging and Clearing time - Critical points were red dots and dark grey
buffers. Where major depth of waterlogging and less clearing. Yellow is a moderate
cleaning time of less than a day and Green is those which takes less than 12 hours to
clear. Commercial, and industrial land use, and an Institution are majorly affected.
Depth of waterlogging - The dark greys show a severe flooding depth of more than 5mts
of height. Depth of waterlogging and Clearing time with Basin map- On overlaying with
the basin and contour shows the terrain being constrained.

4.5 PSR Model- Pressure, State and Response Model
Comprehensive Evaluation Index System (Urban Infrastructure Resilience Evaluation)

The Three-stage Resilience Level Assessment involves evaluating the pressure, state,
and response stages. A higher score on the stress index (Upressure) indicates a greater
risk to the infrastructure, while a higher score on the state index (Ustate) indicates a
healthier state of the infrastructure. Similarly, a higher score on the response index
(Uresponse) indicates a more timely and effective response to any crises or risks, which
contributes to the overall health of the infrastructure system.

Table 4. Showing Urban Infrastructure Resilience Evaluation - Functional Parameters

Function
Loy

A_U_pressure |G_U_pressure
o | Criterion Layer Factor Layer Description | Properfies| A Values G Volues| A HI| G HI AW | G W | _stole _stale

Response | _Response
Hegative | 623 623|007 | 423 | 008 | 008 0.48 L]

Number of days of
Tomenticl rain Gays | rantall above

Negofive | 187 189 (004 189 | 006 | 006 on on

n.|
Natural Pressure: ® | Megative | 088 084 |o002| 086 | 006 | 008 0.08 ons

u:w:u:T:s-mnq Megalive | 1.52 152|004 1.52 | 00§ | 006 009 007
High Tides | Nenative | 4.46 812 009 | 446 | 008 | 008 0.53 054
Population Dersity Megative | 508 509 |D08| 354 | 007 | 008 0.36 0z
Catchment
Data
Hegative 325 325 008 | 395 | 006 oo7 021 026
Negative | 152 | 152 [004| 152 | 006 | ome 009 a0
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’ v
i [The surfoce cronase|
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(e Negalve | 254 | 244 |0.052.44 008 | 006 | 016 015
Swom water o
Brains omcie |Wegotve| 132 | 126 (003|126 006 | 006 | 008 0.07
sz inhsciae | Negative | 1. 3 03] 1.26 | 0 X X '
Wegotve | 152 | 152 |0.04| 1.52 | 0.06 | 0.06 | 009 0.09

Negative | 3.85 478 007 478 | 0.07 | 0.07 025 034
Hegclve | 246 | 387 |0.05| 3.87 | 0.06 | 007 0.16 0.26
oroind | negoive | 187 | 187 [0.04) 1.87 | 0.06 | 0.06 0.1 0.1

Woter
Logging |,
Painl

Skom Water
Drains. -| 355 | 175 |0.06]1.75  0.06 | 0.06 0.23 0.10
Discn

seheo 122 | 256 003256 008 006 | 007 016
285 285 |01 285 | 614 | oas 0.41 041
Sociol Banelt 15 15 |ome| 21 | 002 | 043 0.18 027
088 | 083 |00S| 09 |02 | 012 0.10 1z
293 293 02| 287 | BIS 014 0.43 0.41
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1.5 15 |00s| 15 |04z | 0a2 018 18
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EI i R 315 515 |05 | 445 | 022 | o3 0.69 144
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Uban
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corsiruction lundls
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A_Value / G_Value- Normalized Value (A_- Andheri/ G_- Gol Deval)

i-Value of the Area(Andheri/Gol Deval)/

j-Indicators

A_Hij/ G_Hij — Enthrophy of Indicators (A_- Andheri/ G_- Gol Deval)

A_Wj- Weight of Evaluation Indicators (A_- Andheri/ G_- Gol Deval)

U_Pressure, U_state, U_response -

R*- Urban Infrastructure Resilience levels (R*)

Pressure

PRESSURE RESILIENCE IN 2023
0.2077

0
Goldeval

0.2009

m Andheri

STATE RESILIENCE IN 2023

0.4078
State

] 0.4
Goldeval = Andheri

0.8

Response Resilience in 2023

0.6577
I o <250

0.4 0.8
Goldeval m Andheri

Response

Figure 17. Showing Pressure, State and Response Resilience in 2023

The pressure is 0.2 for both areas where the stress is prevalent and in serious Pressure
which is near to ‘0’. State Resilience in 2023 The state is 0.4 and 0.5 for Gol Deval and
Andheri catchments respectively are Fragile. Response Resilience in 2023 The response
is 0.65, 0.62 for Gol Deval and Andheri catchments respectively moderate response as

initiatives are taken in BRIMSTOWAD Master Plan Il.

Table 5. Urban Infrastructure Resilience levels - (PSR Model)

The pressure generated is due to Natural which is rainfall 6.23 and High tides 6.6
followed by population density and Density of residential area. The state is influenced
by social benefits and Economical benefits, the highway length, and the density of
drainpipe density in the built-up area. And urban green spaces from environmental

U_response

High Moderate Slight Minor
Fragile Moderately Healthy Very healthy
healthy
Slight Moderate Somewhat Strong response
response response positive
low Medium Higher Highest resilience
resilience resilience resilience
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benefits. The response is by the recoverability and adaptability which are the treatment
of sewerage deposition of C&D waste, and Hospitals available in case of emergency with
10,000-bed occupancy. Showing the importance of R&D.

Urban Infrastructure Resilience levels 2023

0.5597

0.4597

Goldeval Andheri

Figure 18. Showing Urban Infrastructure Resilience Levels 2023

Urban infrastructure Resilience levels of 0.55 and 0.45 for the Goldeval and Andheri
catchments respectively Medium and Low resilience.

5. Discussion

The Mogra Nallah Catchment in Andheri Subway has the potential for an underground
water reservoir project. Sea dike barriers can be planned to protect against flooding and
high tides and rainfall situation. Waterbody rejuvenation and urban green spaces
recharge groundwater and reduce water demand. Effective drainage systems manage
stormwater runoff. Improved sanitation and waste management reduce waterborne
diseases. Comprehensive solid waste and sewerage management plans are needed.
These measures promote sustainable water management, protecting the environment
and public health.

6. Conclusion

The study highlights challenges faced by Mumbai, including polluted drainage systems,
population density, non-overlapping stream flow, inadequate sewerage coverage,
waterlogging, pollution, vector-borne diseases, and climate change resilience.
Recommendations involve constructing diversion drains and detention ponds, enforcing
waste management regulations, improving sewerage treatment plants, and enhancing
public health measures. In conclusion, this study provides valuable insights into the
stress on stormwater infrastructure in Mumbai and proposes viable urban planning
solutions. By implementing the proposed measures and considering policy
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interventions, Mumbai can enhance its drainage system, mitigate floods and
waterlogging, protect critical infrastructure, and achieve sustainable development goals
related to health, sanitation, and clean energy.
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