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Abstract 

Urban flooding in Bhopal has shifted from a seasonal phenomenon to a recurring disaster due to climatic 

variability and rapid morphological changes. This study analyzes IMD rainfall data (2014–2024), identifying 

extreme peaks in 2019 (1926.9 mm) and 2022 (1940.9 mm) as primary triggers. Using the SCS Curve Number 

(CN) and Rational Method, we demonstrate how surface sealing in peri-urban corridors like Kolar Road, 

Shahpura, and Misrod has neutralized natural infiltration. The paper concludes that the current urban form 

acts as an impermeable catchment, necessitating a hybrid governance model. By reintegrating Bharatiya Gyan 

Parampara (Indian Knowledge Systems) with modern “Sponge City” concepts, the study provides a roadmap 

for restoring Bhopal’s historical hydro-ecological resilience.  

Keywords: Urban Flooding; Bharatiya Gyan Parampara; Rainfall Variability; Urban Morphology; Hydro-

ecology; SCS Curve Number; Climate Resilience; Bhopal; Sponge City. 

1. INTRODUCTION 

Urban flooding has emerged as one of the most frequent and disruptive climate-related hazards in Indian 

metropolitan areas. Over the past few decades, the intensification of short-duration, high-intensity rainfall 

events has fundamentally altered the hydrological response of urban landscapes. Bhopal, popularly known as 

the "City of Lakes," provides a unique case study for examining this transformation. Historically, Bhopal’s 

urban form was structured around an interconnected lake-based ecological system that functioned as the city’s 

primary flood-control mechanism. This historical "hydro-ecological intelligence," established by Raja Bhoj 

in the 11th century, allowed the city to manage runoff through decentralized retention. 

However, recent decades (2014–2024) have witnessed a radical departure from this planning. Rapid growth 

in corridors like Kolar Road and Hoshangabad Road has increased "surface sealing," preventing the ground 

from absorbing rainfall. Consequently, during extreme rainfall years like 2019 and 2022, the city behaves like 

an impermeable "concrete bowl," leading to rapid runoff concentration and widespread inundation. 
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2. REVIEW OF LITERATURE: 

2.1 Urban Flooding in India 

Urban flooding in India is increasingly linked to extreme precipitation combined with inadequate drainage 

and rapid urban expansion (Gupta & Nair, 2010). Case studies from Mumbai (2005), Chennai (2015), and 

Hyderabad (2020) demonstrate that built-up expansion and encroachment upon wetlands intensify flood 

impacts. Douglas et al. (2008) argue that urbanization increases peak discharge rates due to reduced infiltration 

and increased surface runoff. The hydrological response time shortens, leading to flash flood conditions. 

2.2 Rainfall Variability and Climate Change 

The IPCC (2021) reports an increasing frequency of short-duration heavy rainfall events over South Asia. 

Central India, in particular, has witnessed episodic extreme rainfall events. However, variability is not always 

linear; rather, it manifests in fluctuating high-intensity episodes. 

2.3 Urban Morphology and Runoff Dynamics 

Urban morphology — including road networks, building density, and land surface materials — directly 

influences runoff coefficients (Paul & Meyer, 2001). Impervious surfaces such as asphalt and concrete 

significantly reduce percolation, increasing surface flow. 

2.4 Bharatiya Gyan Parampara and Hydro-Ecological Systems 

Traditional Indian water management systems relied on tanks, stepwells, lakes, and cascaded reservoirs 

designed to capture monsoonal runoff (Agarwal & Narain, 1997). These decentralized systems moderated 

flood peaks while enhancing groundwater recharge. Recent global discourse on Nature-Based Solutions 

(European Commission, 2015) aligns closely with principles embedded in traditional Indian water systems. 

3.STUDY AREA 

3.1 Location and Physiography 

Bhopal (23°07'N–23°20'N; 77°10'E–77°30'E) covers 463 sq. km on the Malwa Plateau. It features an 

undulating terrain (450–500 m elevation) within the Betwa River basin. The 11th-century Upper Lake 

(Bhojtal) historically served as the city's primary monsoonal retention basin. 
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Figure 1: Location Map of Bhopal City, Madhya Pradesh 

 

The map depicts the geographical location of Bhopal within its regional context, highlighting major urban 

zones such as Kolar, Shahpura, and Misrod along with the Upper Lake. It provides a spatial framework for 

understanding the study area in relation to its expanding urban landscape and key hydrological features. 

Source: Survey of India, Google Earth Imagery, and QGIS Database 

Prepared by: Author 

 

3.2 Geology and Soil 

The region is underlain by Vindhyan sandstones and shales. The dominant Black Cotton Soil (Vertisols) is 

characterized by high moisture retention but extremely low infiltration capacity. Urban surface sealing has 

further amplified runoff by preventing groundwater recharge. 

3.3 Climate and Rainfall Variability 

Bhopal has a tropical wet and dry climate (Aw), with 90% of rain occurring during the SW monsoon. Analysis 

(2014–2024) shows a decadal mean of 1257.6 mm with high variability (CV ~33.8%). Extreme peaks in 2019 

(1926.9 mm) and 2022 directly correlate with severe flooding, aligning with regional high-intensity rainfall 

trends (IPCC, 2021). 
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3.4 Urban Morphology 

Rapid expansion in corridors like Kolar and Shahpura has significantly increased impervious cover. This shift 

from lake-centric planning to high-density built-up areas has obstructed natural drainage pathways, 

intensifying localized flood vulnerability. 

 3.5 Focal Zones: The study specifically focuses on Kolar Road (a valley-based high-density zone), Shahpura 

and Arera Colony (lake-side catchments), and Misrod/Hoshangabad Road (low-lying expansion zones). 

4. METHODOLOGY AND ENGINEERING FRAMEWORK 

To quantify the hydrological response of Bhopal’s changing landscape, this study employs two globally 

recognized engineering frameworks. These models help determine how much rainfall is converted into flood-

inducing runoff due to increased urbanization. 

4.1 Soil Conservation Service (SCS) Curve Number Method 

The SCS-CN method is used to estimate the depth of direct runoff based on the relationship between rainfall, 

soil type, and land use. For Bhopal’s urbanized wards, the Curve Number (CN) has surged to ~90 due to the 

loss of green cover, indicating that the landscape has lost its ability to retain water. 

The runoff depth is calculated using the following formula: 

         Q =(P-Ia)² / (P-Ia+S) 

Where: 

Q: Depth of direct runoff (mm). 

P: Total rainfall/precipitation (mm).   

S: Potential maximum retention after runoff begins, calculated as S = 25400/CN – 254.   

Ia:Initial abstraction (surface storage, interception, and infiltration), generally taken as 0.2S.   

Application: In years like 2022 (P = 1940.9 mm), the high CN value for areas like Kolar results in a 

significantly high Q, as the potential retention (S) is minimized by concrete surfaces. 

4.2 The Rational Method for Peak Discharge 

While the SCS method calculates the volume of water, the Rational Method is applied to calculate the Peak 

Discharge (Qp), which is critical for understanding why local storm-water drains overflow.   

The formula is expressed as: 

         Qp = 0.028 .C. I. A 

Where: 

Qp : Peak runoff rate (m³/s). 

C: Runoff Coefficient (dimensionless), representing the fraction of rainfall that becomes runoff.   

I: Rainfall intensity (mm/hr) for a duration equal to the time of concentration. 
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A: Catchment area (hectares 

Urban Context: In paved areas like Shahpura, the coefficient C has risen to 0.85. This means 85% of the 

falling rain immediately becomes surface flow. When the calculated Qp exceeds the design capacity of the 

existing drainage network, it results in the chronic inundation observed during the 2014-2024 study period. 

5. RESULTS AND DISCUSSION: 2014–2024 ANALYSIS 

The analysis of decadal rainfall variability and urban morphological shifts in Bhopal reveals a critical 
escalation in flood vulnerability. The findings demonstrate a clear correlation between climatic triggers 
and the city's diminishing natural resilience. 

5.1 Quantitative Analysis of Rainfall Variability 

The rainfall data for the 2014–2024 period indicates extreme inter-annual fluctuations. The decadal mean is 

recorded at 1257.6 mm, yet the distribution is highly erratic, characterized by “Deficient” and “Large Excess” 

years. 

Year Rainfall (mm) Departure (%) Status 

2014 880.7 -19 Deficit 

2015 1101.8 1 Normal 

2016 1576.8 45 Excess 

2017 806.0 -26 Deficit 

2018 838.1 -23 Deficit 

2019 1926.9 82 Large Excess 

2020 1055.3 -8 Normal 

2021 1147.1 8 Normal 

2022 1940.9 84 Large Excess 

2023 960.0 -9 Normal 

2024 1457.9 38 Excess 

 

Table 1: Annual Rainfall Statistics and Departure Analysis for Bhopal (2014–2024) 

5.2 Trend Analysis and Predictability (R²) 

• Linear Trend Line: The orange trend line in the variability graph shows a clear upward 
trajectory, indicating that the overall precipitation input into Bhopal's urban system is 
increasing. 
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• Coefficient of Determination (R²): The calculated R² value of 0.090 signifies high 
unpredictability. In urban hydrology, this means that static drainage designs based on"average" 
rainfall are no longer sufficient to handle extreme outliers like the 2019 and 2022 peaks.  

 

Figure 2: Annual Rainfall Variability in Bhopal (2014–2024) 

The graph reflects significant inter-annual fluctuations, with extreme peaks observed in 2019 and 2022, 

indicating increasing climatic instability. 

Source: IMD , Compiled by Author. 

5.3 Seasonal Concentration Analysis 

Bhopal exhibits a heavy monsoonal concentration, where more than 90% of the precipitation occurs between 

June and September. 

• In 2019, seasonal rainfall reached 1756.5 mm (91.1% of annual). 
• In 2022, it reached 1750.9 mm (90.2% of annual). This "Seasonal Loading" ensures that the 

Black Cotton Soil (Vertisols) reaches its saturation point rapidly. Once saturated, the soil's 
infiltration capacity drops to nearly zero, turning almost all subsequent rainfall into immediate 
surface runoff. 
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Year RAINFALL (MM) DEPARTURE (%) STATUS 
2017 781 -22 Deficit 
2019 1756.5 83 Large Excess 
2022 1750.9 83 Large Excess 
2024 1319.3 38 Excess 

                                 Table 2 : Seasonal Rainfall Statistics and Departure Analysis for Bhopal 

             
 

Figure 3: Rainfall Departure (%) in Bhopal (2014–2024) 

The graph highlights alternating deficit and excess rainfall years, with extreme positive departures in 2019 

and 2022, reflecting erratic monsoonal behavior. 

Source: IMD (2024), Compiled by Author 

5.4 Hydro-Technical Quantification (SCS-CN and Rational Method) 

Applying engineering models to the 2022 peak (P = 1940.9 mm) explains the flood mechanism: 

1. Runoff Depth (SCS-CN): For urbanized wards (CN \approx 90), the calculated runoff (Q) is 
approximately 1908 mm. This implies that nearly 98% of the rainfall was converted into surface 
flow. 
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2. Peak Discharge (Qp): In catchments like Shahpura, the runoff coefficient (C) has risen to 0.85. 
The resulting peak discharge (Qp) consistently exceeds the design capacity of older stormwater 
infrastructure, leading to hydraulic backflow into residential areas. 

Figure 4: Urban Morphology and Surface Sealing Pattern in Bhopal 

The map illustrates the spatial expansion of built-up areas and increasing surface sealing, particularly in 

corridors such as Kolar Road, Shahpura, and Misrod. This transformation highlights the shift from a lake-

centric natural landscape to a dense impervious urban fabric, contributing to enhanced flood vulnerability. 

Source: Open series Map , Digitized using QGIS 

Prepared by: Author 

5.5 Spatial Vulnerability Observations 

• Kolar Region: The rapid loss of natural percolation areas caused runoff to concentrate in the 
valley within hours, overwhelming boundary walls and roads. 

• Shahpura & Misrod: Encroachment on natural "Nallahs" (feeder channels) prevented 
monsoonal volumes from reaching lake reservoirs, causing inundation in low-lying habitats. 
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5.6 Synthesis 

The results confirm that while rainfall variability triggers these events, the urban morphology (concrete bowl 

effect) acts as the amplifier. The positive orange trend line suggests a future of increasing flood frequency, 

necessitating a shift toward "Sponge City" interventions. 

6. REINTERPRETING BHARATIYA GYAN PARAMPARA (IKS) FOR 

HYDROLOGICAL RESILIENCE 

Bhopal’s historical “hydro-ecological intelligence” is rooted in decentralized retention systems established as 

early as the 11th century. A comparative analysis between modern engineering and this traditional wisdom 

reveals why contemporary systems struggle during extreme rainfall events. The following table summarizes 

these fundamental differences and their impact on urban flood resilience: 

Feature 
 Modern 

Engineering  
 

Bharatiya Gyan 

Parampara 
 Flood Resilience 

Impact 
 

Primary Mechanism Centralized concrete 

drains and piping 

networks. 

Decentralized storage 

and interconnected 

lake chains. 

Modern: System failure 

occurs during high-

intensity rainfall as 

runoff exceeds design 

capacity. 

Surface Interaction Promotes rapid runoff 

through extensive 

"surface sealing". 

Promotes a "Sponge 

City" effect through 

natural infiltration and 

buffers. 

BGP (Traditional): 

Adapts to extreme peaks 

by capturing and slowing 

monsoonal runoff. 

 

Spatial Strategy 

Planning based on 

administrative or ward 

boundaries. 

Stewardship based on 

natural watershed and 

landscape contours. 

 

BGP (Traditional): 

Reduces flood 

velocity and increases 

the Time of 

Concentration (Tc) 
 

 

Table 3: Strategic framework for integrating BGP with modern urban planning 

• Restoration of Lake-to-Lake Connectivity: Historically, Raja Bhoj’s engineering utilized a 

“Sponge” effect, where excess water moved through an interconnected chain of tanks and depressions. 

Restoring these natural overflow paths is essential to manage the surplus runoff during “Large Excess” 

rainfall years. 

• Catchment Stewardship and Forest Buffers: IKS emphasizes the protection of hills as sacred groves 

or buffers. Protecting the Shamla and Idgah hills as forest buffers can significantly increase the Time 

of Concentration (Tc), allowing water to infiltrate rather than rushing downslope into urban valleys. 
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7.MITIGATION STRATEGIES AND URBAN PLANNING FRAMEWORK 

To address the hydro-climatic challenges identified in the 2014–2024 analysis, a multi-tiered mitigation 

strategy is proposed: 

7.1 Restoration of Blue-Green Infrastructure (BGI) 

• Feeder Channel Protection: Natural drainage corridors (Nallahs) must be legally protected and 

converted into vegetated bioswales. This reduces runoff velocity and filters pollutants before water 

reaches the lakes. 

• Interconnected Hydrology: Systematic removal of encroachments between the Upper and Lower 

Lakes is required to restore the natural flood-overflow mechanisms that have been blocked by recent 

urbanization. 

7.2 Mandating Permeable Surface Ratios (PSR) 

• Building Bylaw Amendments: In high-risk zones like Kolar and Misrod, building permissions 

should mandate a 20-30% unpaved area. The use of permeable pavers can help lower the ward-level 

Curve Number (CN), reducing the total volume of surface runoff. 

7.3 Integrated Watershed-Based Zoning 

• Zoning Shift: Urban planning must shift from administrative boundaries to Watershed-based 

planning. Low-lying  (floodplains) and natural depressions should be declared “No-Construction 

Zones” to prevent residential inundation. 

7.4 IoT-Enabled Early Warning Systems (EWS) 

• The deployment of IoT-enabled sensors in the Upper Lake and major nallahs for real-time water 
level monitoring provides critical early warnings to protect lives and property in vulnerable peri-
urban extensions; this strategy directly aligns with the BMC Monsoon Disaster Management 
Plan (2022), which emphasizes real-time monitoring of high-risk spots to improve emergency 
response efficiency. 

8. CONCLUSION 

This study clearly establishes that urban flooding in Bhopal is not solely a consequence of climatic extremes, 

but a combined outcome of increasing rainfall variability and unsustainable urban morphology. The analysis 

(2014–2024) demonstrates that while extreme rainfall events act as triggers, the extensive surface sealing and 

loss of natural drainage systems function as primary amplifiers of flood risk. The low predictability (R² value) 

further indicates that conventional infrastructure based on average rainfall is no longer adequate. 

The findings emphasize the urgent need for a paradigm shift from conventional engineering approaches to an 

integrated, watershed-based planning framework. By combining modern hydrological models such as the 
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SCS-CN and Rational Method with the principles of Bharatiya Gyan Parampara, a more adaptive and resilient 

urban system can be developed. Such a hybrid approach can effectively transform Bhopal from a “concrete 

bowl” into a sustainable, sponge-like city, and also serve as a replicable model for other rapidly urbanizing 

Indian cities. 
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