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Abstract 
 While growing urban demand has the potential to significantly impact the water resources 
of distant sources, there is no doubt that it drastically modifies the local water balance. Despite 
this, very little research has emerged on the natural and modified water balance of urban areas in 
India. In this paper, taking Bangalore as a case study, we illustrate the possible impacts of 
domestic water supply and consumption through lumped and distributed simulations of net 
groundwater recharge. Our lumped model results show that a severe lack of systematic data on 
actual groundwater extraction drives large uncertainty in the direction and magnitude of net 
recharge change on a city-wide scale. Distributed groundwater modeling of the impacts of 
groundwater extraction shows that net recharge in the centre of the city has likely caused an 
increase in groundwater tables over time, driven by leakage through water supply and sewerage 
pipes. However, around the centre of the city, domestic water extraction seemed to show less 
impact on net groundwater recharge. It is possible though that higher industrial sector pumping in 
the outer areas of the city might drive water tables deeper in those areas. 

We conclude with recommendations for gaining a better understanding of Bangalore’s 
groundwater status and dynamics, as well as the importance of systematic collection of water 
extraction data from all sectors, and from all sources. 
 
1. Introduction 
 India is rapidly urbanizing. The 2011 census records that India’s current urban population 
is 370 million people, which exceeds the total population of all countries except China. Efforts to 
augment water supply by city water utilities have taken them farther outside of city boundaries 
(Narain 2012a), increasing conflicts over water between urban and rural sectors. At the same 
time, inadequate treatment of wastewater has resulted in cities’ increasingly polluting 
downstream surface and groundwater resources (Narian 2012a; CGWB 2011). 

Utilities’ augmentation of water extraction has however not kept pace with the high urban 
growth. Only 35% of rural households and 71% of urban households have drinking water access 
within their premises. Even those with access lack guaranteed availability every day (Planning 
Commission, 2007) and in almost every city, households with piped water connections get water 
only for a few hours a day, a few days a week. In response, in all Indian cities, water is consumed 
from a mix of surface and groundwater sources (CGWB, 2011), through a combination of utility 
piped water supply, private borewells (self-supply), tankers and bottled water, and untreated 
surface water bodies like lakes and tanks. 
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 Whether it is utilities’ race to extract more water, or residents and tanker vendors digging 
borewells to make up for inadequate utility supply, the continued availability of water supply is 
threatened by the feedbacks of consumption and waste flow patterns on the hydrological system. 
Cities are tightly coupled social-ecological systems (House-Peters and Chang, 2011). In several 
major Asian cities, the interaction between utility water supply and local hydrology testifies to 
this fact (Onodera et al., 2008; Kim et al, 2001; Hayashi et al. 2009). In Seoul, Korea, 
groundwater pumping and leakage from pipes were found to be dominant components of the 
city’s groundwater budget. In Seoul, the feedbacks were such that the total groundwater budget 
barely changed, as leakage from made up for extraction, but the groundwater quality was 
impaired (Kim et al., 2001). The case of Tokyo tells an important lesson on the long-term impact 
of water policies. Unregulated extraction led to groundwater declines in the Tokyo metropolitan 
area. Regulations limiting groundwater pumping led to recovery of water levels decades later. 
However, these recoveries are now threatening underground infrastructure like subways that were 
constructed before the impacts of the regulations were manifested (Hayashi et al., 2009). These 
lessons point to the need for treating cities as coupled social-ecological systems, to be the basis 
for urban water planning, with the first step being the construction of a well-defined water mass 
balance (Kenway et al., 2011). In Indian cities, evidence of tight coupling of human and natural 
systems is manifesting itself in visible ways like depletion of surface water resource and 
groundwater levels and contamination of both in several cities (Narain, 2012a, 2012b; CGWB 
2011). Despite this, urban water mass balances are almost unheard of, except for fairly simple, 
lumped analysis such as that for Delhi (Soni, 2003) and, recently, for Bangalore (Bengaluru) 
(Hegde and Chandra, 2012). The only comprehensive such exercise for an Indian city is the 
coupled economic-hydraulic model for Chennai (Srinivasan et al. 2010). 
 The objective of this paper is to develop a preliminary coupled model for the city of 
Bengaluru (Bangalore). We first describe the growth and water supply dynamics of the city, 
based on which a spatially distributed picture of surface (piped supply) and groundwater 
consumption emerges. A lumped and distributed model are then developed that illuminate the 
nature of the feedbacks, and point to important knowledge gaps that need to be addressed 
immediately. We end with recommendations for monitoring that could evolve the framework 
developed here into an integrated planning platform for Bangalore’s water future. 
 
2. Study Area 

The city of Bangalore is approximately 700 km2 in area, and lies between 12°48’- 13° 
9’N latitudes and 77° 27 – 77° 47’. The city core is at 930 m amsl, on a divide with a roughly 
North-South axis, with the Arkavathi river drainage west, and the South Pennar drainage to the 
east (Figure 1). The climate is semi-arid with normal rainfall of 820mm, September being the 
peak rainfall month. In the past decade, mean annual rainfall has been 937 mm (Hegde and 
Chandra, 2012). The city is underlain by Precambrian granite and gneiss, weathered to about 
15m, covered by red loamy and gravelly soils. Hard-rock aquifers of this kind are characterized 
by low hydraulic conductivity and specific yield, because the granite-gneiss complex can only 
store and transmit water via open fractures. Hence borewell yields are typically very low, 
compared to alluvial aquifers. 
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Fig.1. The city as a coupled social-ecological system. Bangalore ward population overlaid over terrain, 

with watersheds and hydrography. 
 
2.1 Population growth 

Bangalore is a classic example of the water problems facing urban India. Rapid economic 
and population growth is driving concomitant growth in water and energy demands but also waste 
generation that city utilities are increasingly unable to cope with (NIUA, 2005; Narain 2012a). In 
four decades, its population has grown from 1.65 million people in 1971 to 8.5 million people in 
2011 (Table 1). The pace of growth has also increased in recent decades. In the last 10 years 
almost 3 million people were added compared to previous 2 decades’ growth of 1 million each. It 
is now the country’s third-most populated city. 
 
Table 1:  Forty years of Bangalore’s evolution: population, population density, and percentage 
built-up area. (Sources: Iyer et al. (2007); Census-2011) 

 
Year Population Density Built-up area 

 (mill. people) (people/km2) (%) 

1971 1.7 9,465 20 
1981 2.9 7,990 26 
1991 4.1 9,997 39 
2001 5.7 11,545 69 
2011 8.5 12,142 na 

 
2.2 Water Supply 
2.2.1. Piped water supply 

Unlike many large cities, Bangalore is not close to any large perennial water bodies. 
Before 1896, Bangalore residents used wells, lakes and kalyanies (temple wells) as water sources. 
In 1896, the first piped water supply came from Hesaraghatta lake, built across the river 
Arkavathi, with water pumped to the city where it was treated before distribution.i  The next 
major expansion came in 1933, when Chamaraja Sagar reservoir was built across Arkavathi, 
downstream of Hesaraghata, about 26 km west of Bangalore. Since 1964, Bangalore’s piped 
water supply has been managed by the Bangalore Water Supply and Sewerage board (BWSSB) 
which is an autonomous body under the state government. The BWSSB is responsible for 
providing adequate water supply and sewage disposal for Bangalore. The current BWSSB 
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jurisdiction covers a little over 800 km2, divided into six maintenance divisions which are in turn 
divided into 26 subdivisions and 106 service stations. Since the 1970’s, water from the Cauvery 
river, almost 100 km away, is the main source of surface water supplied by the BWSSB. The total 
installed capacity from the Cauvery and Arkavathi rivers currently stands at 959 MLD (million 
liters per day), with a (March 2011 estimate) supply of 900 MLD. The Arkavathy only supplies 
59 MLD of this total surface water imported into Bangalore. Figure 2 provides a schematic 
representation of these two surface water sources that supply water to Bangalore. The BWSSB 
also supplies about 70 MLD of groundwater from over 7000 borewells (Narain, 2012b). As in 
most Indian cities, non-revenue water is a very large proportion – 55-60% of total BWSSB 
supply. Leakage alone is estimated at 37-40% of supply – we describe the ramifications of 
leakage in the groundwater modeling section of this paper. 
 

 
Fig.2. Schematic of piped water supply to Bangalore city 

 
2.2.2. Other sources 

Piped water only supplies only a portion of total domestic water consumption in 
Bangalore. To make up the difference, people use a mix of groundwater and surface sources, 
primarily from private borewells, tankers, and bottled water. Because there is no regulation or 
monitoring of this private self-supply, there is large uncertainty in the total consumption of 
domestic water, its drivers and spatial variability and the mix of sources. For example, one 
estimate is that approximately 40% of Bangalore’s population depends on groundwater (CGWB, 
2011). CGWB (2011) also estimates as many as 150,000 ‘groundwater-extracting structures’, or 
wells, and the size of the tanker market at 2800 tankers supplying 8.4 MLD (~ 10% of te BWSSB 
water supply). However, a 2005 study by the Institute for Social and Economic Change (ISEC) 
estimates the number of private borewells to be two to three times higher, and the groundwater 
supply to be almost 30% of BWSSB supply (Narain, 2012b).  Sekhar and Kumar (2009) present 
the only comprehensive field monitoring of wells as well as estimation of water consumption by 
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source in Bangalore. Their study, in a central 30 km2 of the city, showed great variability with the 
groundwater fraction of water supply ranging from 1% to 51% of total household consumption. 
 
2.3 Evidence of impacts 

There is evidence of the unsustainability of water use in Bangalore. The CGWB has 
estimated a state of groundwater overdraft for the Bangalore urban district as a whole, at 142% of 
net groundwater availability (CGWB, 2011) through lumped model thought experiments. From a 
water quality perspective, 50% of sampled wells had nitrate levels above permissible levels.  
However, there is tremendous spatial variability of these impacts. In a detailed water quality 
sampling across the city, Reddy (2003) showed that some of the most contaminated sources 
correspond with outer areas in the city that are more dependent on groundwater and are 
experiencing new development in the past decade, with no access to piped water supply. 
Similarly, there is evidence of shallower groundwater tables in central areas of cities (CGWB, 
2011), including Bangalore (Sekhar and Kumar, 2009), where water tables have risen because of 
leakage and return flows from imported piped water from outside of the system (which also tend 
to be contaminated). 
 
3. Methods 

We develop models of the impacts of piped water supply and domestic water 
consumption on the groundwater system at two scales. First we develop an annual lumped model 
treating the city as a single unit. Then, we develop a spatially distributed monthly groundwater 
model of the same. Note that in both cases, no primary data-driven or detailed water balance 
modeling-based precedents exist (the former due largely to the latter). Assumptions in these 
models are therefore several, and are described. 
 
3.1 Lumped Model 
Figure 3 shows a schematic of a lumped socio-ecological water balance of a city. On the left is a 
water balance under the natural state which would be the state if the city did not exist (i.e. no 
surface water imports, no groundwater pumping and their respective fates). In semi-arid southern 
India, evapotranspiration is the dominant component of the annual water budget (between 70-
80%). The remainder of rainfall is partitioned between runoff and percolation (recharge to 
groundwater). In the natural state, the dominant source of groundwater recharge is rainfall-
recharge. In the altered state, Figure 3 shows how water external to the system is piped in – in the 
case of Bangalore, this is dominated by the piped water from Cauvery and Arkavathi river 
sources (and also includes tanker water being shipped in from peri-urban areas).  
In the absence of measured data, empirical formulae have been used for portions of the water 
budget. For example, Hegde and Chandra (2012) use empirical formulae to estimate groundwater 
recharge as a function of rainfall over built-up and natural landscapes. The weighted average 
rainfall-recharge from their paper evaluates to 3% for Bangalore under current (altered) state. For 
our lumped model of net groundwater recharge, under the natural state, we assume groundwater 
recharge at 7% of annual rainfall, which we set at 900 mm. In the altered state, there are two 
additional sources of artificial recharge – leakage from piped water supply, and return flows, and 
one source of extraction from groundwater - pumping. The following assumptions were used for 
the altered state.  

All water supply and domestic consumption values are from a March 2011 snapshot. 
Total BWSSB water supply is 900 MLD, and in March 2009, domestic water consumption was 
334 MLD. To convert to length units, BBMP) boundary area of 700 km2 was used. 
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Fig.3. Schematic lumped model of the annual water balance of a city 
 

 
NR = rnat * P         (1) 
AR = ralt * P + (l * Qsupply) + (lreturn * Qcons) – Qpump     (2) 

where, 
NR = groundwater recharge under natural conditions 
AR = groundwater recharge under altered conditions 
rnat = rainfall recharge factor under natural conditions = 0.07  
ralt = rainfall recharge factor under altered conditions = 0.07 
P = rainfall 
Qsupply = BWSSB total water supply  
Qcons = domestic water consumption 
Qpump = estimated net pumping 
 
Since no systematic data is available on actual volumes of private pumping in the city Qpump was 
estimated by assuming a 150 LPCD uniform total domestic consumption and subtracting from it 
the BWSSB domestic consumption. Also note that although infiltration and recharge would be 
affected by increasing built-up environments, for the purpose of illustration of possible impacts 
even under optimistic conditions, we retain the same recharge factor r in both natural and altered 
states- in other words the results for groundwater recharge could be interpreted as upper limits of 
altered state recharge. 
 
3.2 Distributed Model 

Lumped models can be informative, but assume uniform, average conditions for water 
supply, consumption and hydrologic dimensions for the entire city. However, there is very large 
spatial variation in all three dimensions. We therefore develop a spatially distributed coupled 
model.   
 
3.2.1 Spatial population and water supply patterns 

On the demand and consumption side of the model, we assembled GIS datasets of ward 
population, and BWSSB piped supply and domestic consumption. Much of the new population 
growth in Bangalore between the last two decennial census enumerations has happened in the 
peripheral areas of Bangalore – including regions that were incorporated into the city when it 
expanded its physical jurisdiction by nearly 40% in 2007. The Bruhat Bengaluru Mahanagara 
Palike (BBMP) or the Greater Bangalore City Corporation was formed in 2007. BBMP extended 
the jurisdiction of the earlier Bangalore Mahanagara Palike (BMP) by merging it with eight 
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smaller municipal jurisdictions and over 100 villages under various panchayat jurisdictions 
surrounding the city. The newly added areas include peri-urban areas as well as large swathes of 
new industrial development including information technology parks. Using official 2011 BBMP 
ward boundaries as a common frame, we gathered ward population numbers from Census-2001 
and Census-2011. 

Piped water supply information was available at the BWSSB-subdivision scale and not at 
ward level. Water consumption data at subdivision level was assembled into a GIS dataset of 
subdivisions. Both population and per-capita domestic water consumption were then analysed at 
this BWSSB-subdivision scale to estimate the average domestic water consumption (liters per 
capita per day, lpcd) in each subdivision. Then, again using GIS, a spatial distribution of net 
pumping was estimated by subtracting 150 LPCD from the BWSSB lpcd map (as in the lumped 
model). 
 
3.2.2 Groundwater model 

A distributed groundwater model was applied to the Bangalore region, using r.gwflow1, a 
groundwater module available in GRASS GIS (Neteler and Mitasova, 2008). The module solves 
for each cell, the groundwater flow partial differential equation of the form: 
 
(dh/dt)*S = Kx * (d2h/dx2) + Ky * (d2h/dy2) + q      (3) 
 
where, 
h= piezometric head (m) 
dt=time step for transient calculations (s) 
Kx, Ky=K=hydraulic conductivity in x and y directions respectively (m/s) 
q=source or sink (m/s) 
S=specific yield (-) 
 

For hard rock aquifers, hydraulic conductivities and specific yields are very low. We 
assumed a fully penetrating, homogeneous unconfined aquifer formulation with parameters 
K=0.5m/day and S=0.0075. q, was set to the net recharge term, estimated spatially as from 
section 3.2.1 and equations 1 and 2. Monthly rainfall data for Bangalore were extracted from 
WMO. 
The model was run for one year at monthly time step using natural and altered state conditions. 
Differences in the spatial pattern of simulated head were compared. 
 
4. Results 
4.1 Lumped Model 

Table 2 below summarizes the results from the lumped model under three conditions. 
Under natural conditions, the annual recharge from rainfall is 63mm/year (under long-term steady 
state on an annual basis, the same amount would discharge naturally at system boundary). Table 3 
also shows the tremendous impact of leakage from piped water supply, return flows from 
domestic consumption, and pumping. Based on equations 1 and 2, our city-wide pumping 
estimate for the domestic sector alone is 941 MLD, compared to a (March 20011) BWSSB 
supplied domestic consumption of 334 MLD, and a total BWSSB supply of 900 MLD. Therefore, 
our lumped model indicates that groundwater could account for as much as 2.8 times the amount 
of water supplied by BWSSB.  

Furthermore, artificial recharge from each of leakage as well as domestic consumption is 
(1) more than twice that from rainfall recharge, and (2) comparable to each other at close to 

                                                        
1 http://grass.fbk.eu/gdp/html_grass63/r.gwflow.html  
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140mm. The overall picture is that even though artificial recharge is much higher than rainfall 
recharge, pumping is greater than all recharge combined. Hence Bangalore’s aquifer is overall in 
a state of overdraft. This result is consistent with that reported in CGWB (2011) and Hegde and 
Chandra (2011). Our lumped model estimates (from last column of Table 3) groundwater 
overdraft of 130%, compared to 142% overdraft reported in CGWB (2011). 
 
Table 2 Groundwater recharge estimates for Bangalore from the lumped water balance 
mm/yr Natural Altered  

(no return flows) 
Fully altered  
(return flows) 

Rainfall recharge  63 63 63 
Piped supply leakage  0 140 140 
Net Pumping  0 -360 -360 
Return Flow 0 0 138 
Net recharge 63 -157 -19 
 
4.2 Distributed Model 
4.2.1 Spatial patterns in demand and consumption 

Figure 4 shows how the spatial pattern in population growth in Bangalore from 2001 to 
2011 has been far from uniform. It clearly illustrates the radial pattern of growth, with areas 
outside of the central core experienced very high growth rates in some cases more than 300%. 
This pattern of growth has transformed the city such that more people now live in outer wards 
than in the central core. 

This pattern of growth is starkly mismatched with the piped water supply, which was 
initially installed to serve populations living closer to the centre of the city. Figure 5 shows the 
extent of this spatial mismatch. Figure 5 (top) shows per-capita domestic consumption of BWSSB 
supplied water, for each subdivision. In no ward is the target consumption of 150 LPCD achieved 
through utility water supply. Further, the central, more connected subdivisions have greater lpcd 
consumption, with outer subdivisions achieving extremely low levels of lpcd. These are the very 
same areas with enormous population. Figure 5 (bottom) shows that lakhs of people in the outer 
areas are able to use very low amounts of water supplied by the utility. Obviously people in outer 
areas cannot survive on just 3-20 lpcd. As the logic of our methods indicates in section 3, the 
picture on pumping will be inverted from that in Figure 5: the further one is living from the city 
center, the more is the dependence on groundwater.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.4. Percentage population growths between 2001 and 2011 
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Fig.5. Per capita BWSSB supplied domestic water consumption (top) for each subdivision. The same is 

also plotted against subdivision population (bottom). 
 
4.2.2 Spatial patterns in impacts on groundwater depth 
 
Figure 6 below shows the impacts of surface and groundwater water supply and domestic 
consumption. It shows the change in groundwater potential in April, from that which would have 
been under natural conditions. This shows that there is considerable spatial variation in the 
impacts. Groundwater levels are shallower by upto 4 metres over the natural state in central parts 
of the city, but other areas may be experiencing the same. Where groundwater levels are 
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simulated as dropping, the magnitudes of changes are higher (Figure 6b). Our analysis in this 
paper only evaluated the domestic sector – thus these results suggest that under the given 
assumptions, domestic supply and consumption patterns are sufficient to generate elevated 
groundwater levels in the central parts of the city which experiences greater artificial recharge 
and less pumping than the rest of the city, where groundwater pumping is higher. The overall 
impact on groundwater heads could be simulated using our modeling framework once the spatial 
pattern in supply and demand of non-residential sectors is also understood and included. 
 

 
(a) 
 
 

 
          (b) 
 
Fig.6. Changes in groundwater head from domestic water supply and consumption  (a) Grey to blue colours 

indicate increases in head, red tone indicate decreases in head (b) the same data represented as a 
distribution over percentage of modeled area. 

 
5. Conclusions and Discussions 

In this paper, we have used lumped and distributed modeling to show how Bangalore is a 
tightly coupled social-ecological system. The lumped modeling approach is necessarily simplified 
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but nevertheless illuminating as o the orders of magnitude of various aspects of the groundwater 
budget as influenced by human use. In particular, the lumped model shows that overall, 
Bangalore’s groundwater aquifers are in a state of overdraft. The lumped model also illuminates 
the relative scales of artificial recharge through supply leakage and return flows, as well as the 
potential scale of domestic water pumping at almost 3 times that supplied by the utility. 

In our knowledge, the distributed model we developed, although a preliminary model is 
the first attempted for city-wide attempt for Bangalore. This model showed how although the 
system as a whole is in a state of overdraft, there are considerable spatial differences, with 
groundwater levels in the centre of the city actually being elevated. Sekhar and Kumar’s (2009) 
intensive well sampling and groundwater modeling for the central 30 km2 area of Bangalore 
corroborate this shallow and elevated status of groundwater levels in the centre. 

In this paper we have shown how (i) robust and sustainable water planning will depend 
on treating cities as coupled social-ecological systems, and (ii) the modeling tools exist to be able 
to do so, in an interdisciplinary fashion. However, very serious data gaps (and therefore 
knowledge gaps) exist, on both the demand and supply side of the problem. One, the actual 
values for water demand is not known. In no Indian city is the water demand function known for 
even a single sector, let alone all sectors (Narain, 2012a). In this paper we have assumed a 
uniform 150lpcd demand for domestic water- however a comprehensive water demand function 
(for quantity as well as source-mix) would relate consumption as the culmination of many 
complex factors including social-economic, cultural, geographic, and infrastructural. In 
Bangalore, pumping from non-domestic (commercial, institutional, industrial) sectors is likely 
also higher, further away from the city centre, but a comprehensive knowledge of this is not 
available. This represents a major hurdle for sustainable and equitable, planned water futures for 
Bangalore. 

On the supply side, there are too few long-term groundwater monitoring wells in 
Bangalore to understand the evolution of the groundwater system, and many of the few have 
dried up over time. The Department of Mines and Geology have installed 12 new monitoring 
stations (Hegde and Chandra, 2012). However for urban systems, a much higher density of 
monitoring network will be required.  

As India continues to urbanize rapidly, it is imperative that researchers provide crucially 
needed inputs to the problem of sustainable urban water. Research from the hydrology and water 
resources community could start addressing these knowledge gaps through several activities e.g. 
collection of field measurements towards better quantifying water budgets in urban environments 
and developing optimal monitoring network configurations. We also see the necessity of merging 
with social scientists, especially because the consumption side of the picture cannot be gleaned 
from one single source like the utility, and will rely on survey and econometric methods. Towards 
this end, the authors are currently working on a household survey that will refine the water 
demand function as well as sample groundwater depths and estimate household water use by 
source. The models developed in this paper will be refined and improved by the results of the 
same, in the spirit of adaptive model building that is needed in order to address the complex 
problem of urban water in India. 
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