Air Pollution in Bangalore, India: An Eight-Year Trend Analysis
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Abstract:
Bangalore is one of India’s fastest growing metropolises and, although benefitting economically due to its fast development, has a rapidly deteriorating environment. This paper provides a critical analysis of the air pollution trend in the city over the period 2006-2013 at 6 specific locations where measurements have been consistently recorded. It also discusses the potential health implications pertaining to exceeding levels of pollutants where these are applicable.  In order to attain informed decisions on the protection of the health of populations from elevated levels of air pollution, an understanding of spatial-temporal variance of air pollutant patterns is necessary. The study highlights the fact that Bangalore and other similar developing cities do not have an adequate number of fixed monitoring stations that could provide a complete coverage of the air pollution levels for the entire city. It is suggested that this can be overcome by using geospatial interpolation techniques that provide a complete coverage of the levels of pollutants, as well as assist in mapping health characteristics of the population, in order to reach evidence-based decisions and target effective interventions.
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INTRODUCTION

Air Pollution is a growing problem in the world today and the WHO ranks air pollution as the 13th leading cause of worldwide mortality [1]. It is believed that pollution due to air quality is more harmful as opposed to pollution caused by either water or land. Breathing polluted air can considerably decrease the life span of humans. Air pollution may have mild effects on health, such as itchy eyes, sore throat, etc, or severe effects such as breathing problems, lung cancer, etc, and inhaling severely polluted air may also result in death. 

Currently developing countries face the major brunt of air pollution problems in the world. Asia reportedly is the worst affected with a large number of Asian cities having critical levels of pollution. Asia also houses the world’s worst polluted cities and it is estimated that 65% of deaths occurring in all of Asia are due to air pollution [2].

India is a fast growing economy but is burdened by increasing levels of air pollution that pose a serious threat to the environment and the wellbeing of its citizens. In a study conducted by [3], the authors estimated that exposure to ambient air pollution resulted in 627,000 premature deaths and nearly 17.8 million DALYs in India.

Air quality monitoring (AQM) is essential to assess levels of air quality and impact on health. The goal of AQM is to protect human health, the environment and the overall welfare of animal and plant lives [4]. A map of air pollution levels for an entire region can assist in the management of air quality and its subsequent effects. However, in most developing cities, AQM stations are not available to cover the entire area or region, mainly due to the costs involved in their setting up. But to understand the effects of air quality on health, it is vital to quantify the levels at all locations.


Based on data obtained from the Karnataka State Pollution Control Board (KSPCB) for the eight years 2006-2013, the aim of this paper is to critically analyse the trend of pollutants identified by the six (and only) AQM stations managed by the KSPCB, within their respective areas of coverage and, based on that analysis, alert both researchers and local authorities to the necessity of overcoming the limitations of insufficient monitoring. Action to be considered can be either through an increase of AQM stations to allow for a wider and more comprehensive coverage, or through the use of spatial interpolation techniques whereby, through the use of buffers and reliable spatial interpolation methods to determine distribution patterns, it may be possible to obtain statistically predicted, but accurate, values at unmonitored locations and determine their corresponding hotspots.
METHODS
Study Area
Bangalore is located at 12.97◦N, 77.56◦E covering an area of 741 km2 or 286 square miles. It is the third largest city in India and one of the fastest growing cities in the country, with a population of about 8.4 million. It is the nation’s leading information technology exporter and is popularly known as the ‘Silicon Valley of India’ [5]. Due to its high average elevation of 900 m (2,953 feet), the city usually enjoys a more moderate climate throughout the year, compared to other cities in India. The temperatures range from an average of 15◦C in the winter months to a high of 36◦C in the summer. 

Air pollution is a growing problem in the city and, according to a report by TERI [6], it is said to be high, severe or critical in most of its areas. The main sources of pollution in the city are the exponential growth in the number of vehicles, contributing to almost 50% of the pollution, construction activities, paved and unpaved road dust, domestic pollution and the increased use of diesel generator sets. 

Data Collection
As mentioned above, air quality in the city of Bangalore is monitored through the National Ambient Air Quality Monitoring Programme and recorded by the KSPCB [7] at 6 fixed locations outlined on the map of Fig. 1:

· Graphite India Limited, Whitefield Road
· KHB  Industrial Area, Yelahanka
· Peenya Industrial area, Regional Office Peenya
· Victoria Hospital, Chamrajpet
· AMCO batteries, Mysore Road 
· Yeshwanthpur Police Station (YPR)

Air pollutants were measured over the study period in the above locations using Respirable Dust Samplers (RDS) by conventional methods. The sites were identified on the basis of their representation of the various characteristics of the city, i.e., Industrial, Commercial, Residential and Sensitive areas. Four air pollutants, namely SO2, NOx, Suspended Particulate Matter (SPM) and Respirable Suspended Particulate Matter (RSPM/PM10), are regularly monitored at all locations.

The monitoring of pollutants is carried out for 24 hours (4-hourly sampling for gaseous pollutants and 8-hourly sampling for PM) with a frequency of twice a week. The KSPCB laboratories are fully equipped with experienced analysts, sophisticated equipment and approved standard test methods to carry out comprehensive analyses of ambient air [7]. It is worthy to note that, in India, the Central Pollution Control Board (CPCB) coordinates the AQM network and is responsible for national pollution control [8]. The CPCB sets the standards that are followed by the State Pollution Control Boards.

EIGHT-YEAR DATA ANALYSIS

Annual average levels of SO2, NOx and RSPM/PM10 collected at the 6 monitoring locations for eight years (2006-2013) are given for each pollutant in both Table form (Tables 1-3) and bar chart (Figs. 2, 3, 6), as well as discussed in their respective section (A-C below). The bar charts give a representation of the data collected by the KSPCB during those years for each of the pollutants under consideration. 

Concentration ranges for the different pollutants, based on the Notification Standards and area classes described by the Central Pollution Control Board (CPCB), can be calculated through an Exceedence Factor (EF) as follows [8]:

  

Using the above expression for EF, air pollution during the years 2006 to 2013 with respect to each pollutant measured is also given in Tables 1-3. Such air pollution can be expressed in terms of Low, Moderate, High or Critical index according to the following criteria, based on the EF of the various sites monitored:

· Critical pollution (C): EF > 1.5
· High pollution (H): EF 1.0 - 1.5
· Moderate pollution (M): EF 0.5 - 1.0  
· Low pollution (L): EF <  0.5


A.  Analysis of SO2 Levels

SO2 is a colourless gas that is soluble, having a pungent odour and taste, and is formed during the combustion of fuels containing sulphur, such as coal, and is emitted in significant quantities from thermal power plants, smelting process of sulphide ores to produce copper, lead and zinc and also petroleum refining processes. Moreover, diesel-driven vehicles are specific sources of SO2 [9]. 

The sources of SO2 applicable to Bangalore are mainly due to the burning of fossil fuels and diesel exhaust, and the salient health effects attributable to it are known to be inflammation of the respiratory tract, dysfunction of lungs and irritation of the eyes, mucous membranes and the skin [10]. SO2 is also known to be responsible for increased asthma attacks, aggravation of heart and lung disease and lowered resistance to respiratory disease in children and vulnerable groups [11]. It is usually in lower concentrations in indoor than in outdoor settings, but the use of kerosene space heaters can have a significant impact on concentrations even in indoor settings [10].

Studies have identified an association between SO2 and mortality [12]. A study carried out in 16 Canadian cities demonstrated that SO2 and NOx are important risk factors for Sudden Infant Death Syndrome [13]. Since SO2 was recognised as a major health concern, policies were formulated to mitigate it and, as a result, its levels have been decreasing in most parts of the world mainly due to the use of low sulphur content in fuels. 

As can be seen from Fig. 2 and Table 1, generally the levels of SO2 tend to be decreasing in all areas and throughout the 8 years under analysis. The respective percentage decrease in all 6 areas between the years 2006-2013 was:


· Yeshwanthpur (YPR)	26.3%
· AMCO	29.3%
· Peenya	12.6%
· KHB	26.1%
· Graphite	22.3%
· Victoria	28.0% 

In the Yeshwanthpur Police Station (YPR) residential area, the SO2 level in 2006 was 21.7µg/m3. Over the subsequent 3 years it sustained a gradual decrease by 30.4% to 15.1µg/m3, but rose again in 2009 and 2010. Perhaps more significant is the fact that, compared to 2012, there has been an increase in concentration level of 29% in 2013. Despite this increase, there is a noticeable overall reduction of 26.3% from 2006 to 2013, and the levels have remained well below the standard 50µg/m3. Indeed, despite its 2013 increase, the concentration level of SO2 in YPR was a third of that of the standard set by the CPCB. The other residential area, AMCO batteries, sustained a consistent reduction in SO2 levels from 2006 to 2011, slightly rising again in 2012 and 2013.  

In the case of the industrial areas, Peenya, although having decreasing levels of SO2 from 18.3µg/m3 in 2006 to 15.4µg/m3 in 2011 (an overall reduction of 15.8%), has nevertheless seen a slight (6.7%) increase in SO2 levels over the period 2009-13. The other industrial areas, KHB and Graphite, saw an overall reduction in SO2 levels of 26.1% and 22.3%, respectively, during the 8 years under consideration.

Similarly, the SO2 levels in Victoria, the only sensitive area, sustained a general decreasing trend, however there was a slight increase of 3.2% in 2013 over the previous year. Victoria, being a sensitive area, has an SO2 standard set at 20µg/m3, and thus has an EF that puts it in the Moderate category for air pollution. Surprisingly, amongst all 6 areas under consideration, this is the only area that has consistently shown a Moderate air pollution exceedance factor over the 8-year period.

Generally speaking, and since fuel type and quality are one of the major contributors to SO2, the overall decreasing trend may be attributed to various regulatory measures recently taken, such as the reduction of sulphur in diesel fuel and the wider use of liquefied petroleum gas (LPG), instead of coal, as domestic fuel.

According to the WHO, a study conducted in Hong Kong in 2002 suggested that a two-week intervention to reduce sulphur content in fuels resulted in a substantial reduction in childhood respiratory diseases, all age mortalities and related health effects over an increasingly extended period of time [12]. It is expected that this will also be the case given the downward trend of SO2 levels in Bangalore, in general. Our team is indeed currently engaged in carrying out a comprehensive study assessing the health impacts of air pollution in the city in order to corroborate those findings.


B.  Analysis of NOX Levels

NO and NO2 are artificially generated pollutants and the sum of their concentrations is referred to as Nitrogen Oxides and are expressed as NOx [14]. These include:

· Nitric Oxide [NO]
· Nitrogen dioxide [NO2]
· Nitrogen Trioxide [NO3]
· Nitrogen Tetroxide [N2O4]
· Dinitrogen Pentoxide [N2O5]

NOx emissions result from all types of combustion sources and motor vehicle exhausts (petrol, diesel, liquid petroleum gas (LPG) and compressed natural gas (CNG)) [10]. In indoor settings, in particular, gas burning appliances, kerosene space heaters and tobacco smoke are some of the common sources of NOx [10]. 

Exposure to NOx is linked to adverse respiratory effects and airway inflammation in healthy people, and increased respiratory symptoms in people with asthma. It reacts with other compounds such as ammonia and moisture to form small particles that penetrate deeply into sensitive parts of the lungs. This can either induce or worsen respiratory diseases, or aggravate existing heart disease, leading to increased hospital admissions or even premature death [11].

As can be seen from Fig. 3 and Table 2, in both the YPR and AMCO residential areas of Bangalore, the NOx concentration levels over the year 2009 were at their highest, with a Moderate air pollution classification. However, over the subsequent years to 2013, there has been a consistent decrease in NOx pollution and, indeed, its concentration levels decreased by 24.4% and 23.8% in YPR and AMCO, respectively.

Interestingly, the three industrial areas of KHB, Graphite and Peenya saw similar peaks in NOx concentration levels in 2009 (except for Graphite, where the highest level of 50.7µg/m3 was reached in 2006) before assuming a generally downward trend.

Likewise, in the case of the sensitive area of Victoria, a similar pattern to that of the residential and industrial areas was exhibited, with 2009 marking a peak value in NOx concentration level, followed by a downward trend.  Having said that, there was an increase of 6.8% in NOx level from 2012 to 2013 and, in 2013, the CPCB standard maximum value of 30µg/m3 was reached.

A possible explanation for the universal increased NOx concentration level in 2009 may be attributed to vehicular number. Although the number of vehicles (whether registered or not) has been generally increasing in Bangalore, the number of registered vehicles, particularly over 2007-09, saw an exponential increase of over half a million additional vehicles (from an estimated 3.1 million to 3.65 million [15]). As motor vehicle exhaust emissions are one of the major contributors to NOx dispersion, this noticeable increase in vehicular traffic could have contributed to the significant increase in level in all areas in 2009. The explanation for the subsequent downward trend can also be supported the same arguments that applied to SO2, i.e. reduction of sulphur in diesel and wider use of liquefied petroleum gas (LPG) as fuel, would result in reduced NOx concentration levels. 


C.  Analysis of RSPM/PM10 Levels

Airborne particulate matter (PM) is a suspension of a heterogeneous mixture of solid and liquid particles of various sizes and chemical compositions [10]. PM comprises primary and secondary particles. Primary particles result from direct emissions, such as diesel soot, into the atmosphere. Secondary particles result from a physicochemical transformation of gas such as nitrate and sulphate [16]. Due to its complex nature, PM is measured and regulated based on mass and has been distinguished into 3 groups based on size ranges [17]:

· PM10 - < 10µm in diameter, referred to as thoracic particles
· PM2.5 to 10 - coarse particles
· PM2.5 - < 2.5µm in diameter, referred to as fine particles

As mentioned above, primary PM consists of carbon (soot) emitted from cars, trucks, heavy equipment, burning waste, material from unpaved roads, stone crushing, construction sites and metallurgical operations. In urban areas, PM is composed of carbon and hydrocarbons. A major part of PM existing in the air also comes from natural sources, including ground, oceans and volcanoes [16]. Furthermore, PM can travel over long distances and even remain suspended in the atmosphere over time [18].

The WHO described the way particulate matter affects health [19]. Particles initially penetrate within the respiratory tract by entering the nasal passages and into the alveoli. Due to their excessive penetrability, they then enter deep into the lungs, causing decreased lung function, increased respiratory symptoms, aggravated asthma, development of chronic bronchitis and can even result in premature death [19]. In general, PM causes a wide range of diseases and its presence is said to be more dangerous to human health than any other common air pollutant.

Fig. 4 and Table 3 show the levels of PM10 in Bangalore over the years 2006-2013 at the 6 sites under consideration. All 6 areas have varying levels of PM10, with pollution classifications as mainly High or Critical. Between 2006-2013, the overall respective percentage increase in each location was:

· Yeshwanthpur (YPR)	80.3%
· AMCO	161.2%
· Peenya 	17.5%
· KHB	216.0%
· Graphite	76.5%
· Victoria	119.3%


The 3 industrial areas varied in air quality classification from Moderate to Critical, with the KHB industrial area generally having fluctuating levels of pollution. In 2013, the level of PM10 in KHB alarmingly reached its highest value (182µg/m3) across the 8 years under consideration. The Graphite industrial area is also alarming with Critical levels of pollution throughout 7 out of the 8-year period. The PM10 values of 194µg/m3, in 2007, and 184µg/m3, in 2009, were over 3 times above the recommended standard. The level in 2013 stood at 162µg/m3, or 2.7 times the recommended standard.

Victoria consistently maintained a high level of PM10 pollution during the 7-year period 2006-2012. However, in 2013 this level shot up to 152µg/m3, or 3 times that of the previous year and over 2.5 times the recommended CPCB standard. This is even though Victoria is considered as a sensitive area in Bangalore.

The same observation applies to the two residential areas of Yeshwanthpur (YPR) and AMCO where there was a respective significant increase in concentration in 2013, in comparison with the 7 previous years.
CONCLUSIONS AND DISCUSSION

Bangalore is experiencing varying levels of pollution, with certain areas having either High or Critical levels of one or more of the pollutants analysed in this study. The KSPCB has deployed many initiatives to improve the quality of air, and the reduction in SO2 and NOx levels in the city may be a consequence of a combination of various interventions, such as implementing stringent emission norms for vehicles, improving the quality of fuel and introducing alternate fuels (e.g., LPG), improving traffic management and promoting the use of green fuel by industries. However, the levels of PM over the eight years under investigation have almost invariably been either High or Critical in most areas of Bangalore, and it is worthy to note that in all of the six areas – including residential and sensitive – analysed in this study, the concentration level of PM10 in 2013 was Critical.

Exposure to elevated concentrations of PM, especially fine PM, can trigger health risks and can reduce life expectancy by several months to few years. In the case of PM10, the all-cause daily mortality is estimated to increase by 0.2-0.6% per 10µg/m3 [20]. There are no studies or evidence pointing to safe levels of PM, or a threshold, below which there are no adverse effects on health. However, studies have demonstrated that average life expectancy increases by reducing levels of air contaminants through targeted interventions. For example, in Utah Valley, USA, the closure of a steel mill led to a decrease of 50% of PM10 levels that resulted in a reduction of hospital admissions by 3 times, and admissions for asthma and bronchitis illnesses halved. Furthermore, a general decrease in levels of PM10 by 15µg/m3 led to a 3.2% drop in the daily number of deaths [21, 22].

For Bangalore, the critical levels of PM are likely to have a damaging effect on the health of the citizens that may result in a tremendous burden on the public health system. Additionally, if this were to affect the skilled young human resource, it would pose a threat to the city’s economy. Therefore it is of vital importance that the government addresses the issue of health impact due to air pollution by adhering to stringent measures of pollutants’ control. 

Although there are mobile stations intermittently distributed across many locations in Bangalore [7], the KSPCB does not currently deploy an adequate number of fixed monitoring stations that could more reliably provide a complete coverage of the air pollution levels for the entire city. Since 2006, as best estimate, the number of fixed AQM stations has neither exceeded 6 nor been relocated to areas other than the ones outlined in Fig. 1 and analysed in this study. Most assessments rely on acquiring recorded pollution levels from the 6 monitoring stations and averaging them for the whole city. But the nature of pollution and particulate matter, in particular, is such that they are spatially variable, based on various factors, such as size of particle, wind and other meteorological conditions, as well as location of structures. Averaging the particulate matter values over the entire city, based on just 6 monitors, will not provide a representative picture of the local pollution conditions. Indeed, one study suggests that the effects of PM should be examined in a ½ mile radius buffer [23]. 

One suggestion to overcome the limitations of insufficient fixed monitoring stations can be through the use of spatial interpolation techniques. Spatial interpolation is a procedure to predict the pollutants’ concentrations of unmonitored regions based on values at measured locations within the proximity of the area [24]. Tools such as Geographic Information Systems (GIS) have gained popularity in environmental analysis, especially in relation to health effects, providing reliable and visual means of identifying health dispositions and air quality mapping and analysis. Furthermore, tools such as ArcGIS Geospatial Analyst facilitate the creation of a statistically valid prediction surface, allowing analysts to go beyond the confined areas delimited by the 6 monitoring stations.

Such coverage can be achieved through spatial interpolation methods where the spatial distributions of the pollutants can be modelled and determined using Inverse Distance Weighted (IDW) interpolation techniques. IDW is very useful in this scenario as it allows the computation to be undertaken as a function of the distance between observed sample sites and the site at which the prediction has to be made [25]. Moreover it has the capability to assign more weight to nearby points than to distant points, allowing for a more reliable interpolation estimate.

Our research team is currently in the process of investigating the above methods, amongst others, to reliably estimate the coverage beyond the 6 fixed AQM stations and obtain statistically predicted, but accurate, values at unmonitored locations. This, in turn, will allow stakeholders (researchers, analysts and regulatory bodies) to determine hotspots that reflect the mapping of air pollutant concentrations and health characteristics within any location of the city.

The development and provision of such a reliable and comprehensive evidence base would equip the KSPCB (in Bangalore) and the CPCB (across India) with the capability to take informed actions that should ultimately lead to the reduction of the significant burden of air pollution on health.
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Fig. 1. Bangalore AQM Stations
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Fig. 2. SO2 Levels at 6 sites in Bangalore, 2006-2013 (KSPCB Data)



Table 1. SO2 Levels, EF and Air Pollution Classification, 2006-2013

[image: ]


[image: ]

Fig. 3. NOx Levels at 6 sites in Bangalore, 2006-2013 (KSPCB Data)



Table 2. NOx Levels, EF and Air Pollution Classification, 2006-2013
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Fig. 4. PM10 Levels at 6 sites in Bangalore, 2006-2013 (KSPCB Data)



Table 3. PM10 Levels, EF and Air Pollution Classification, 2006-2013
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