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Abstract In the year 2014, WHO declared Delhi City as the worst polluted in the world. In December 2015, PM
2.5 levels in Delhi were at 295 microgram/m3 and PM10 levels were at 470 microgram/m3 resulting in Air Quality
Index at a severely high 430-435. Air pollution is responsible for 10,000 to 30,000 deaths in Delhi every year. A
critical convergence of public concern, policymaker attention, and academic contribution is now taking place to
address this issue. Reducing emissions of PM2.5 not only has an immediate effect on air quality, but also mitigates
near-term climate change and helps achieve food security. Data gathered over three year (2013-2015) on particulate
air pollution PM 2.5 in Delhi reveals a systematic wave-like pattern each year. PM 2.5 rises and falls with rhythmic
precision in winter and summer with a minimum range of values in the monsoon when the Delhi air is washed clean
by rainfall. These waves of air pollution change are found to be nearly synchronous with a combination of weather
factors, specifically ambient air temperature and dew point, modeled appropriately as a ‘weather index’. A near
linear relationship is shown to exist between the air pollution (PM 2.5) level and the ‘weather index’ for the year
2015. So far, weather is not ascribed to be one of the primary reasons for unusually high particulate air pollution in
Delhi, but merely a factor that influences air pollution. This study attempts to fill this gap Baseline Reference PM
2.5 measurements were obtained from published sources from a air quality monitoring sensor located in an elite, less
densely populated locality near Delhi’s wooded Reserve Forest ridge, somewhat secluded from Delhi’s zones of
high density traffic, industries and thermal power stations. Air quality measurements at this sensor location are
routinely taken at hourly intervals throughout the year. The distance of the Reference Sensor from main sources of
air pollution results in longer transport time from source to sensor, enabling the polluted air to be well modulated by
weather. These weather-modulated measurements were compared with other reliable published data by the
Government of India’s Central Pollution Monitoring Board from sensors at 10 other locations on the ground-level at
kerb-sides of roads with high density vehicular traffic; and much closer to the commercialized and industrialized
areas of the city. The street-located sensors record near instantaneous PM 2.5 measurements at the very starting
place of air pollution so that the transport time interval required for deep modulation by weather may be presumed to
be too short. Using the “weather index” property, theoretical values of air pollution, if there were no modulation by
weather, were calculated from the Reference sensor values. These theoretical values are compared with aggregated
experimental values of air pollution from sensor locations on the kerb-side of the roads so that were not modulated
by weather. They are found to be in reasonably close (within 9%) agreement. Thus the validity of an exact
relationship between PM 2.5 with the ‘weather factor’ determined by ambient air temperature and dew point is
established ; and thereafter validated by measurements for seven different sources of air pollution at 10 locations in
three seasons of year 2015: summer, monsoon and winter. Detailed pollution apportionment studies carried out by
the Central Pollution Control Board and by the Indian Institute of Technology Kanpur are in reasonable agreement
that vehicular traffic contributes to 12% of total particucale air pollution. Both studies report vey high contribution of
dust ( 34 % and 51%). Apportionments of other components are also compared and show near agreement. The low
proportion of contribution to air pollution by vehicular traffic in Delhi thus appears to explain why the outcome of
the Delhi Government’s unique experiment to drastically reduce vehicular traffic by 50% for 15 days in a month,
one month in winter and one in summer, did not appear to tangibly affect levels of particulate air pollution either in
winter or summer seasons. It was clear that Delhi’s air pollution mitigation and control programmes need to focus all
the year intensely on road-level pollution control. Measures are suggested focusing on resuspended road-dust and
vehicular pollution. If the sum total of all the PM 2.5 components of particulate air pollution were made equal to 1.0
µg/m3, then the weather raises the PM-2.5 level to 7.0 µg/m3 in winter and 4.0 µg/m3 in summer due to weather.
This weather component of air pollution can be addressed and mitigated in 10-15 years by environmental
upgradation. Delhi has historically been a recipient of dust-laden winds and storms blowing across loose soil on
91,000 sq. Km of alluvial plains mostly now in Pakistan. A deeply wooded, broad forest belt around Delhi by
altering local weather conditions in Delhi could help to significantly and permanently reduce chronic air pollution in
the city due to dust. Detailed Emission Control Strategies and technologies for sustainable and massive reduction of

25

Journal of Environment Pollution and Human Health

air pollution in Delhi are presented which would enable a sustainable policy response be formulated and
implemented.
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1. Introduction
The year 2015 was a landmark year for the capital city
of India, New Delhi, when in December 2015 particulate
air pollution levels recorded an alarming tenfold over the
safety limit prescribed by the World Health Organisation
(WHO), and four times higher than safety standards
prescribed by the Central Pollution Control Board (CPCB)
of India. One year earlier, the WHO had declared Delhi as
the most polluted city of the world. Air pollution is
responsible for 10,000 to 30,000 deaths annually in Delhi
as it is the fifth leading cause of death in India, as reported
by the Centre for Science and Environment (CSE) [1].
Experiments in Delhi on Large Scale Traffic Volume
Reduction With nearly 9 million vehicles on the road, the
Delhi Government in a trend setting initiative, decided to
try a bold experiment reducing traffic volume by 50% on
alternate days for 15 days from 1st. to 15th January 2016.

The results were inconclusive. The experiment was repeated
again from 15th to 30th April 2016 when ambient air
temperatures increased substantially. The conclusion of a
Study [2] published on 13 May 2016 analysing the results of
these innovative experiments suggests that it is unlikely
that large scale reduction of volume will have any insignificant
impact on air pollution. Clearly there are many other factors
other than vehicular traffic. This Study attempts to provide
a more comprehensive picture to verify this conclusion.
International Perspective Air Pollution (PM2.5) levels
in Delhi have been very high in the past as well. Its
cyclical and seasonal variations over the period January
2013 to December-2014 were obtained from an international
study comparing India (Delhi) and China (Beijing) [3] and
tabled along with PM2.5 measurements for the period
January 2015 to December 2015 obtained from actual
measurements in the city of Delhi [4]. The 3-year
longitudinal time-sequenced pattern of air pollution
variations are shown in Figure 1.

Figure 1. [5] Comparison of Particulate Air Pollution PM 2.5 in Delhi and Beijing Over A Period of 3 Years 2013 -2015

It can be seen from Figure 1 that air pollution manifests
in seasonal waves, peaking systematically to high,
hazardous levels only in Delhi during the winter season.
However, the average PM 2.5 levels in Delhi over the last
3 year period (125 micrograms/cu.metre) are about 32%
higher than those recorded in Beijing in the same period
(95 micrograms/cu.metre). This statistic of averages
however gives little comfort in the real world. It is like
telling a person who cannot swim that the average depth
of the river Ganges at a particular location is 5 feet and
hence he could cross the river safely!!

Health Hazard Air pollution generated by particulate
matter is largely generated by dust and vehicular exhaust
chemicals including solid carbon emissions that combine
with it to form smaller and toxic particles. It is a deadly
cocktail for human beings in any part of the world. It
causes permanent DNA mutations, besides lung and heart
diseases and cancer [6]. Cases with flu-like symptoms,
including viral infections affecting the respiratory tracts
and pneumonia, have reported an astounding jump of
almost 150 per cent during this period. Nearly nine
persons in 10 are sneezing, coughing or complaining
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about breathlessness. Respiratory illness cases have
suddenly gone up from 10 a day before last week to 25
nowadays. The persisting smog and changes in the
weather condition are posing a great health risk [7].
Mortality An early WHO study concluded that the
impact of particulate matter on total non-trauma deaths in
Delhi was smaller than the effects found in the US, but
found that a death associated with air pollution in Delhi
caused more life-years to be lost because these deaths
were occurring at a younger age [8]. More than 5.5 million
people worldwide die prematurely every year due to
household and outdoor air pollution. It is reported that
India and China together account for 55 percent of these
deaths. In 2012 about 1.6 million people died of air
pollution in China and 1.4 million died in India in 2013;
so low average values of air pollution are not a matter of
comfort either in Beijing or in Delhi [9].
A leading national newspaper, the Economic Times,
brings out [9] that more than 85 per cent of the world's
population lives in areas that exceed the World Health
Organization’s 'safe level' of air pollution. It indicates that
according to new research more than 5.5 million people
die prematurely each year due to air pollution with over
half of those deaths occurring in China and India, two of
the world's fastest-growing economies.
Effect of Weather on Air Pollution Scientists say in a
general way that the level of pollution is influenced by
weather conditions. Specifically for Delhi, it is reported
[10] that in winter, cool air causes “inversions” that
stagnate the air and trap pollution close to the ground.
Air flow patterns from Afghanistan and Pakistan pick up
emissions as they move over the densely urbanized
regions of Punjab and Haryana. Pre-monsoon dust storms
also contribute to air pollution in the region. Northwest
winds [11] and sunshine however improve Delhi air
quality.
On Wednesday, 23rd December 2015, PM 2.5 levels in
Delhi were at 295 microgram/m3 and PM10 levels were at
470 microgram/m3 resulting in Air Quality Index at a
severely high 430-435. Nikita Mehta [12] from the System
of Air Quality and Weather Forecasting And Research
organization (SAFAR) in Ministry of Earth Sciences of
Government of India brings out being “…puzzled over the
jump in air pollution seen from 21 to 23 December 2015
and said it is unusual and cannot be explained by
meteorology….” thus contradicting the findings of the
other (private) organization [10] that cool air causes
“inversions” that stagnate the air and trap pollution close
to the ground.
Sources and Apportionment of Particulate Air
Pollution Apart from vehicular traffic and weather
conditions, it is well known that several factors enhance
dangerous particulate air pollution in Delhi City, such as
emissions from a number of large coal based thermal
power stations nearby; a large number of industries in and
around the city and dust from across the plains in the
capital city region. There are also lesser known sources
like dust from construction activities, use of diesel
generator sets during power outages, coal based
“tandoors” for cooking roti’s, from hotels & restaurants,
municipal waste disposal and biomass burning. Farmers
burn the straw in their fields and pull this pollution into
Delhi. Other meteorological conditions like wind speed
and direction are also well known factors, though an exact
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relationship of weather to level of air pollution in various
seasons of the year has not been investigated.
Rohini Pande writing from Harvard [13] says “Without
a better knowledge of the portion contributed by different
sources, any policy response, no matter how bold, will be
a little like a blind attempt to pin the tail on the donkey…..
at a time like this (and here she refers to the concern for
peaking air pollution in December 2015 and January 2016 )
– (there is) a critical convergence of public concern,
policymaker attention, and academic contribution–it’s
worth taking stock of what we know now and how we
came to know it. That clarity will make it easier to guide
the discussion toward a policy response that will stick.”
Comprehensive apportionment studies have been done
by the Government of India’s Central Pollution Control
Board (CPCB). A measurement data-packed 698-page
Study on Air Quality Monitoring was carried out by
CPCB [14] at TEN key locations in Delhi. Ambient Air
Quality Monitoring stations were very carefully chosen to
represent the whole of Delhi and its varied air pollution
characteristics. Seven sources of air pollution were
identified and seasonal variations of air pollution were
measured.
U.N. Finding A UN Report of 2014 [15] brought out
that air pollution was world’s worst environmental health
risk. It brought out that reducing emissions of PM2.5 and
ground-level ozone not only has an immediate effect on
air quality, but also mitigates near-term climate change
and helps achieve food security. These are important
human goals.
Purpose of this Study The purpose of this Study is
therefore an attempt to close this gap of understanding the
specific weather factors are responsible for the high level
of air pollution in winter months; and to establish a clear
relationship between weather and air pollution over the
City of Delhi.
In this process, an attempt is made to obtain a better
understanding of multiple factors influencing the
magnitude of air pollution phenomena. An extensive
scope of antipollution measures over a broad front is
needed and suggested for mitigating the entire range of
pollution-enhancing factor. All measures suggested are
targeted at the most dangerous pollutant PM2.5 as the
means to have an immediate effect on air quality in Delhi.

2. Literature Review
Models for assessing air pollution in cities have been
have been carried out by scholars and researchers in India
for several major state capital cities in India, like Delhi,
Mumbai, Calcutta Chennai, Ahmedabad, and even in
whole Districts like Maharashtra.
Air Pollution and Health Much of research in India on
air pollution is focussed on health aspects. In 2014
Dholakia HH et. al. in the first multi-city study in India
[16], assess heterogeneity of air pollution impacts and
possible modification due to temperature in Indian cities
that are spread across climatic regions and topographies.
The paper brings out that while Indian cities are among
the most polluted globally, yet assessments of short term
mortality impacts due to pollution have been limited.
Furthermore, studies examining temperature – pollution
interactions on mortality are largely absent. Addressing
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this gap remains important in providing research evidence
to better link health outcomes and air quality standards for
India.
Empirical Studies on Vehicular Pollution Pioneering
empirical research in vehicular air pollution in 2001,
Sengupta [17] who was the Member Secretary of India’s
Central Pollution Control Board carried out and made a
presentation of comprehensive data on vehicular air
pollution in the city of Delhi at an ESCAP/UN (DESA) in
Bangkok. This data served as an empirical baseline
reference for further studies in this area in Delhi. It is only
recently that more complex studies, modeling and analysis
have been carried out in major urban centres as the
problem of air pollution due to increase in vehicular traffic
became acute in India.
Empirical and Analytical Studies While Sengupta
focused on the vehicular aspect, Biswas et al [18] carried
out detailed analysis of ambient air quality conditions over
Delhi, from 2004 to 2009. They found that the diurnal
averages of criteria pollutants (NO2, SO2, CO, PM2.5 and
PM10) reveal that vehicular emissions strongly influence
temporal variations of these pollutants. Their seasonal
analysis of criteria pollutants reveals relatively higher
concentrations in winter because of limited pollutant
dispersion and lower concentrations during the monsoon
period (rainy season) that is in agreement with this Study.
The causes of “limited dispersion” were not analysed
further.
Nesamani [19] from the California Institute of
Technology in a Study of automobile emission and control
strategies for the city of Chennai noted in 2009 that most
cities in India have exceeded the National Ambient Air
Quality (NAAQ) standards. Particulate matter (PM) is a
major concern in Indian cities and 60 out of 62
metropolitan cities have exceeded World Health
Organization (WHO) standards. About 2.5 million

premature deaths are caused annually due to PM exposure
(Pandey et al., 2006). His study estimated the emissions
(running and start) from on-road vehicles in Chennai using
the International Vehicle Emission (IVE) model is used to
estimate accurate emission inventory in this study. GPS
was used to collect driving patterns. He concluded that
aggressive efforts are required to reduce vehicular
emissions and several operational strategies were
recommended were made including incentives to
encourage faster penetration of advanced technologies
such as hybrid vehicles, BOV, and fuel cells
Modeling, Analysis and Empirical Studies Kar and
Damodaran [20] examined models for assessing air
pollution in cities with focus on the city of Ahmedabad,
the Capital of Gujarat State where they carried out a most
comprehensive and sophisticated analysis, verified against
measurements. For air quality modeling, the Gaussian
plume model was been extensively used to analytically
solve the steady and unsteady transport equation including
the effects of particle deposition and settling. He explored
the adaptation of a Lagrangian Branched Atmospheric
Trajectory approach for computing ground level
concentrations of PM10 (suspended Particulate Matter of
aerodynamic diameter of less than10 micro meter), PM2.5
emitted from different air pollution sources in and around
the city of Ahmedabad, India. With a transport time step
of 6 hrs, the model included necessary meteorological data
which couple with multi-pollutant emission grid. The
results obtained from the model are found to be very close
to the measured PM10 data (2009-2011) from Gujarat
Pollution Control Board.
Standards This paper analyses air pollution in Delhi
against the standards prescribed by the Central Pollution
Control Board, Government of India and the World Health
Organization (WHO). The standards referred to are shown
in Table 1.

Table 1. Comparison of CPCB (India) and WHO Standards for Particulate Air Pollution
24-Hr

Annual

Component of Particulate Air Pollution
CPCB (India) [21]

WHO [22]

Particulate matter (PM10), µg/m3

100 µg/m
AQI 174
Unhealthy

50 µg/m3
AQI 137
Unhealthy to
Sensitive Groups

Particulate matter (PM2.5), µg/m3

60 µg/m3
AQI 153
Unhealthy

25 µg/m3
AQI =78, moderate

3

Previous Studies on Air Pollution Sources and
Apportionments Recently [23] (January 2016), Pande et
al state “…..that over the past 10 years and excluding a
just completed IIT Kanpur Study, there are 15 source
apportionment studies that sought to pinpoint the sources
of emissions and their respective contributions to Delhi’s
overall air pollution. Ten are based on direct sampling; the
other five rely on secondary data. While the main sources
identified are similar across studies, the relative weights
placed on different sources by these studies vary
dramatically. This underscores both the difficulty of
conducting them and the wide range in quality of the
studies currently available…….”
The authors bring out that there are two ways of
conducting source apportionment studies: direct sampling
based on chemical analysis, and secondary data analysis
based on monitoring data. International best practice is to
rely on receptor-based studies, but where budgetary

CPCB

WHO
3

60 µg/m
AQI = 153,
Unhealthy

20 µg/m3
AQI =68 Moderate

AQI =112, Unhealthy
to sensitive groups

10 µg/m3
AQI = 42, Good

constraints inhibit adequate sampling, analysis using
secondary data may dominate. The “state-of-the art” in
India thus far is limited to direct sampling analysis ( as in
the case of monitoring of air quality index my multiple
agencies) and secondary data analysis based on
monitoring data. Receptor-based studies like are
extremely complex and resource consuming, because are
not only concerned with source contributions but also with
the influence of transport, transformation, and deposition
processes on speciated atmospheric concentrations at
receptor locations [24].
The authors conclude “….Once the low-hanging fruit is
picked, policymakers will need increasingly detailed
information on location, source, and type of air pollution
to design a smart policy response. Now is the time to get
the information systems in place that will inform the next
decade of environmental policy in the city, and beyond…”.
This Study relies on secondary data analysis, the “low
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hanging fruit” based on monitoring data thus adds yet
another set of values and perspectives (like effect of
climate on air pollution.

3. Materials and Methods
The materials and methods used for the study on air
pollution and effect of weather is now presented
separately from the materials and methods for
apportionment among sources of air pollution in Delhi

3.1. Materials and Methods for Analysis of
Air Pollution and Weather Effects
The focus of this paper is on particulate air pollution
(PM 2.5) on air quality in Delhi. PM 2.5 is a standard
recognized by the U.S. Environmental Protection Agency.
Data needs to be collected from several monitoring
stations to arrive at a general picture for the entire city as
pollution is location specific. While the sensor in
Chanakyapuri area was used in this Study as the Baseline
Reference sensor to generate an annual data base, the
other sensors 10 are operated by the Central Pollution
Control Board and their individual specifications are not
known. One of the CPCB sensors is located within 5

Location in
Delhi
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kilometers of the Reference Sensor. Remaining 9 sensors
are located at distances from 10 to 21 kilometers (obtained
from Google Maps) from the Reference Sensor
Specifications of PM 2.5 Measuring Equipment for
Annual PM 2.5 Data Base [25] PM 2.5 are a standard
recognized by the U.S. Environmental Protection Agency.
The American Embassy has five Air Quality Monitoring
(AQM) stations consisting of BAM-1020 housed in the
environmentally controlled weather proof unit, supplied
with 230/400 V/ 3 phase/50 Hz power supply. The unit
monitors PM 2.5 particulate concentration by Beta attenuation
method in the ambient air sample on hourly basis. The
range of BAM 1020 is currently limited to read up to 985
microgram and it is proposed to upgrade it to read up to
2000 microgram. The system currently uses Envitech data
acquisition software and Windows 7 (professional)
Effect of Site Location of Sensors Data from a single
monitoring station cannot be applied to an entire city.
Therefore, air quality data collected at the U.S. Embassy
differs from other monitors located in the same cities. To
elaborate this important point, typical variations of PM 2.5,
ambient air temperature, relative humidity and dew point
in different locations in Delhi but at the same instant in
time are shown in Table 2, obtained from http://aqicn.org
/city/india/ new-delhi/us-embassy/.

Table 2. Air Pollution and Weather Factors in Different Localities of Delhi at a Given Instant
Geographical
Air Pollution
Distance from
Weather Factors
Coordinates
(PM 2.5)
Chanakyapuri
(Degrees)
On 13 May
(Site of Sensor Used
Ambient
Relative
Dew Point
2016
for this Study)
Latitude
Longitude
Temperature
Humidity
(Calculated)
At 1100 hrs.
From Google Maps
(0 N)
(0 E)
(t0 C)
(RH)
(tD 0 C)

Health
Effect

Anand Vihar

28.6488

77.3155

14.8

228

38

41

26.2

Hazardous

R.K.Puram

28.5660

77.1677

5.2

174

38

41

26.2

Unhealthy

Chanakyapuri

28.6139

77.2090

0

156

25

43

13.6

Unhealthy

Mandir Marg

28.6341

77.2005

6.4

127

38

41

26.2

Unhealthy

Figure 2. Map of Delhi Showing Approximate Relative Locations of Reference (Chanakyapuri) Air Quality Monitoring Station in US Embassy School,
and 10 other Air Quality Monitoring Stations Set up by Central Pollution Control Board (CPCB) from their Study Report from Fig E.2: Locations of
Ambient Air Quality Monitoring Stations http://cpcb.nic.in/Delhi.pdf (Map reproduced from http://www.mapsofdelhi.com/delji-map.html WITH DUE
PERMISSION from MapsofIndia.com. vide Email harneet@infobase.in dated 16 May 2016)
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Effect of Sensor Location on Recorded Ambient Air
Temperature and Dew Point The site sensor for this
study was the Chanakyapuri Locality (Figure 2) [26]
within less than a kilometer of Delhi’s Southern Ridge
Forest and the Pusa Forest. It thus be can be seen from
Table 2 that even in mid-summer, this location hosts the
greatest relative humidity and also the lowest dew point.
This is because Chanakyapuri is a large, open area for
exclusive housing of the Embassies of a large number of
nations of the world with probably the least population
density in the city. Nevertheless here also pollution levels
are high and unhealthy due to transport of particulate
matter over the whole area of Delhi.
Effect of Sensor Location on Modulation of Air
Pollution Measurement by Weather and Winds
Baseline Reference PM 2.5 measurements were obtained
from published sources from a sensor located in a school
in Chanakyapuri, an elite (reserved exclusively for
Embassy from other nations), relatively sparsely
populated locality near Delhi’s wooded Reserve Forest
ridge, somewhat secluded from Delhi’s zones of high
density traffic, industries and thermal power stations. Air
quality measurements at this sensor location are routinely
taken at hourly intervals throughout the year. The distance
of the Reference Sensor from main sources of air pollution
results in longer transport time from source to sensor,
enabling the polluted air to be well modulated by weather.
These
weather-modulated
measurements
were
compared with other published data from CPCB sensors at
10 other locations on the ground-level at kerb-sides of
roads with high density vehicular traffic; and much closer
to the commercialized, industrialized areas and highly
populated areas of the city. The street-located sensors
record instantaneous PM 2.5 measurements at the very

starting place of air pollution so that the transport time
interval required for deep modulation by weather may be
presumed to be too short.
Site and Data Availability Only US Embassy New
Delhi data were available with longitudinal information.
PM 2.5 measurements from this sensor are taken hourly
on days of the whole year. Days where data were not
reliable are indicated as “Invalid”. The web site gives
historical data only for one past year, and is published
monthly while daily readings are available at http://
aqicn.org/ city /india/new-delhi/us-embassy.
Reliability of Measurements Accuracy of this data is
by inferential methods and not by cross check from an
alternate source or experimental verification in the same
location at the same time (an example of inferential
accuracy was on 11 November 2015 the PM 2.5 level
went sharply up to over 1000 µg/m3 because it was
“Diwali” day, a national social festival when thousands of
tonnes of firecrackers are burnt; and in May 2015, a heat
wave resulted in a small but tangible increase in PM 2.5).
Standards for Air Pollution and Related Health
Standards The World Health Organization, the US EPA
and the Government of India have set standards of air
pollution that are considered safe or hazardous to health.
All however are based on PM 2.5. It is not the intention to
compare these standards except to point out that the
standards in India that are known to be lower than WHO
and EPA. The Ministry of Earth Sciences, Government of
India and its monitoring and analysis organization SAFAR
have (in 2010) issued the following standards, shown in
Figure 3 that indicates Air Quality Index in sub-indices
grouped in FIVE Good, Moderate, Poor, Very Poor and
Severe. Each sub-group has a Health Advisory and Health
Statement.

Figure 3. Standard Chart for Assigning Health Hazards to Particulate Air Pollution PM 2.5 Issued by SAFAR, Ministry of Earth Sciences, Government
of India

The standard is based on Air Quality Index (AQI) and
not PM 2.5 directly. An algorithm converts raw PM 2.5
readings into an air quality index (AQI) value that can help
inform health-related decisions. AQI Calculator is available at

https://airnow.gov/index.cfm?action=resources.conc_aqi_
calc The relationship between PM 2.5 and AQI is
estimated using this algorithm as related to SAFAR 2010
standard is shown in Figure 4.

Journal of Environment Pollution and Human Health

AIR QUALITY STANDARD , GOVERNMENT OF INDIA
(SAFAR) : 2010
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AIR QUALITY INDEX
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PM 2.5
100
200
300
400
500

200
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100
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PM 2.5

0
0

100

200

AQI
174
250
350
434
500

300

400

500

600

Figure 4. Approximate Correlation of PM 2.5 and AQI

Limitations of Materials and Methods The data
gathered from which the findings, analysis and
conclusions follow have the following limitations
1.
The study, analysis, and modeling are based
entirely on published historical data of particulate
air pollution PM 2.5 from a single source and a
single location in Delhi for a single period,
namely year 2015. Accuracy of this data is by
inferential methods and not by cross check from
an alternate published source or experimental
verification in the same location at the same time.
Experimental set up/technique used for
generating this data is not stated by the source
authority but reported as meeting US EPA
standards.
2.
Source of data from some published sources
comparing longitudinal variation of PM 2.5 in
Beijing and Delhi in years 2013 and 2015 though
reliable have presented the data in Chart and not
Table form, from which numerical data is
extracted for this Study. Such data was not made
available in Table form and hence may be
deemed only as approximate estimates and not
actual reported measurements. The exact
location(s), date(s), times(s) and weather
conditions under which the data from which the
chart was prepared and published are not
reported.
3.
Source of data from some published sources on
apportionment of particulate air pollution from
multiple sources in Delhi though reliable have
presented data in Pie Chart form with data labels
which are extracted and placed in Table form for
analysis.
4.
This research Study reports an empirical
relationship between certain weather parameters
and particulate air pollution PM 2.5 in one
location namely Chanakyapuri in New Delhi.
This weather-air pollution relationship is valid
for the specific location mentioned for the period
mentioned. It is not relevant for any other city.

3.2. Materials and Methods for Apportionment
of Air Pollution Sources in Delhi
Awareness of the serious dimensions of air pollution in
Delhi has resulted in a very large number of published
articles on the likely sources of such pollution.
Early General Apportionment Studies In 2013
Rizwan et al [8] quoting a report by the Ministry of
Environment and Forests, India, in 1997 reviewed the
environmental situation in Delhi over concerns of
deteriorating conditions. Air pollution was one of the
areas of concern identified in this study. It was estimated
that about 3000 metric tons of air pollutants were emitted
every day in Delhi, with a major contribution from
vehicular pollution (67%), followed by coal-based thermal
power plants (12%). There was a rising trend from 1989 to
1997 as monitored by the Central Pollution Control Board
(CPCB). Delhi has the highest cluster of small-scale
industries in India that contribute to 12% of air pollutants
along with other industrial units. The early (1997) data on
apportionment of pollution sources are set out in Table 3.
Table 3. Sources of Air Pollution in Delhi [27]
Source of Air Pollution

Contribution

(A) Vehicular

67%

(B) Coal Based Thermal Power Stations

12%

(C) Industrial

12%

(D) Domestic (by Difference)

9%

Central Pollution Control Board (CPCB) Study [26]
on Pollution Source Apportionment in Delhi: The
Ministry of Environment and Forests, India, in 1997
framework includes coal based thermal power stations
located around the perimeter of the city. The other
components are vehicular, area and point based sources
had not been specified but are now thoroughly studied and
analyzed by a very comprehensive 698-page Study on Air
Quality Monitoring was carried out by CPCB [26] in the
period 2009 -10 (date of Study not mentioned in Report)
at TEN key locations in Delhi. Ambient Air Quality
Monitoring stations were chosen to represent the whole of
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Delhi and its varied characteristics. The source categories
and types of air pollution is summarized in the Table 4
[26].
The composition of these pollution sources is brought
out fully in the CPCB Study. The source characteristics
are not limited to overall chemical and physical
components but to very specific chemical fractions of
different metals or ions. Based on the knowledge of
signature of sources, they are related to these different
factor loadings and their quantified values are considered
as the proportionate source contribution to ambient air
pollution. In this method of analysis of source contribution,
only the chemical speciation of PM in the ambient air is
required. On the contrary, CMB approach requires
knowledge of chemical speciation of PM in both ambient
air and number of possible sources. These sources need
not be well defined geometric shapes as in the stacks;
instead they may be PM from wind blown dust,
resuspended road dust, waste burning emissions, vehicular
emissions etc.
CPCB Study states that gaseous criteria pollutants like
SO2 and NOx cannot be studied by their methodology
Source Category
Area Sources

(CMB) as once they are mixed in the ambient air, they
cannot be separated due to lack of any source specific
signature. In the case of source apportionment study at,
Delhi, a survey was carried out to determine possible
sources of pollution. Thereafter PM10 and PM2.5 samples
were collected from the source and analyzed for various
chemical species. Ambient air particulate matter i.e. PM10
and PM2.5 were collected during the three seasons and
then analyzed for the same chemical species as those
present in source PM. FA tool is applied to PM10
primarily as a screening tool for identifying the possible
sources of pollution. These sources were then used in
balancing the mass with those of ambient air in CMB
methodology.
Hence the CPCB Study pertains only to Particulate Air
Pollution and does not include gaseous air pollution.
While the earlier on Air Pollution Delhi White Paper
brought out by Ministry of Environment and Forests,
separates out coal based thermal power stations from other
sources, the more detailed CPCB Study includes power
stations in the category of “Industries”.

Table 4. Source Categories and Types of Sources of Air Pollution in Delhi
Types of Sources

• Domestic cooking & heating
• Burning of waste derived fuels
• Bakeries
• Crematoria
• Hotels & Restaurants
• Open rat outs
• Open burning (refuse/biomass/tyre etc. burning)
• Paved & unpaved roads, Construction/Demolition/Alteration activities for buildings, roads, flyovers
Point Sources
• Waste incinerators
• Large scale industries
• Smail scale industries
Vehicular Sources
• 2 Wheelers (Scooters, Motor Cycles, Mopeds)
• 3 Wheelers (CNG)
• 4 Wheelers (Gasoline, Diesel, CNG)
• LCVs (Light Commercial Vehicles)
• Trucks (Trucks, min-trucks, multi-axie trucks)
• Buses (Diesel, CNG)
(Extract from Table 3.4: Air Quality Monitoring, Emission Inventory and Source Apportionment Studies –Delhi http://cpcb.nic.in/Delhi.pdf).

Methodology of Source & Apportionment of CPCB
Study The Study objectives (of ambient air quality status,
sources and emission loads) were achieved through
monitoring of air pollutants at 10 locations using various
instruments and multiple analyses. The methodology of
the CPCB study was divided into four parts namely
1.
Ambient air quality monitoring,
2.
Sources emission inventory,
3.
Source apportionment analysis and finally
4.
Delineating an urban air quality management
plan based on the data collected during the study.
Choice of CPCB Study Locations: These locations
were selected on the basis of land use and activity profile.
All the six kerb sites are highly influenced by vehicles
such as Mayapuri, Anand Vihar and Loni Road. These are
different than sites with very high traffic density such as
Dhaula Kuan, ISBT and Ashram Chowk. Pitampura is a
residential area, whereas Naraina is a mixed use
residential-industrial zone and SSI-GTK is an industrial
site. Prahaladpur was taken as reference site as it has least
activity compared to many other locations in Delhi. Air

Monitoring was carried out using varied instruments and
all attributes were analyzed using standards methodologies.
In the initial stages of the study design, wide spread traffic
activities and dense road network were under focus. The
final monitoring network of Delhi represented kerb side
locations under different land-use types. Six stations were
selected near road side, which are referred as kerb side
stations with variable situation and location to represent
the overall city traffic locations. One station was
established in the industrial area to represent the
industrial sources contribution. Another two stations were
established in mixed and residential areas to understand
the characteristic of such areas. All these nine stations
were located within the core area of known sources of
pollution within the city. However, to facilitate comparison
of pollution from these sources with background levels, a
station was also located at the outskirts of Delhi.
Portacabins were installed at the monitoring sites to house
instruments and other necessary equipments.
This CPCB Study confirmed that the seasonal variation
is significant and varies from site to site. Seasonal
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variation indicates that values are normally higher in
winter and post monsoon (as this sampling is close to
winter months) compared to summer. This fact is also
corroborated with meteorology data collected during the
study as also from IMD. Large amount of biomass
burning is prevalent all across Delhi and adjoining areas.
It was seen that seen that for the two criteria pollutants
(SPM, RSPM) the monitored values exceed the regulatory
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limit on most of the days in all seasons and the
background dust contribution dominates the mass.
Methodology for Apportionment by the Central
Pollution Control Board (CPCB) A typical presentation
of the data gathered in this Study for the locality called
“Ashram Chowk” reported to have very high vehicular
traffic density is shown in Figure 5.

Figure 5. Typical Data Presentation of Air Pollution Apportionment in “Ashram Chowk”, Delhi Extracted from CPCB Report [26] Figure 4 Source
contribution estimates using CMB mode.

Based on season and locality-wise apportionment, data
for all 10 locations have been extracted from the CPCB

Study and placed conveniently in Table 5 for purposes of
analysis.

Table 5. (Data Extracted From Pie Charts in Figures 4.1 to 4.5 in CPCB Study Report) Apportionment of Air Pollution in Delhi by Locality,
Source and Season (Numbers are in %age Apportioned; W =winter/ M = Post-Monsoon / S = Summer)
Vehicles

Road Dust

Industry

Domestic

Construction

DG Sets

Open Burn

Source Location
Ashram Chowk
Anand Vihar

W

M

S

W

M

S

W

M

S

W

M

S

W

M

S

W

M

S

W

M

S

11

13

40

41

23

17

20

16

17

9

5

-

19

-

21

-

13

4

11

12

1

-

28

20

-

22

56

-

4

4

-

7

10

-

29

-

-

10

3

-

7

Dhaula Kuan

15

13

-

26

25

-

16

15

-

25

34

5

-

-

9

-

-

3

-

ISBT

12

21

15

28

20

40

-

16

11

1

10

11

-

-

-

7

8

14

52

25

9

Loni Road

5

6

7

46

28

44

2

-

10

10

5

13

-

50

18

12

-

1

17

17

7

Mayapuri

12

15

15

45

25

48

1

39

19

7

7

7

23

-

-

12

10

8

-

4

5

Naraina

13

10

13

38

48

20

-

15

17

4

6

19

14

6

12

-

10

13

11

5

6

Prahaladpur

6

5

12

26

50

35

3

4

-

14

2

5

14

-

19

16

13

33

23

16

Pitampura

11

33

13

19

8

17

-

8

6

6

12

20

-

24

41

-

1

17

27

SSI -GTK

9

11

10

79

7

56

-

11

2

1

4

4

7

40

16

4

11

6

AVERAGE

10

16

16

39

26

37

8

14

11

9

9

11

14

30

21

9

10

9

4. Analysis of Data on Air Pollution,
Weather & Apportionment Factors
Data extracted from Sensors at Chanakyapuri location
in regard to air pollution and weather and from sensors at
10 different locations are analyses to establish a
relationship between air pollution, weather and
apportionment of air pollution values to 10 different
locations as obtained from the CPCB Study.

4.1. Air Pollution Data from New Delhi
(Chanakyapuri) Sensors
A typical Data Sheet for a given time period in Year
2015 is shown in Appendix “A”. The entire data from the
website was analysed on Excel spread sheet. Table 6
presents month-wise average, maximum, minimum values
of PM 2.5 data is presented as diurnal variation at hourly
intervals from January 2015 to December 2015.

25

14

3

16

-

13

7

Table 6. Particulate Air Pollution in Delhi in Year 2015 (Baseline
Data from PM 2.5 Sensor Site Location: Chanakyapuri )
Diurnal Variation of Particulate Air Pollution in
Months in the
Delhi (PM 2.5 in µg/m3)
Year 2015
Average
Maximum
Minimum
March

71

381

1

April

62

252

1

May

74

395

2

June

55

283

1

July

33

239

1

August

33

122

1

September

50

167

1

October

105

433

1

November

236

976

39

December

249

552

48

January

184

457

36

February

139

402

25

33
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Data Analysis: Long Term (3-year) Longitudinal
Study on Air Pollution in India and China A similar
international longitudinal study on air pollution PM2.5 is
reported from the U.K. covering the capital cities of India
and China, namely, Delhi and Beijing, for the period 2013
and 2014. These results have been shown in Table 7 along
with the data from Delhi for year 2015. In Delhi the
cyclical variation of PM 2.5 has a minimum in rainy
season (July-August) and maximum in winter (November-

Season

December). It may be noted that rainy season data in
Delhi for year 2015 is obtained from Chanakyapuri among
the more “green” the locations in Delhi as discussed
earlier. The Sensor site locations in Delhi and Beijing are
not specified for 2013 and 2014 in the reference but
appears was for localities in Delhi with far higher air
pollution than Chanakyapuri. The comparative trends in
terms of seasonal rise and fall of air pollution are
nevertheless discernable.

Table 7. Monthly Average Particulate Air Pollution (PM 2.5) over a 3-year period in Delhi and Beijing
Measured Values of Particulate Air Pollution (PM 2.5)
In Micrograms/ cubic-metre
2013 [1]
2014 [1]
Month
Site Not Specified
Delhi

Winter and Early Summer

Summer

Monsoon (Rainy) Season in
India

Winter

Site Not Specified

Beijing

Delhi

2015 [2]
Site at Chanakyapuri

Beijing

Delhi

Jan

230

100

200

120

184

Feb

120

120

150

150

139

Mar

115

115

100

105

71

Apr

100

70

100

100

62

May

130

80

110

80

74

Jun

100

100

100

80

55

Jul

60

70

90

85

33

Aug

60

70

90

60

33

Sep

70

70

70

70

50

Oct

100

100

130

130

105

Nov

270

110

240

100

236

Dec

240

90

230

100

249

The Air Pollution – Weather Relationship in Delhi It
can be seen from Figure 6 that air pollution peaks
systematically to high, hazardous levels only in Delhi
during the winter season, November December and
January even over a 3 year period. It can be seen from
Figure 6 that air pollution peaks systematically to high,
hazardous levels during the winter months, November,
December and January. However, till date, no explicit
relationship has been scientifically established between air
pollution and weather factors. Until this is done one
cannot take steps to mitigate air pollution in Delhi.

international study when tabled along with this study
establishes that such jumps are NOT unusual as reported
and indeed have been happening every year.
Diurnal Variability of Air Pollution in Delhi Table 6
giving month-wise diurnal average, maximum and
minimum values of PM 2.5 for Delhi are plotted on a
graph and placed in Figure 7 An important observation
here is that there are cyclical seasonal variations of air
pollution taking place in Delhi perhaps since a long time
and not noticed until the exploding urban and vehicular
population has resulted in a most hazardous health
situation. These peaks of pollution are thus far just not
understood, and will no longer be seen as unusual for the
city of Delhi once the weather factors responsible for the
peaks are better understood by analysis.
MONTH-WISE MAXIMUM (PEAK), AVERAGE AND MINUMUM VALUES OF
AIR POLLUTION INDEX PM-2.5 IN DELHI YEAR 2015
PM 2.5
Micrograms / Cu.m

1000

800

This Peak Air Pollution Level was on
11 November 2015 DUE TO FESTIVAL OF
DIWALI when thousands
of tonnes of
Fireworks are burnt

600

This Peak Value of Air Pollution in Delhi was
due to Heat Wave on 5th and 6th May 2015
when Citizens would have Used Air
Conditioners . The pollution is due to
Thermal Power Stations nearby

Maximum Value
of PM 2.5 in
that Month

400

Average Values of
PM 2.5 in that
Month

200

Minimum Values

Figure 6. Seasonal Variation of Particulate Air Pollution in Delhi

While some experts believe that in winter, cool air
causes “inversions” that stagnate the air and trap pollution
close to the ground, others aver that the jump in air
pollution seen from 21 to 23 December 2015 is unusual
and cannot be explained by meteorology. The long–cycle

0
0

2

4

6

8

10

12

14

Months from January 2015

Figure 7. Peak, Average and Minimum Monthly Average of Particulate
Air Pollution in Delhi as Measured by the Reference Sensor (Data from
Table 6)
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It has already been observed that cool air causes
“inversions” that stagnate the air and trap pollution close
to the ground. It is hypothesized in this Study that two
factors control this phenomenon, ambient air temperature
(t) and dew point (tD). The colder the air, the denser it is.
Thus dense, moist air “trap”, or bind together, carbon, dust
and tyre-rubber that constitute particles particulate air
pollution and this mixture sinks to the ground. These two
physical parameters ambient air temperature (t) and dew
point (tD) are tied together mathematically in a factor
called Relative Humidity (RH).
RH and Dew Point Relative Humidity is the ratio
(expressed as a percentage) of the amount of moisture
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actually in the air to the maximum amount that can be
present at that temperature. Dew Point is the temperature
at which a given sample of air at a given ambient air
temperature will have a relative humidity of 100 percent;
hence, the saturation temperature. All three -- relative
humidity, temperature and dew point -- are bound together
in the mathematical relationship [28].

RH ~ 100 − 5 ( t − t D )
td = t, the dry-bulb temperature, when RH =100%. This
relationship is expressed graphically in Figure 8.

Figure 8. Relationship between Dew Point, Ambient Air Temperature and Relative Humidity [31]

For a given Dew Point, the RH varies as a function of
ambient air temperature in the manner shown. Given any
two factors the third is directly seen and calculated.
Concepts of “Weather Index” (WI) Two “weather
factors” were conceived as being able to rationalize the
effect of weather on air pollution in cold wet air. The first
is Relative Humidity (RH) which is the amount of
moisture present in the air to what the air can hold at that
temperature. (It is also the ratio of the partial pressure of
water vapour to the equilibrium vapour pressure of water
at the same temperature.) This does not involve dew point,
which is an essential factor in air pollution. Hence a new
factor, called “Weather Index” (WI) was postulated where

WI = 1 / ( t * t D ) .
The values of WI and RH were calculated for the year
2015 for each month January to December. The data and
calculations are tabulated in Table 8. In India, and in Delhi,
the months July and August are monsoon periods with
heavy rainfall. The rain washes the air pollution down
every day. Hence as will be observed in Figures…, air
pollution is least in July-August months. Hence all values
of WI and RH are “normalized” taking the value of WI
and RH in July = 1.

Table 8. Values of Weather Index and Relative Humidity in Delhi for Different Months in Year 2015
(Data from Reference
Weather Index that
Normalized
Mean Ambient Air
Dew Point (tD)
Sensor)Month in Year
Amplifies Pollution
Weather Index
RH=100-5(t-td)
Temperature (t)
2015
[ϒ= 1/(t*tD)]
[July =1]

Monthly
Average
PM 2.5

Mar

22.25

11.00

0.00409

3.49

43.75

71

Apr

29.8

10.00

0.00336

2.87

1.00

62

May

32.25

13.50

0.00230

1.96

6.25

74

Jun

33.3

22.00

0.00137

1.17

43.50

55

Jul

30.65

28.00

0.00117

1.00

86.75

33

Aug

29.9

27.50

0.00122

1.04

88.00

33

Sep

29.45

22.50

0.00151

1.29

65.25

50

Oct

26.3

14.50

0.00262

2.24

41.00

105

Nov

21.05

10.00

0.00475

4.06

44.75

236

Dec

14.55

8.50

0.00809

6.91

69.75

249

Jan

15.8

9.00

0.00703

6.01

66.00

184

Feb

17.3

12.00

0.00482

4.12

73.50

139

From this data, the annual variations of Air Pollution
Factor PM 2.5 and WI factor can be visualized and
compared in graphical form in Figure 9 and Figure 10.
A very clear pattern relating air pollution to air
moisture-density factor emerges. It shows that AMD

increases by a factor of 7 in winter months as compared to
baseline value in July during the rainy season, PM 2.5
increases by a factor of 7.5. A similar correlation was
attempted from Table 8 using relative humidity (RH) for
each month instead of WI. This is shown in Figure 11.
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WEATHER INDEX AS A FUNCTION OF MONTHS OF THE YEAR 2015
IN DELHI

8.00

DECEMBER

7.00

Weather Index [WI= 1/(t*tD)]
6.00
5.00

X

MARCH

4.00

7

3.00
2.00

JULY

1.00

Months from March 2015

0.00
1

Figure 9. Seasonal Variation of Air Pollution (PM 2.5) in Delhi Year
2015

3

5

7

9

11

Figure 10. Seasonal Variation of Weather Index WI =1/(t*tD)] in Delhi
Year 2015

Selection of Weather Factor for Investigations on
Air Pollution Figure 11 as expected shows that RH is a
maximum in July/August, the rainy season. This trend is
not useful as much as the Weather Index (WI) that shows
a distinct increase in winter months in Delhi as compared
to the rainy season when air pollution is expected to be the
least throughout the year; and is also synchronized exactly
with variations of PM 2.5.
Correlation between PM 2.5 and WI Hence for
further analysis of PM 2.5, the AMD was chosen as an
appropriate factor to visualize the effect of weather on air
pollution. The values of monthly average PM 2.5 from
January to December 2015 for year 2015 were plotted
along with AMD (weather index) factor for the same
months. The result is shown in Figure 12.
Figure 11. Seasonal Variation of Relative Humidity in Delhi Year 2015

Figure 12. Synchrony of Air Pollution with Weather Index

The pattern of cyclical variations in PM 2.5 with WI is
seen in Figure 12 Seasonal (monthly) time factor is now
removed as a variable, the values of WI vs. PM 2.5 are
plotted and are shown in Figure 13.
A linear relationship is obtained. Thus the relationship
between air pollution in Delhi for year 2015 is very clearly
established. However the limitation as explained earlier is
that the data and analysis is unique to Chanakyapuri

locality only. This weather characteristic is to be
determined for every locality in Delhi because as is seen
from Table 2 the Ambient Temperatures and Dew Points
can vary from one locality to another.
Extensions of Weather factor Analyses Further, since
annual rhythms of air pollution (2013 to 2015) bear great
deal of similarity, it can be expected that this WI factor
can be used as an analytical tool for the city of Delhi in
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future as well and studied for longer periods to see the
effects of global climate change on air pollution in Delhi.
Similar weather-air pollution relationships need to be
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developed for all polluted cities in India and cases
compared to see whether this is a universal pattern.

Figure 13. Relationship between Weather Index and Particulate Air Pollution in Delhi Year 2015 at Reference Sensor Location
RELATIONSHIP BETWEEN AIR POLLUTION, CLIMATIC CONDITIONS AND
GOVERNMENT OF INDIA’S (SAFAR) HEALTH INDEX IN DELHI YEAR 2015

Micrograms / Cu.m

500

VERY POOR FOR HEALTH

POOR FOR HEALTH
Air Pollution
Index

50

Air Pollution
Index

Heat Wave
Effect

MODERATE HEALTH HAZARD

SUMMER

5

Air MoistureDensity Index

0

2

1

4

Air MoistureDensity Index

MONSOON
SEASON
WINTER

6

8

10

12

14

Weather Index
= 1/(Ambient Temp. x Dew Point)

Figure 14. Comparing the Seasonal Patterns of Air Pollution (PM 2.5)
With the Effect of Weather Estimated by the Weather Index (WI)

Seasonal Variations of Weather and Air Pollution
on Health The World Health Organization, the US EPA

Season

SUMMER

MONSOON
(RAINY)

WINTER

and the Government of India have set standards of air
pollution that these authorities in their wisdom consider
safe or hazardous to health. All however are based on PM
2.5. It is not the intention to compare these standards
except to point out that the standards in India are seen to
be lower than WHO and EPA. The Ministry of Earth
Sciences, Government of India and its monitoring and
analysis organization SAFAR have (in 2010) issued the
following standards, shown in Table that indicates Air
Quality Index in sub-indices grouped in FIVE Good,
Moderate, Poor, Very Poor and Severe. Each sub-group
has a Health Advisory and Health Statement. These have
been discussed in the section on Materials and Methods.
Based on the relationship between air pollution (PM 2.5)
and weather (WI factor) an integrated perspective
regarding effects of seasonal variations weather and air
pollution, impact on health of citizens in accordance with
Government of India (SAFAR 2010) standard is set out in
Figure 14.

Table 9. Impact on Particulate Air Pollution PM 2.5 Without Weather Amplification (WI) Effects
Normalized Weather
Average Monthly
Theoretical Values of PM 2.5 Without
Month in Year 2015
(WI) Factor [July =1]
Average PM 2.5
Weather Amplification factor
(A)
(B)
(B/A)
Feb
4.12
139
34
Mar
3.49
71
20
Apr
2.87
62
22
May
1.96
74
37
Jun
1.17
55
47
Jul
1.00
33
33
Aug
1.04
33
32
Sep
1.29
50
39
Oct
2.24
105
47
Nov
4.06
236
58
Dec
6.91
249
36
Jan
6.01
184
31

37
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Theoretical Value of Air Pollution in Delhi without
Weather Amplification Effects Table 9 sets out what
would be air pollution values in Delhi without weather
modulation effect. By applying the AMD factor on the
monthly average of PM 2.5 values; the effect of weather is
mathematically removed from the measured values on PM
2.5. This is done in Table 9.
From this Table it can be inferred that weather is the
primary factor standing between the Delhi becoming
almost pollution free (i.e. theoretically PM 2.5 would
never exceeding say 5O) that would make it among the
least polluted cities of the world.
Actual Effect of Weather Conditions on Air Pollution in
Delhi The weather conditions are such that in summer,

•
•
•

In summer, 1 µg/m3 of air pollution generated by
human activity will be amplified to a maximum
of about 4 µg/m3.
In the monsoon season, rains wash down all
particulate air pollution. Hence the effect of
weather is not appreciably discernable.
In winter, 1 µg/m3 of air pollution generated by
human activity will be amplified to a maximum
of about 7 µg/m3

4.3. Comparison of Results of CPCB and IIT
(Kanpur) Studies and Apportionment Analysis
The Delhi Average apportionment for each Source and
each Season is extracted from Table 9 and shown in Table 10.

Table 10. Comparison of Theoretical Values of Air Pollution without Amplification by Weather of This Study With Seasonal Average
Apportionment of Particulate Air Pollution Aggregated from 10 Localities in Delhi City as Reported in CPCB Study
Source-wise Apportionment of Air Pollution (from CPCB Study)
ANNUAL AVERAGE % age
[Seasonal Data from From Table 5]
Air Pollution
0.09
0.10
0.11
0.12
0.15
0.18
0.34 Aggregate
from All
DG
Road
Open
Measured
Normalized Theoretical Values of Sets Domestic Industry Vehicles Burn Construction Dust Sources
Month of
(9% Error)
Average
Weather
PM 2.5 Without
Year
Monthly
Index
Weather
Source-wise Apportioned Air Pollution PM 2.5 Values
2015
Average PM 2.5 (July=1.0) Amplification factor
4.12
Feb
139
3.06
3.4
3.74
4.08
5.1
6.12
11.56
34
37.06
3.49
Mar
71
1.8
2
2.2
2.4
3
3.6
6.8
20
21.8
2.87
Apr
62
1.98
2.2
2.42
2.64
3.3
3.96
7.48
22
23.98
1.96
May
74
3.33
3.7
4.07
4.44
5.55
6.66
12.58
37
40.33
1.17
Jun
55
4.23
4.7
5.17
5.64
7.05
8.46
15.98
47
51.23
1
Jul
33
3.3
3.3
3.63
3.96
4.95
5.94
11.22
33
36.3
1.04
Aug
33
3.2
3.2
3.52
3.84
4.8
5.76
10.88
32
35.2
1.29
Sep
50
3.9
3.9
4.29
4.68
5.85
7.02
13.26
39
42.9
2.24
Oct
105
4.23
4.7
5.17
5.64
7.05
8.46
15.98
47
51.23
4.06
Nov
236
5.22
5.8
6.38
6.96
8.7
10.44
19.72
58
63.22
6.91
3.24
3.6
3.96
4.32
5.4
6.48
Dec
249
12.24
36
39.24
6.01
Jan
184
2.79
3.1
3.41
3.72
4.65
5.58
10.54
31
33.79

The Apportionment of air pollution from Table 10 is
plotted as a graph (Figure 15) to visually observe the trend

through the seasons for the seven different components of
air pollution in Delhi.

Figure 15. Annual Seasonal Variations of PM 2.5 Measured in Chanakyapuri with Appropriations of All Air Pollution Sources Averaged From 10
Locations In Delhi (Measured as reported by CPCB)
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Analysis of IIT (Kanpur) Report on Appropriations
[29] The Delhi Government has contracted the Indian
Institute of Technology (Kanpur) to carry out an
apportionment Study. The original Report yet unpublished.
Hence the locations and measurement techniques
deployed are not known. The experimental techniques
used are also not known. But the data quoted in this Study
are consistent from several news articles that brought out
the important contents of the Report. The appropriation
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due to coal burning thermal power stations is also not
reported. The Study has estimated the total PM10
emission load in the city at 143 tonnes per day and listed
the top contributor as road dust (56%) and other
components. The PM2.5 load at 59t/d, and the top
contributors are road dust (38%) and other components. as
brought out. From this published data the following
estimates of total appropriations are made and Tabulated
in Table 11.

Table 11. Comparison of Results from the Studies of the Central Pollution Control Board (2010) and Indian Institute of Kanpur (2015)
Others
Components of Particulate
Total
Vehicles
Road Dust Industrial Domestic
Construction (DG Sets and
Emissions
Tonnes/day
Open Burn)
PM 10
143
12.9
80.1
14.3
0
14.3
21.5
PM 2.5
59
11.8
22.4
6.5
7.1
0
11.2
Total (Tonnes /Day)
202
24.7
102.5
20.8
7.1
14.3
32.7
% Total Particulate from IITK Study
12%
10%
16%
51%
4%
7%
(Locality not specified)
% Total Particulate from CPCB Report
12%
11%
15%
34%
10%
18%
from 10 locations over All Seasons

Comparison the two Appropriation Studies A
comparison is made between appropriations made by the
earlier CPCB Study and this recent IIT (Kanpur) Study in
this Table. It can be seen that excepting for the dust,
domestic and construction components there is otherwise
reasonable agreement between the two Studies. In regard
to vehicular, industrial, diesel generating (DG) sets and
opens burning. Since the CPCB study brings out that dust,
domestic and construction vary a lot with the season, it
may be presumed that the difference may be due to
differing seasons when the measurements of dust were
made by the two Studies.
Appropriate emission control strategies may now be
readily formulated on the basis of these findings.

5. Recommended
Strategies

Emission

Control

Strategies for reduction and ultimate elimination of air
pollution in Delhi are summarized in Table 12. Several are
already recommended by the IIT(K) Study and are
brought out here for sake of completeness.

6. Discussions & Conclusions
So far, weather is not ascribed to be one of the primary
reasons for unusually high particulate air pollution in
Delhi, but merely a factor that influences air pollution.
This study attempts to fill this gap.
Impact of Local Weather Conditions The attempted
approach of determining an exact relationship between
particulate air pollution and weather conditions is a novel
feature of the Study. Air pollution data having been
sourced by sensors at 11 locations, the Reference Sensor
being fortuitously located in a sparsely populated locality
far away from heavy traffic and the 10 others located
directly on the kerb-sides at ground level of roads in the
heart of densely populated areas with high traffic density,
industries etc has enabled a representative study of the
whole of Delhi.
It has been established both mathematically by the
weather analysis, and empirically validated by the

apportionment analysis that the ‘weather index’ approach
to analysis is unique to the city of Delhi and not universal
to all urban centres. Since nearly 78 cities of India are
reported to be highly polluted, this approach may be
attempted for all cities and differences in effect of
‘weather index’ studied. It can be inferred that the weather
conditions in Delhi actually amplify air pollution from all
the recognized sources. In December and January weather
amplifies air pollution by a factor of 6.0 to 7.0; in summer
by a factor of about 4. If the sum total of all the PM 2.5
components of particulate air pollution were made equal
to 1.0 µg/m3, then the weather raises the PM-2.5 level to
7.0 µg/m3 in winter and 4.0 µg/m3 in summer due to
weather. This weather component of air pollution can be
addressed and mitigated in 10-15 years by environmental
upgradation. Resuspended Road Dust has been seen to be
the major contributor to particulate air pollution in Delhi
(34% to 51% ) followed among others by vehicular
pollution (12%) as set out in Table 11.
The low proportion of contribution to air pollution by
vehicular traffic in Delhi thus appears to explain the
outcome of Delhi Government’s unique experiment to
drastically reduce vehicular traffic by 50% for 15 days in a
month, one month in winter and one in summer, that did
not appear to tangibly affect levels of particulate air
pollution either in winter or summer seasons; though of
course contributing to the temporary mitigation of global
warming not to speak of freedom from heavy traffic jams.
It was clear that Delhi’s air pollution mitigation and
control programmes need to focus all the year on intense
road-level attention.
Measures are needed to mitigate re-suspended road dust
and vehicular pollution thus addressing 46% to 63% of the
air pollution in Delhi. A separate and equally well
organized drive is needed to address the remaining 37% 54 % of air pollution from all the other sources.
Striking at the Roots: Deep Forestation for
Changing the Weather over Delhi One cannot change
geography and weather. But knowing Delhi has
historically been a recipient of dust-laden winds and
storms blowing across loose soil on 91,000 sq. Km of
alluvial plains mostly now in Pakistan, it would seem that
a deep wooded forest belt around Delhi could help
drastically and permanently reduce chronic air pollution in
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the city due to dust. Even as the forest is growing over 1015 years, tens of thousands of people will be dying unless
immediate measures are implemented to cut down

emissions from all sources as well. Detailed Emission
Control Strategies for sustainable and massive reduction
of air pollution in Delhi need to be evolved as described.

Table 12. Recommended Emission Control Strategies
Dust and Emission Control Strategies recommended
IMMEDIATE AND SUSTAINED SOLUTIONS
a) Create a specialist branch of appropriate pollution regulatory organization in Delhi State to implement
programmes to eliminate road dust in Delhi
b) Ban the movement of inter-state vehicles into Delhi for months of December and January
c) Restrict the movement of interstate vehicles from February to November unless each vehicle has been subjected
to thorough machine-based water washing before crossing the Delhi city border. Work may be entrusted to Private
Companies like toll-tax booths on national highways
Resuspended Road Dust
d) For winter (December-January) operations Procure a large fleet of Road Vacuum Cleaning Trucks (already
(34% - 51% of air pollution)
in use in advanced countries) and deploy them EVERY DAY between 5 AM and 7 AM to remove condensed
particulate air pollution of last 36 hours
e) For remaining 10 months (February - November) operations. As recommended by IIT (K) Study, mechanical
sweeping with water wash: This Study estimates that if main roads are swept twice a month, road dust emission
will be reduced by 23 per cent; if four times a month, it will be down by 52 per cent. this is specially needed during
pre-monsoon dust storms. It can be dispensed with in July-August (rainy months)
Immediate Solutions: Dealt with very extensively by the author in [31]. Fourteen enabling new and advanced
technologies are identified for immediate test, evaluation, and deployment where found suitable based on a
prioritized assessment of each vehicle’s need. Several of these advanced technologies have already been fully
Vehicular Emissions
developed and extensively certified in India in civil R&D. A technology upgradation and its management strategy
(12% of air pollution)
has been recommended to significantly reduce hazardous emissions to about 50% of the current measured values
within 5-7 years both in summer and winter, enabling turning around of this city to safe vehicular emission levels.
Long Term Solution: Zero Emission Vehicles
As recommended by IIT (K) Study that suggests that Industries be made to use light diesel oil and high speed
diesel with sulphur content 500 ppm or less in boilers or furnaces. Allow no new polluting industry, it adds. Effect:
15 to 30% control in PM from this source, negligible sulphur-dioxide.
For Diesel Generators the Study suggests reduced sulphur content to 500 ppm.
Industries
and
Domestic
Effect: 15 to 30% reduction in PM emission from this source from present 1400 kg/d.
Sources, Diesel Generators,
For Cooking Fuel the Study suggests ban coal for cooking, shift to electric or gas-based devices, stop burning
cooking fuel, concrete batching
municipal solid waste. Every day, these sources contribute an estimated 12.8 tonnes/day of PM 10. Effect: 57%
reduction in PM 10 from these sources.
For Concrete Batching the Study suggests spraying water at construction sites, use wind breakers, bag filters at
silos, cover sites. Effect: 49% reduction in PM10 and PM2.5.
This is the ONLY Long Term Solution to eliminate pollution of air pollution rom coal based thermal power
stations and needs to be taken up as part of the rapidly expanding national solar mission.
Five fuel-guzzling power plants in the Capital [32] are set to face closure if the Delhi government's power
department has its ways [30]. The power department has proposed shutting down the
1. Badarpur Thermal Power Station,
2. Rajghat Power House Station,
3. Pragati Power Station,
4. IPGCL's gas turbine and the
5. Rithala power plant
due to their high power production cost. The department has planned to transfer the same fuel to gas-based Bawana
power plant to make it fully functional. The 1,500-MW capacity plant is currently producing less than 500 MW of
electricity. The power plants will be shut down after the summer months when the peak electricity demand is
expected to cross the 6,000-MW mark this year.
Coal Based Thermal Stations
The total power capacity of 5 thermal power stations proposed to be shut down in Delhi is 1500 MW. The
suggestion is replace with 3 x 500 MW solar thermal power stations with molten salt storage that will deliver
energy 24-hours /day. Together with the gas-based 1500 MW Bawana power plant and the Indraprasta Power
Station (135 MW) the installed capacity for steady state demand will be 3000MW, this gives rise to total of 3135
MW Installed capacity.
Peak load is 6000 MW in summer months. Hence remaining 2865 or say another 3000 MW Solar PV Plants may
be installed to cater for summer months. This PV capacity will deliver energy 6 hours/day when the sun shines.
Total solar plant capacity = 4500 MW. The National Solar Mission has planned and already implementing 4 UltraHigh Capacity solar power stations in India but they generate power just 6 hours every day. But what is suggested
here for Delhi is solar power stations with molten salt storage of solar heat that then operate electricity
generating turbines at night time. Such plants are already operational in Saudi Arabia and provide 24 x7 baseload
power to the city of Delhi.
[2] https://delhiair.org/ “April wasn’t January”, The Indian Express
May 13, 2016.
[3] Daily Mail UK
http://www.dailymail.co.uk/indiahome/indianews/article2956075/Delhi-chokes-world-s-deadliest-air-Greenpeace-surveyThe sustained interest and help of Dr E.A.S Sarma and
finds-Capital-s-pollution-TEN-TIMES-higher-World-HealthOrganisation-limits.html.
Dr. R.Krishnan is gratefully acknowledged.
[4] U.S. Mission India NowCast Air Quality Index
http://newdelhi.usembassy.gov/airqualitydataemb.html.
[5] Source of Data for Years 2013 and 2014: The Daily Mail, UK Ibid
[1]. For Year 2015, source is US Embassy Air Pollution
Monitoring Station.
[1] Air pollution causes 30,000 deaths in Delhi annually, fifth leading
[6] Khare M Civil Engineering Department, Indian Institute of
cause of death in India http://www.firstpost.com/ india/airTechnology, New Delhi, The Mail Online India, 16 Feb 2015 Ibid
pollution-causes-30000-deaths-annually-in-delhi-fifth-leading[1].
cause-of-death-in-india-2547278.html 16 December 2015.
Source of Air Pollution
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Appendix “A”
Typical Air Pollution Data Sheet for This Longitudinal Study
Created by Online2PDF.com
Group Report - Group PM2.5
Dat
Time
US Consula US Consula US Consula US Consula US Embassy-New Delhi
PM2.5_ChePM2.5_Kol PM2.5_HY PM2.5_Mu PM2.5_Delhi
µg/m3
µg/m3
1/1/2015
1:00 AM
75
199.2 --1/1/2015
2:00 AM
113
219.4 --1/1/2015
3:00 AM
93
196.5 --1/1/2015
4:00 AM
71
220.5 --1/1/2015
5:00 AM
59
193.8 --1/1/2015
6:00 AM
56
187.4 --1/1/2015
7:00 AM
71
208.2 --1/1/2015
8:00 AM
91
219.1 --1/1/2015
9:00 AM
71
225.9 --1/1/2015
10:00 AM
73
163
1/1/2015
11:00 AM
58
110.5 --1/1/2015
12:00 PM
--85 --1/1/2015
1:00 PM
29
75.8 --1/1/2015
2:00 PM
35
61.2 --1/1/2015
3:00 PM
56
34.1 --1/1/2015
4:00 PM
56
40.1 --1/1/2015
5:00 PM
37
48 --1/1/2015
6:00 PM
39
50.3 --1/1/2015
7:00 PM
--62.9 --1/1/2015
8:00 PM
45
48 --1/1/2015
9:00 PM
33
51.4 PwrFail
1/1/2015
10:00 PM
46
64.6 --1/1/2015
11:00 PM
66
43.9 --01/01/2015 24:00 AM
66
40.7 --2/1/2015
1:00 AM
68
29 --2/1/2015
2:00 AM
62
28 --2/1/2015
3:00 AM
57
28.1 --2/1/2015
4:00 AM
51
34.1 --2/1/2015
5:00 AM
51
37 --2/1/2015
6:00 AM
68
36 --2/1/2015
7:00 AM
76
38.1 --2/1/2015
8:00 AM
103
44.1 --2/1/2015
9:00 AM
51
60.8 --2/1/2015 10:00 AM
31
50.1 --2/1/2015 11:00 AM
24
54.9 --2/1/2015
12:00 PM
16
47.9 --2/1/2015
1:00 PM --44 --2/1/2015
2:00 PM
20
41.8 PwrFail
2/1/2015
3:00 PM
21
32.1 PwrFail
2/1/2015
4:00 PM
19
35.2 PwrFail
2/1/2015
5:00 PM
19
42.8 ---

µg/m3
75.7 --107.4 --134.7 --128.4 --99.2 --103.8 --122.5 --94.8 --116.9 --137.1
118.8
105
79.3
63.3
45.9
65.3
46.3
58.1
47.6
43.1
48.8
64.5
70.2
77.2
125.2
101.8
100.1
101
99.7
87
100.1
117.1
162.6
144.7
125.9
97.6
51
63.2
39.7
57.7
43.9

µg/m3

436
291
270
207
163
313
233
173
178
266
449
290
329
281
267
259
304
375
457
430
302
154
58
40
37
50
62
54
54
62
104
107

