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Abstract

A study of concentrations of sulfur dioxide (SO2) and suspended particulate matter (SPM) has been performed in
Delhi. The monthly and seasonal variations of concentrations and winds are analyzed. The monthly mean SO2

concentrations were in the range of 16.15-34.44 ngrrT3 and showed regular seasonal variations with the highest
concentrations in winter and lowest in monsoon season. On the other hand, the monthly mean SPM concentrations
reached the highest (465.68 |j,gm~3) in November and the lowest (150.07 |j,gm~3) in August. It was observed that high
SO2 concentrations were generally associated with the wind blowing from WNW-NW directions, and the high SPM
concentrations were usually related to the wind blowing from W-NW directions.
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1. Introduction

Rapid urbanization and industrialization have made
Delhi the fourth most polluted city in the world with
respect to suspended particulate matter (SPM) (WHO,
1992). Due to such high level of pollutants in Delhi, it
was felt that an in-depth study of wind and its impact on
pollutants concentration should be made, although
some studies were made in this field previously (Datar
et al., 1996; Ziomass et al., 1995) but they were not able
to give a clear picture of Delhi. In the context of our
industrial development, any new industrial siting pow-
ered by coal or fuel oil is likely to further degrade the
ambient air quality. The present study may also be
useful for siting, planning and management.

The main sources of air pollutants in Delhi are fossil
fuel burning power stations, road transport, industry
and domestic coal (MOEF, 1997). However, the most
important one is not the same for the different
pollutants. in Delhi, the power stations, industries and
vehicles had emitted 56.8%, 38.4%, 4.8% of SO2,

respectively, with a total SO2 emission of 81,229.17 tons
in 1995 (NEERI, 1998), while emissions of SPM by
vehicles, power stations, industries and domestic sources
were 6.7%, 60.4%, 31.3% and 1.6% respectively (NRA
Report, 1997) against the total SPM emission of
1,46,970.15 tons in 1995.

The main objective of this study is to evaluate the
impact of winds on SO2 and SPM concentrations in
Delhi.

2. Methodology

In view of the above objective, it is essential to have an
idea of topographic features and climate condition of
the region and data used. Delhi, the capital city of India
is situated in the territory of Delhi state in the northern
part of India (Latitude 281350N, Longitude 711 120). The
river Yamuna forms the eastern boundary of the city.
Delhi is situated between the Great Indian Desert (Thar
Desert) of Rajasthan state to the west, the central hot
plains to the south and the cooler hilly region to the
north and east.

The most important season in Delhi is the winter,
which starts in December and ends at the end of
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February. This period is dominated by cold, dry air and
ground-based inversion with low wind conditions
(wsglms"1), which occur very frequently and increase
the concentrations of pollutants (Anfossi et al., 1990).
The pre-monsoon (March, April, May) is governed by
high temperature and high winds, while the monsoon
(June, July, August, September) is dominated by rains
and post-monsoon (October, November) has moderate
temperature and wind conditions.

2.1. Ambient air quality data

The ambient air quality data used in the present study
covers the period 1995-1997 and were obtained from
Central Pollution Control Board (CPCB) reports
(NAAQMS 1997, 1999, 2000). The monitoring of
pollutants have been carried out for 24 h (4 hourly
sampling for SO2 and 8 hourly sampling for SPM) at a
height of 3-5 m with a frequency of twice a week, to
have 104 observation days in a year. To achieve the
objective of the study, the monthly and seasonal
variations of the concentrations and winds at four
different monitoring stations (Fig. 1) have been ana-
lyzed. In order to ensure the quality of the data, CPCB
has been going through the following procedures
regularly: (1) Monitoring equipments, e.g. calorimeter,
flow meter, elapsed time meter, etc. have been used to
calibrate once in six months, (2) sampling train has been
tested regularly for checking the leakage, (3) at the
minimum, one calibration point of all the monitoring
equipments has been checked every fortnight and if
found that the point is deviated more than 7%, then the
whole equipment has to be calibrated, (4) wet chemical
method has been standardised every month. The
sampling sites have been chosen near busy traffic
intersections, residential areas and large-scale industrial
areas, etc. which are representative of the scenario of
Delhi.

2.2. Measurements of SO2 and SPM

The SO2 is absorbed from air in a solution of
potassium tetra chloromercurate. The resultant
complex is made to react with pararosaniline and
formaldehyde to form the colored pararosaniline
methylsulfonic acid. The absorbance of this solution is
measured by means of a suitable spectrophotometer at a
wavelength 560 nm.

SPM is measured gravimetrically, which are collected
by the process of filtration of a known volume of air
containing dust and suspended particulates. Special
glass fiber, circular Whatman filter papers are utilized
as filters. The difference in the weight of the filter papers
for a known volume of air sampled provides the weight
of the suspended particulates.

2.3. Meteorological data

The continuous recording of wind data at 10 m height
was made using sonic anemometer during the study
years 1995-1997 by the Indian Meteorological Depart-
ment (IMD), New Delhi. The hourly wind data
compiled from the above data have been further
computed on monthly basis. The resultant monthly
wind speed and wind direction has been computed as
follows:

The resultant wind direction

<t> = tan"1 <̂  — )

nRcosf

and the resultant wind speed

V = ððR sin fÞ2 þ ðR cos fÞ2Þ1=2
;

where
n

R cos f — X ui c o s yi
1 = 1

and
n

R sin f — X ui s i n yi;
1 = 1

where ui and yi are the wind speed and wind direction of
ith hour; n is the number of observations, f is the
resultant wind direction (in degrees) and V is the
resultant wind speed (in ms"1).

In view of the main objective of the study, frequency
distribution of monthly winds have been discussed with
monthly mean concentration of SO2 and SPM in Delhi.

3. Results and discussion

The monthly wind data of the years 1995-1997 have
been analyzed and observed that, most of the time, wind
is blowing from W-NW directions. Therefore, the
monthly and seasonal concentrations of SO2 and SPM
in Delhi have been analyzed in the same wind directions.

The monthly mean concentrations of SO2, along with
the frequency of occurrences of WSW-NW winds and
SPM concentrations with the W-NW winds are shown
in Fig. 2. The monthly mean SO2 concentrations show
regular monthly variation same as the frequency
distribution of wind. The variation of mean concentra-
tion in each month has also been represented by
standard deviation, which shows that high concentra-
tions have been observed in the months of December,
January and February, which represents the winter
season with low level inversions in stable atmospheric
conditions. The highest monthly mean concentration of
SO2 (34.44 |j,gm~3) appears in January with the fre-
quency of occurrence of WSW-NW winds (35.10% ).
The same decreases sharply in September (16.15 |j,gm~3)
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Fig. 1. Location of monitoring stations in Delhi State.

with decreasing frequency of winds and reaches its
minimum values (18.80%). The concentrations of SO2

are low in the months of June, July, August and
September due to the washout of pollutants in monsoon
season. Thus, one can see that SO2 concentrations vary
seasonally in the following order: winter > post-mon-
soon > pre-monsoon > monsoon.

On the other hand, the SPM concentrations show
the seasonal variation with the highest concentrations
during post-monsoon, winter and pre-monsoon
seasons and low concentrations during monsoon season.

The SPM concentrations increase dramatically
(465.68 |j,girr3) in November with highest frequency
(47.22%) of W-NW winds and decrease sharply
(150.07ngm~3) in August with frequency (18.80%). It
is noticeable that wind pattern in northern part of India
including Delhi reveals that the wind blows from the
western part of India to Bay of Bengal during most of
the time in a year except in monsoon months (June-
September) when the direction of the wind is reverse.
The high concentration of SPM is obvious in winter due
to the presence of low-level ground-based inversions.
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Fig. 2. Monthly mean air pollutants concentrations along with standard deviations: The top—SO2 and frequency of WSW-NW
winds. The bottom—SPM and monthly frequency of W-NW winds.

However, the high winds and convective atmospheric
conditions in post-monsoon and pre-monsoon seasons
encourage dispersion of particulates, but high winds
blowing from W-NW directions are dragging particu-
lates from Thar desert to Delhi, which lead to high
concentrations of SPM in these seasons. Thus, it is
noticeable that the high concentrations of SPM in post-
monsoon and pre-monsoon seasons are greatly affected
by winds. During the monsoon season the washout of
pollutants by rains is the main reason for low SPM
concentrations.

On the other hand, the major emission sources
of SPM in Delhi are power stations and industries,
which have contributed 91.7% of the SPM concentra-
tion in 1995 (NRA Report, 1997) along with the
winds, dominated from WSW to NNW directions
(Fig. 3). Unfortunately, most of the industries
are located in these directions only. But high
concentrations of SPM most frequently occur in
the months with the W-NW winds except in
monsoon season, which may be due to washout
in rains.



P. Goyal, Sidhartha / Atmospheric Environment 36 (2002) 2925-2930 2929

NNW NE
NNW,

NW

ESE

SE

,SE

NE

ESE

NNW,

NW

NE

NE

NNW

ESE

SE

SE

NNE
NE

ESE

Fig. 3. (a)-(d) The monthly mean concentrations of spm (in ngm ) in winter, pre-monsoon, monsoon, post-monsoon seasons as a
function of the corresponding wind direction.

The overall results and discussion reveal that seasonal
variations are largely affected by the winds in Delhi.

4. Conclusions

The aim of this study was to characterize seasonal and
monthly variations of SO2 and SPM concentrations with
respect to winds, which yielded several results as follows:

1. SO2 concentrations show seasonal variation, with
the higher concentration during winter and lower
concentrations during monsoon. These SO2 concen-
trations vary in the following order: winter > post-
monsoon > pre-monsoon > monsoon. The causes of
highest SO2 concentrations during winter season
might be the stable atmospheric conditions, which
reduce the ability of atmosphere to disperse the
pollutants. In monsoon season, the pollutants were
washed out due to rain yield in the lower concentra-
tions of SO2.

2. SPM concentrations show the seasonal variation
with the highest concentrations during post-monsoon

season followed by winter, pre-monsoon and mon-
soon seasons. During post and pre-monsoon seasons,
the dusty winds from the Thar desert of Rajasthan
state increase the SPM concentrations.

3. As indicated by the results, the high concentrations
of pollutants, most of the time, are associated with
the WSW to NW directional winds, which leads to
the fact that the sensitive areas like hospitals, schools,
academic institutions, etc. should not be constructed
in downwind of these directions in Delhi.

4. The industries and power plants in Delhi have been
contributing 91.7% of SPM concentration in 1995
(NRA Report, 1997) and winds have been observed
most of the time dominating from WSW to NNW, in
which most of the industries are located. Thus, it may
also be recommended that these industries should be
relocated to conformal areas, i.e. outside Delhi.
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