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Abstract Atmospheric aerosols and their impacts
on the environment particularly on human health
is an issue of significant public and governmental
concern. Though studies on air quality related to
total suspended particulate matter have done by
various authors in India, yet respirable suspended
particulate matter (PM;,) is not characterized so
far particularly in a historical and world heritage
city like Agra. This study presents seasonal varia-
tion in mass levels of PMy and its ionic composi-
tion. PM( samples were collected in the proximity
of Taj Mahal and subjected to chemical analysis
using ion chromatography technique. The prelim-
inary findings reveal that the 24-h average of PM,
mass level varies from 115 to 233, 155 to 321, and
33 to 178 ug/m?, respectively, in summer, winter,
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and rainy seasons indicating critical pollution sit-
uation. These values are very much higher than
the National Ambient Air Quality Standards of
75 ug/m? (prescribed by Central Pollution Con-
trol Board, India) in both of summer and win-
ter seasons whereas quite near the permissible
limits in rainy season. The equivalent ratios of
NH; to nonsea salt SO;~ and NO; and Y Cations
to > Anios were found to be greater than unity
indicating high source strength of ammonia and
alkaline nature of aerosols. The study suggests the
need for continuous and long-term systematical
sampling and detailed physiochemical analysis of
PM,( and also to know the characteristics of PM in
background areas for better understanding of the
emission sources.
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Introduction

Atmospheric aerosols have been found to play an
important role in the human health problem
(Dockery et al. 1993; Maynard and Maynard
2002), visibility degradation (Malm et al. 1994),
cloud formation (Ramanathan et al. 2001), and
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scattering and absorption of solar radiation
or climate change (Penner and Novakov 1996;
Penner et al. 2004). Urban particles come from
a multitude of sources, anthropogenic to bio-
genic; they are very diverse in chemical compo-
sition and structure (Salma et al. 2001; Chonga
et al. 2002; Johnson et al. 2006; Han et al. 2005).
These aerosols contain a major proportion of in-
organic ionic constituents and consist of mainly
Na*, NH, Ca’*, Mg>*, K+, NO;, SO; ", F~, and
CI™. Determining their composition is essential to
understanding their properties and reactivity and
hence their environmental effects. In addition to
their emissions, both climatology (temperature,
humidity, radiation, wind speed, and precipita-
tion) and geography (topography, soil conditions,
and proximity of arid zones or the coast) effect on
ambient aerosol characteristics in a given region
(Anttila and Salmi 2006).

Though ambient air quality in respect to total
suspended particulate matter, SO,, and NO; is
being monitored on a regular basis in India since

1967 by governmental agencies like National
Environmental Engineering Research Institute
and Central Pollution Control Board (CPCB),
yet respirable suspended particulate matter
(PM,p—particles smaller then 10 in aerodynamic
diameter) has been added recently by the end
of 2000 (World Bank 2001; TERI 2001). In
India, ambient air quality data are available for
few cities like Varanasi (Pandey et al. 1992),
Agra (Kulshresta et al. 1992; Khare et al. 1996),
Hyderabad (Sastry et al. 2004), Pune (Gadgil
and Jadhav 2004), Paonta Sahib (Gupta et al.
1998), Delhi (Singh et al. 1998), Shilong (Katiyar
et al. 2002), and Mumbai (Sharma and Patil
1992); however, data of fine particles are very
scare. Sufficient data on PM;y are now available
worldwide that emphasize on characteristics and
sources (Kyotani and Iwatsuki 2002; Shi et al.
2003; Dan et al. 2004; Samburova et al. 2005;
Johnson et al. 2006), particle size distribution
(Chonga et al. 2002; Han et al. 2005), and
spatial and temporal patterns (Gomiscek et al.
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2004; Anttila and Salmi 2006). Some studies
reported the emissions of fine particles caused
by natural episodes (Niemi et al. 2004, 2005;
Wang et al. 2006). Nowadays, in developed
countries, attention has been paid to fine and
ultrafine particles. In the present study, particular
attention has been paid to evaluate seasonal
variations in mass levels of PM;, and inorganic
ionic composition and to assess the influences
of meteorological conditions. Such data can be
useful to asses the trend in pollution emission for
control measures and urban planning.

Materials and methods
Study site

The city of Agra (27°12' N latitude and 78°17
E longitude), well known as the city of Taj
Mahal, one of the wonders of the world, is lo-
cated in the state of Utter Pradesh in northern
India. Two third of its peripheral boundaries are
surrounded by Thar Desert of Rajasthan. The cli-
mate is tropical, semiarid, and semi-urban region
with calcareous sodic, sandy, and dusty soils. The
year is divisible into three distinct seasons: sum-
mer (March to June), rainy or monsoon (July to
October), and winter (November to February)
with an annual average of temperature 26°C, rela-
tive humidity (RH) 58 %, rainfall of about 650 mm
(90% received in rainy season), and the prevailing
wind direction is NW. Taj Mahal is situated in
the eastern part of the city on the bank of river
Yamuna (Fig. 1).

Ambient sampling

Sampling was performed from January to
December 2007 in the close proximity of Taj
Mahal in Taj Ganj area at a residential roof
top having a vertical height of about 10 m and
a horizontal distance of about 100 m from the
Taj Mahal boundary. PM;, samples were taken
using an Envirotech (New Delhi, India) APM 460
high-volume sampler having a nominal particle
size cutoff with diameter of 10 mm, twice in a
month at fix-day intervals throughout the year
covering all three seasons. Each PMjy sample
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Fig. 2 Seasonal variations in PM;¢ mass levels

was collected on 20.3 x 25.4 cm Whatman GF/A
glass fiber filters having a pore size of 1.6 mm
(Whatman International Ltd, England) for 8 h at
a nominal flow rate of 1 m*/min (CPCB 2003).
The flow rates through the manometer were
monitored once per hour. The sampler flow meter
was calibrated once a month. Glass fiber filters
were conditioned in desiccators containing silica
gel for 24 h before and after sample collection.
PM;, mass concentrations were determined
gravimetrically using precalibrated electronic
balance of 10 ug precision. Field blanks were used
to ensure accuracy of weights. Meteorological
parameters for air temperature, relative humidity,
and wind speed were taken using portable
weather systems, simultaneously on hourly basis
during the sampling hours.

Analysis of inorganic ions

For further analysis of inorganic ions viz. F~, CI~,
SO3~, NOj, Nat, K*, NHj, Ca’*, and Mg>*,
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Fig.3 Seasonal variations in cations and anions mass levels
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Fig. 4 Seasonal variations in meteorological parameters
(Temp temperature, RH relative humidity, WS wind speed,
S summer, R rainy, W winter season. 1, 2, 3, and 4 Respec-
tive months in a season. @, b Number of observations in a
month)

the filter papers including blanks were extracted
in 25 ml deionized water using ultrasonicator
for an hour, kept overnight, and filtered through
Whatman 42 filter. The target ions were ana-
lyzed by ion chromatograph with cation exchange
column, Ionpac CS12, and anion exchange col-
umn, lonpac AS4 A-SC with conductivity de-

tector. The eluent used for anion was 1.8 mM
Na,CO3/1.7 mM NaHCO; and for cation 18 mM
methanesulfonic acid with the regenerant flow
rate of 1 ml/min. The concentrations of chemical
species were calculated by subtracting the values
of blank filters from exposed filters.

Results and discussion

Seasonal variations in PM;, and ionic
composition

Seasonal variations in mass concentrations of
PM,, inorganic cations and anions, and meteo-
rological parameters of respective days as 24-h
averages are shown, respectively, in Figs. 2, 3, and
4. As can be seen from Fig. 2, very higher elevated
mass levels of PM,, were observed during summer
and winter seasons (115-233 and 155-321 pg/m?,
respectively) which exceeded the National Ambi-
ent Air Quality Standards of 75 ug/m?, proposed

Table 1 Relative concentrations of chemical components in PMj( (micrograms per cubic meter)

Sampling date PMj, F- CI~ SO; NO; Nat NHf K* Ca’* Mgt  Wind
direction

S January 2008 262 190 280 790 431 265 230 290 420 056  SE

19 January 2008 295 041 385 063 960 056 040 529 045 020  WNW

9 February 2008 176 108 420 901 380 210 910 324 420 050  SW

23 February 2008 155 033 283 560 452 266 110 384 004 023  WNW

9 March 2007 115 691 240 412 270 134 070 216 230 035  ESE

23 March 2007 131 017 08 191 400 017 970 142 004 079 S

6 April 2007 233 126 210 292 410 140 221 195 170 016  WSW

20 April 2007 152 032 218 170 314 089 100 126 010 030  SSW

4 May 2007 158 201 330 504 208 226 220 190 300 068  SSW

18 May 2007 165 038 294 236 680 048 640 235 006 087  WSW

1 June 2007 128 081 660 1472 58 1270 450 612 410 400  WNW

15 June 2007 121 034 165 009 262 077 160 064 069 056  WSW

6 July 2007 45 117 260 171 079 125 050 126 110 015  SW

20 July 2007 4 011 106 012 191 180 100 061 092 012  ESE

3 August 2007 3 054 050 073 029 035 070 036 046 010  SW

17 August 2007 33 009 101 015 146 228 030 208 090 009 W

7 September 2007 57 045 060 096 049 043 040 056 060 019 W

21 September 2007 68 019 116 031 142 321 580 319 008 004 SW

5 October 2007 138 108 1160 1798  6.52 1044 1540 475 460 060  SSW

19 October 2007 178 209 1052 2120 1622 488 1870 120 627  0.66 ~ NW

2 November 2007 270 116 1240 830 570 806 1170 1480 720 040 NW

16 November 2007 256 170 1630 2374 962 924 360 570 780 096  SSW

7 December 2007 295 036 1420 990 820 820 920 1520 620 120  ESE

21 December 2007 321 162 2092 2523 652 1143 340 2322 812 174  SE
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Table 2 Correlation matrix of PM;o aerosols

Spearman’srank PM;o F~ CI- SO} NO; Na® NHj K* Ca’* Mg>* Temp (°C) RH (%) WS (m/s)
correlation

PMo 1.00 0722 0722 0.722  0.65* 0.49* 0.832 0.73% 0.508 035 —0.33 —0.46°  —0.32
F- 1.00 0.87% 0.77° 0.722 0.612 0.71* 0.612 0.63* 0.522 —0.09 —0.58°  —0.47b
Cl- 1.00 0.67* 0.63% 0.58* 0.84* 0.78% 0.40 0.48 —0.22 —0.51>  —0.28
SO~ 1.00 0.88% 0.54% 0.71* 0.60° 0.61* 046°  0.06 —-0.80>  —0.42°
NO; 1.00 048 0.712 0.61* 049* 033 —0.13 —0.70>  —0.60°
Nat 1.00 0.5 0.56* 0.06 0.00 —0.05 —0.44°>  —0.17
NH} 1.00 088 026 024 —0.30 —-0.50°  —0.28
Kt 1.00 0.08 022 —0.38 —0.41>  —0.31
CaZt 1.00 048 0.3 —0.49>  —0.31
Mg+ 1.00 0.14 -0.37  —0.09
Temp (°C) 1.00 —0.31 0.462
RH (%) 1.00 0.18
WS (m/s) 1.00
Significant level 0.05

Temp temperature, RH relative humidity, WS wind speed
Significant positive correlation
bSignificant negative correlation

by CPCB, India, whereas PM;, levels were ob-
served near permissible limits in rainy season (33—
178 ug/m?) which was due to wash down of pollu-
tion by monsoon precipitations. Overall, the PM,
mass concentration ranged from 33-321 pg/m?®
with an annual average of 160 pg/m?>. The relative
composition of inorganic ions in PMy as 24-h
average concentrations is depicted in Table 1.

Correlation between data sets

The aim of the statistical analysis was to gain
some of preliminary understanding how closely
the mass levels of PM,q and its ions are related to
the influences of meteorology and their emission
sources. For this purpose, the tests were used and
correlation results are depicted in Table 2.

As expected from other studies (Simpson 1992;
Pandey et al. 1992; Katiyar et al. 2002), a sig-
nificant negative correlation between wind speed
and mass level data of PM;, and ions shows the
inverse relationship between the data and there-
fore indicates the predominance of local sources.
In this case, strong winds flush out the pollu-
tion load whereas low winds allow the pollution
levels to rise while weak or negligible correla-
tions indicative the more complex picture with
advections bringing pollution into the region from
other sources. A strong negative correlation of

RH with PM;y and ionic data sets also shows
inverse relationship (Katiyar et al. 2002); thus,
in case of higher RH, the pollutants get settled
down or washed out by precipitations particularly
in rainy season. Air temperature also shows neg-
ative correlations with the data sets. A significant
positive correlation of ions with PM, shows their
higher associations and sources of origin are same
in nature.

The average concentrations of anions and
cations and the percentage ionic composition in
PMy are given in Figs. 5 and 6, respectively.
The ionic composition accounted for about 17%
in PM,o in ambient air. The ratio of ) Cations
and ) Anios milliequivalents per cubic meter was

.
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Fig. 5 Average ionic concentrations (micrograms per
cubic meter)
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E W Y Nt .
Ca**/Na* in bulk sea water using the formulae
O (e
/ - (Kumar et al. 2006).
e /;-—Nm.{m)
nss X = Total Xyeasured — SSX
Ui centified (7594) where, ssX = [Na]Measured X [X/Na]Sea‘

Fig. 6 Percentage of inorganic ionic constituents of PM;g

1.68, and the correlation between ) Cations and
> Anios milliequivalents per cubic meter showed
a very good correlation (7> = 0.63). The minimum,
maximum, and standard deviation values are pre-
sented in Table 3.

Among the anionic components, sulfate fol-
lowed by chloride and nitrate was the major
and fluoride was the minor component whereas
in cationic components, ammonium followed by
potassium and sodium was major and calcium and
magnesium were minor components. The possible
sources of sulfate include fuel combustion, vehi-
cles, and industries. Sea spray may also be source
for sulfate. The ionic constituents such as SO},
K*, Ca’*, and Mg?* are derived from either ma-
rine or nonmarine origins, such as anthropogenic
and soil emissions. Hence, it is necessary to dis-
criminate sea salt (ss), SO?~, K+, Nat, and Ca?t
from nonsea salt (nss) contribution.

The nonmarine component was evaluated from
the Na* concentration on an assumption that all
the sodium ions originated from sea. The marine
ss and nonmarine nss contribution and their per-
centage to the total ionic content in PM,( were cal-
culated using ratio like SO} /Na*, K*/Na*, and

Table 3 Statistics of ions in PMj( (micrograms per cubic meter)

X is an ionic component in aerosol and X/Na
is the standard sea water ratio. The nss contribu-
tion of SO;~, K*, Ca’*, and Mg?* to PM, was
over 88.70% suggesting an anthropogenic origin
or natural origin like soil as shown in Table 4.

Potassium ions are commonly found in plants as
a constituent of chlorophyll. nss-K* contributed
96.43% of the total K* indicating biomass burning
as a source. Equivalent ratio of ClI7/ Na* was
found to be in 0.938 which is less than the ratio
found in sea water indicating marine sources.

Neutralization ratio

Ammonia emitted in atmosphere by natural decay
and decomposition, and it is rapidly converted to
NH; aerosols at a rate of 30% h~'. These am-
monium ions react with acidic gases like sulfuric
and nitric acid in the air forming ammonium salts.
The neutralization ratio (NR), the ratio of the
concentration of NH; (in nanoequivalents per
cubic meter) to the sum of the concentrations
of nss-SOff and NOj (in nanoequivalents per
cubic meter), was calculated to assess the acidity
of atmospheric aerosols (Balasubramanian et al.
2003). A neutralization ratio of unity suggests the
presence of nss-sulfate and nitrate as their ammo-
nium salts. The mass of NH; ions as aerosols is
taken to be the amount needed to neutralize the
acidity, while NR values lower than unity indicate
presence of acidic aerosols. Neutralization ratios
greater than unity probably arise from the pres-
ence of NH4CI. In the present study, the average

F~ Cl- SO;~ NOj Na* NH; K+ Ca* Mg>*
Mean 1.10 536 6.93 4.69 373 4.66 4.42 2.71 0.64
Minimum 0.09 0.50 0.09 0.29 0.17 0.30 036 0.04 0.04
Maximum 6.91 20.92 2523 16.22 12.70 18.70 2322 8.12 4.00
Stdev 1.39 5.73 7.93 3.66 3.95 5.13 5.58 2.75 0.82
Count 24 24 24 24 24 24 24 24 24
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Table 4 Contributions of Ton nss ss
dssi to PM

155 and ss 1ons to o Concentration (pg/m3) % in PMo Concentration (pg/m?) % in PMo
SO?[ 0.125 86.64 0.019 13.36
K* 0.109 96.43 0.004 3.57
Ca’* 0128 94.65 0.007 5.35
Mg?t  0.035 66.46 0.018 33.54

equivalent ratio of NHJ to the sum of nss-SO;~
and NOj5 (in nanoequivalents per cubic meter)
was 1.18 that suggests high source strength of NHj;
to neutralize not only sulfuric acid completely
but also HNO; almost completely. The higher
ammonium concentrations were attributed due to
close vicinity of the river Yamuna and agricultural
activities in this river belt and the presence of
wastewater treatment plant in a circumference of
about 3 km from the site.

A high loading for crustal elements (nssMg
and nss-Ca) is attributed to a number of reclama-
tion and construction activities of infrastructural
developments in the city, whereas the presence
of nitrate, nss-sulfate, nss-K, and ammonium is
indicative of combustion sources. Nss-K is a well-
known tracer of biomass burning. Na and CI are
possibly indication of the presence of sea salts;
however, Na may also be contributed due to sodic
soils in the region. The contribution of the above
pollution sources to the observed mass concentra-
tion of aerosols in Agra appears to be reasonable,
considering the geographical location and the type
of human-induced activities taking place in and
around the city.

Conclusions

PM;y measurements were carried out for 1 year
from January to December 2007 in a semi-urban
city of Agra and results showed that 24-h aver-
age values of PM;, vary from 33 to 321 pg/m?.
Very higher elevated levels were observed in
summer and winter seasons indicating critical
pollution situation, whereas low levels in rainy
season indicating the influence of monsoon pre-
cipitations washing down the pollutants. Except
the emission sources, meteorological and geo-
graphical conditions play an important role in
air quality evaluation. Characterization for anions

and cations revealed that the water soluble in-
organic ionic composition of PM;, accounts for
about 17%. The equivalent ratios of NH; to nss-
SO;™ and NOj (1.18) and Y Cations to Y_Anions
(1.68) were greater than unity, indicating higher
source strength of NH; and alkaline nature of at-
mospheric aerosols. The nss contribution of SO},
Ca**, K*, and Mg?** was over 89.17%, suggesting
an anthropogenic and/or natural origin like soils
as dominant sources than sea salts, whereas Nss-
K is a well-known tracer of biomass burning that
contributes 96.43% to K emissions. The study
suggests the need for continuous and long-term
systematical sampling and detailed physiochem-
ical analysis of PM;y and also to know charac-
teristics of PM in background areas for better
understanding the emission sources.
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