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Visakhapatnam bowl area situated in coastal Andhra Pradesh, India hosts several major industries. These industries contrik
ute significantly to the air pollution in this coastal city. In addition, the vehicular traffic also contributes in the deterioration of
ambient air quality in the city. The ambient air quality of Visakhapatnam bowl area with respect to oxides of nitrogen due to
industrial and vehicular sources has been examined using mathematical models. Gaussian Plume Model (GPM) is used fo
industrial sources and CALINE3 model is used for line sources. The computed 8 hourly averaged concentrations have beer
compared with those monitored concentrations at different receptors in two seasons, namely, summer and winter. The
validation of the models has been carried out through Quantile-Quantile plots and by computing several statistical errors.
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Introduction Study area

The major sources contributing to the deterioration ofVisakhapatnam (F42'N; 83°20E) is a major industrial

ambient air quality in urban areas are mainly industrialcity in the northeastern coastal Andhra Pradesh, India.
sources, vehicular traffic, power plants and domestichas typical topography with hills on the three sides an
fuel burning. Several pollutants are released into theBay of Bengal in the east (Fig. 1). Visakhapatnam als
atmosphere as aresult of these activities. The presence bérbours a naturally built port and the bowl area extenc
these pollutants in ambient air adversely affects theover an area of 266 KnVisakhapatnam hosts several
health of human beings, animals and vegetation. Airmajor industries, namely, steel, refinery, petroleur
quality models are used widely to assess ambient aiproducts, petrochemicals, zinc, polymers etc. The stac
quality of a selected region. These models have becomemissions from these industries contribute significantly
indispensable tools to assess ambient air quality and tto the air pollution in the bowl area. In addition, the port
maintain pollution levels within permissible limits. activities and transportation to and from due to the pol
is also playing a major role in the increase in the ai

Several studi¢’s” have been made in the past to LR : .
IQollutlon in this region. The vehicular exhaust on the

assess the ambient air quality of different urban areas i
India with respect to different pollutants from different
sources. Ever increasing vehicular traffic in urban areas
is the major cause of concern to the ambient levels of
pollutants in urban areas. Some of the studies were
undertaken to examine the contribution of vehicular
emissions in several cities using line source m&déls

Air quality modelling studies assume significance in
assessing the ambient air quality of selected urban areas
due to different sources of air pollution.

The contribution of industrial sources and vehicular
emissions inVisakhapatnam bowl area has been evaluated
in the present study. A Gaussian plume model for
industrial sources and CALINE3 model for line sources
are considered. The paper briefly describes these models
and presents an evaluation of predicted concentrations
with observed values at different monitoring sites in the
study region.

Figure 1. Study region of Visakhapatnam bowl area. Major
industrie§] Receptors in summer; KReceptors in wintes .
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major roads in the city and on the National Highway alsoCALINE3 Model

plays a pivotal role in increasing the air pollution in this CALINES is a third generation line source air quality

area. A national highway (Kolkatta - Chennai). PasseSyodel developed by the California Department of
through the bowl area and there are many major roadg, ansnortation. It is based on the Gaussian diffusio

like Malkapuram road run through the bowl area (Fig-equation and employs a mixing zone concept t
1). characterize pollutant dispersion over the roadway.

~ Three pollutants namely sulphur dioxide ($O CALINES divides individual highway links into a
oxides of nitrogen (NQ» and suspended particulate ggias of elements from which incremental concentratior
matter are identified as major pollutants that are being, o computed and then summed to form a totz
emitted from the industrial stacks, mobile/line sourcesqqcentration estimate for a particular receptor locatior

(vehicles) and domestic sources in this region. Howeverryg receptor distance is measured along a perpendicu
the emissions of NGrom the industrial and line sources .5, the receptor to the highway centerline. The firs

are considered in the present study to analyze the ambieRiament is formed at this point as a square with side

air quality of the bowl area, as N@ considered to be 45| 10 the highway width. The lengths of subsequer
a major emission from the vehicular sources. element&” are described by:

Air quality models EL = Wb (2
The pollutant concentrations have been computed using ) ] )

the Gaussian Plume Model (GPM) due to industrialWhere EL is the element length, W is the highway
sources and using CALINE3 model due to vehicular '0adway width, b is the element growth factor (a functior
traffic. GPM is a point source model that can be usedPf the angle between the wind direction and the directio
for estimating the pollutant concentrations due toOf the roadway) and N is the element number. Eac
industrial stacks or elevated point sources, whereaglement is modeled as an equivalent finite line sourc
CALINE3 is a line source model that can be used for(EFLS) positioned normal to the wind direction and
predicting the pollutant concentrations due to mobilecentered at the element midpoint. The downwinc
sources (e.g. vehicles plying on roads). Both models deoncentrations from the element are modelled using tf
not handle land or sea breeze effects. The descriptionsrosswind finite line source (FLS) Gaussian formulation
of the models are given below.

-y
Gaussian Plume Model (GPM) cixy) = q J_ ex% yz Ejy 3
The concentration of the gaseous pollutants due to o, -, 205 - (3)

elevated point sourcés® is given by

where q is the line source strength (gsi) and y, v,

Q O y2 O are the end points of finite line source.
axy2) = mexpﬁ— 202 O CALINES3 treats the region directly over the highway
©= B0 as a zone of uniform emissions and turbulence. This
designated as the mixing zone, and is defined as ti
O 0O (z- H)2 O U (z+ H)2 N region over the traveled way plus three meters on eith
EBXDD'7D+9XFE'7@ ... (1)  side. The additional width accounts for the initial
o b : U a 2 horizontal dispersion and the initial vertical dispersior

where Q is the source strength (8, is the mean is parameterized as a function of the turbulence withi

wind speed (m-Y, y is the cross wind distance (m), z the mixing zqn@ol. The vertica] pl.ispersign curves are
is the vertical distance above the ground (@y)o, are formed by using the value of initial vertical dispersion
the horizontal and vertical dispersion parameters (m)yfom the mixing zone model and the valuedpfat 10
respectively. H is the effective stack height (m) which kilometer&*l. The horizontal dispersion curves are
is defined as H=hah, where h is the physical stack parameterized using Turner's formutéie CALINE3
height (m) andAh is the plume rise (m). The wind permits the specification of up to 20 links and 20
profile law*¥ is used to compute the wind speed at thereceptors. The contributions from each link are summe
stack level. Plume rise due to buoyant release ido each receptor. After this has been completed for &
parameterized using Briggs formut&&! under stable, receptors, an ambient or background value is added
unstable and neutral atmospheric conditions. The
horizontal and vertical dispersion parametgrando,

are estimated using the Briggs formulae for urban@eas The emissions data due to industrial and line source
The model does not treat the dry/wet deposition andmeteorological data and the observed air quality®@ata
chemistry is not included in the model. are described in this section.

Data
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Ambient air quality data 1600 7=

= @
The ambient air quality of different pollutants is 1200+
monitored at several monitoring stations (receptors) inL:

the Visakhapatnam bowl area (Table 1). The ambients %7

levels of NQ are monitored at 10 receptors in summer 2 400
season and at 12 receptors in winter sé8sdinese
observed concentrations are averaged over 8-hrs, i.e. 2

AM-lO AM, 10 AM-6 PM, 6 PM-2 AM on eaCh day Asselmetta NAD x Road Gajuwaka ‘(]:L?ﬁc\:::qt Jagadamba
The location (x,y,z) of the receptors are considered on
the Cartesian grid of the study area.

[ 2wheelers [T 3wheelers A4 wheelers (LCV) E34 wheelers (HCV) |

1200

Emissions data- Industrial sources 10004 . (b)

Nine major industries (Fig. 1) are considered in the. 8oo-

Visakhapatnam bowl area. They are Visakhapatnam Ste€} 600
Plant (20 stacks), Hindustan Petroleum Corporationg 400
Limited (23 stacks), Coromandal Fertilizers Limited = 200
(stacks), Andhra Petro Chemicals Limited (8 stacks), 10 T%
Rain Calcining Limited (2 stacks), Hindustan Zinc 0

Limited (2 stacks), Alu Fluoride Limited (3 stacks), My Deckyard Chotopalem e
ESSAR (1 stack) and LG Polymers Limited (3 stacks).l
Thus a total number of 67 stacks of these industries are
treated as elevated point sources in the present studfigure 2: Traffic volume at (a) major traffic intersections and
The location (x,y) of each stack on a Cartesian grid is b) midway intersections in Visakhapatnam bowl area
considered in the numerical calculations. The stack ,
characteristics such as stack height, internal diametefn the present study. Eleven roads at the above mention
stack exit velocity and exit temperature of each pointiraffic intersections and four roads on the midway

source are taken in the present study along with thd"tersections have been taken. The end points of the
emission rates (source strength) of NO roads are identified on the Cartesian grid.

Emissions data-Line sources Meteorological data

The meteorological data for 20 days during the summe
season of 2002 (April 26 - May 15) and for 22 days
during the winter season of 2002-03 (December 2¢
@002 - January 18, 2003) were taken in the prese
Study. The meteorological data comprised the 3 hourl
qvind speed, wind direction, temperature, cloud cove
and solar insolation which were obtained from the Indi
Meteorological Department (IMD), Visakhapatnam.

[1 2wheelers [[1] 3wheelers [Z] 4 wheelers (LCV) [J4 wheelers (HCV) |

The traffic volume (number of vehicles per hour) plying

on the roads at five major traffic intersections, namely
Asselmetta, NAD X Road, Gajuwaka, Convent Junction
and Jagadamba and at four midway intersections, name
Airport Highway, Naval Dockyard, Thatichetlapalem

and Sriharipuram have been counted in the study are
The number of vehicles per hour of four different types
of vehicles, namely, two wheelers, three wheelers, fou
wheelers (LCV and HCV) as shown in figure 2 and the ~ Atmospheric stability is compiled from the wind

emission factors of N as given in table 2 are used speed, cloud cover and solar insolation following

Table 1: Ambient air quality monitoring stations in Visakhapatnam bowl area

Summer Winter
S.No Name of receptor Eleva- Period of Observation = S.No. Name of receptor Eleva- Period of Observation
tion (m) tion (m)

1. ESSAR 10 April 26-May 5 1. Malkapuram 12 December 30-January 8

2. Port Office 10 May 5-May 14 2. Mulagada 12 January 7-January 17

3. Kancharapalem 10 May 6-May 15 3. Venkatapuram 10 December 29-January 7

4. Seethammadhara 70 May 6-May 15 4. Sriharipuram 20 January 8-January 18

5. Malkapuram 12 May 5-May 14 5. Karasa 10 January 7-January 17

6. Mindi 10 April 26-May 5 6. Gajuwaka 10 January 7-January 17

7. Naval Park 10 April 27-May 6 7. Mindi 10 December 29-January 7

8. Sriharipuram 20 April 26-May 6 8. Fire Office 10 December 29-January 7

9. Police Barracks 12 April 26-May 5 9. Naval Park 10 January 8-January 18

10. Fire Office 10 May 5-May 14 10. Kakani Nagar 10 December 28-January 7
11. Sheela Nagar 10 December 28-January 7




58 TVBPS Rama Kshna, MK ReddyRC Reddy, RN Singh and S Devotta

Table 2: Emission factors of NQ for different types of vehicles about 17% in summer (Fig. 3a) and about 56% ir
Type of Vehicle Emission factor (g km) winter (Fig. 3b) seasons respectively.

2 Wheelers 0.03 The mean diurnal variation of wind speed and mixing
3 Wheelers 0.10 heiaht h in fi 4. Wind d . f

4 Wheelers (LCV) 3.00 elg are s OYVH In figure 8 INd speea varies 1ron
4 Wheelers (HCV) 21.0 4.5 to 12 m 3 in summer (Fig. 4a) and from 1.35 to

13.3 m g in winter (Fig. 4b) seasons respectively. The
Turner’s tablé&? and mixing height is determined using mixing height show a typical diurnal trend as it is
the Holzworth techniq®. Thus in the present study, minimum during morning and increases rapidly toward:
the meteorological data of 3 hourly (0200, 0500, 0800,noon with maximum value around 1400 hrs and thereb
1100, 1400, 1700, 2000 and 2300 hrs) wind speeddecreasing gradually towards late night (Fig. 4). The
wind direction, temperature, atmospheric stability andmaximum value of mixing height is 832 m in summer
mixing height are used. and is 1050 m in winter. Mixing heights are observec

Figure 3 illustrates the wind roses for both seasond© be higher in winter than in summer except during tht
namely, summer and winter at Visakhapatnam. Thelate evening hours. This may be because of the possit
prevailing wind direction is SSW, SW and WSW and internal boundary layer development due to the influenc
the winds are found to be stronger (Fig. 3a) in summerOf sea breeze during daytime and typical topography ¢
The predominant wind direction in winter is E, ESE, the study regiofi. The horizontal temperature gradients

SE followed by S, SSW. The calm conditions occur due to land and sea contrast are more in summer th
in winter season in the Visakhapatnam bowl area. Lo

o mixing height values during late night and early morning
hours may be due to the occurrence of ground base
inversions which reduce dispersion of pollut&fits

Computational methodology

The concentrations NOwere computed using two
mathematical dispersion models namely GPM fol
industrial sources and CALINE3 for line sources. The
input data for each model are presented in Table 3. Tt
3 hourly concentrations of NQvere computed using
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Figure 4: Mean diurnal variation of wind speed ( ) and
Figure 3: Wind roses for (a) summer and (b) winter seasons atmixing height (- - - - - - - - - - - ) in (&) summer and (b) winter
Visakhapatnam (Wind speed is in knots) seasons in Visakhapatnam bowl area
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Table 3: Input data for GPM and CALINE3 concentrations are close to the observed values at F
GPM for elevated point  CALINE3 for line sources Office (Fig. 5a). Contribution of industrial sources is
sources more that that of line sources or vehicular emissions :
(a) Source data (La) ?OUFC? datﬁ inkroad (X.¥.2) this receptor. Fire Office is located reasonably far fron
Stack height ocation or eac INK/roal Y, . .. . . .
Stack internal diameter  Source height the major traffic intersections th.at are cons@ered in th
Stack gas exit velocity Source width present study. Contribution of line sources is found t
Stack gas exit temperature Traffic volume be very low compared to industrial sources a
Location of stack (X,Y,z) Pollutant emission factor . . . . . .
(b) Receptor data (b) Receptor data Srlharlpuram also (Flg. 5b). Thg negllglble contribution
Location of receptors (X,Y,Z)ocation of receptors (X,Y.Z) from vehicular emissions at Sriharipuram may be du
(c) Meteorological data () Meteorological data to the predominant wind direction during summer whict
Wind speed Wind speed . . o ; .
wind direction wind direction is SSW to SW (Fig. 3). Sriharipuram is located in the
Temperature Mixing height upwind direction to the major road (Malkapuram road)
Mixing height Atmospheric stability
Atmospheric stability — 30

(d) Others S

Ambient concentration of pollutant
Surface roughness
Averaging time

N
o
!

both the models in both summer as well as winter seasons.
The 8 hourly averages of computed concentrations were
obtained from the 3 hourly values for summer and 1
winter seasons at each receptor as descrilfédrime 8
hourly averages of predicted concentrations obtained
from both the models GPM and CALINE3 were o~ (b)
compared with those 8 hourly observed concentrations o,

in both seasons. 4

Concentration (ug
=

Different statistical errors namely Normalized Mean
Square Error (NMSE), Fraction of Two (FA2),
Fractional Bias (FB) and Index of Agreement (IGA)
were computed using the 8 hourly averaged computed
and observed NQOconcentrations in both seasons.

Concentration (ug m

o

Time
Results and discussion Figure 5: Comparison of predicted and observed NO
The models computed I\;O:oncentrations, due to concentrations in summer season at (a) Fire Office anc

industrial and line sources are compared with the(t) Sriharipuram in Visakhapatnam bowl area. GPM- - -+
CALINE3 - - - - - ; Cumulative concentrations__Observed

observed concentrations at different receptors. BOt%. Errors bars are standard deviations of the observed values
models were used to compute 3 hourly pollutant

concentrations using 3 hourly meteorological data atThe predicted cumulative concentrations are less the
different receptors in summer and winter seasons. Theéhe observed values as all the industrial sources al
8 hourly averaged values were calculated from the 3exist in the upwind direction to this receptor (Fig. 1).

hourly computed values at all receptors. Thus the 8 Figure 6 shows the comparison of computed NO

hourly averaged computed values are compared Withqentrations with the observed values at Gajuwaka ai
the 8 hourly observed concentrations at these receptorgarasa in winter. It is seen that the cumulative

Validation of the models’ predictions has also been ., entrations are close to the observed values at botht
carried out through Q-Q plots and computing severaleentors during winter. The contribution from industrial
statistical errors such as NMSE, FA2, FB and I0A. 54 rcesis more than the vehicular emissions at Gajuwa

Figure 5 illustrates the comparison of the cumulative (Fig. 6a) and the contribution from line sources is mucl
NO, concentrations due to industrial and line sourceshigher than those from industrial sources at Karas
with the observed values at Fire Office and Sriharipuram(Fig. 6b). Gajuwaka is situated reasonably close to majc
during summer. The concentrations predicted by theindustrial sources and is also close to a national highwa
GPM due to industrial sources and CALINE3 model It is also a major traffic junction in the study area
due to line sources are also superimposed to examing@-ig. 1). Karasa is also close to a national highway. Th
the influence of industrial and vehicular sources four wheelers, both LCV and HCV, have contributed
individually. It is observed that the predicted cumulative more to the vehicular emissions at Gajuwaka (Fig. 2).
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Table 4: Statistical errors

—
g, Error Ideal value GPM + CALINE3
= NMSE Least Value 0.54
S FA2 1 1.00
© FB 0 -0.009
< I0A 1 0.80
8
C
@)

(&) 30
20

o § o
'€
o ?
= 2 o
c O
.g 10 [e) o
o
€ © %o o8
e ao
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) Predicted
Time

Figure 6: Comparison of predicted and observed NO Figure 7: Q-Q plot of cumulative N(xoncentrations

concentrations in winter season at (a) Gajuwaka and (b) Karasa

in Visakhapatnam bowl area. GPM - -5 CALINE3 - - - - - - ; Gaussian models are widely used as regulator

Cumulative concentrations______ Observed O. Errors bars

. models for assessing the ambient air quality of variou
are standard deviations of the observed values 9 q b

regions. These models were proven to perform bette

From the above, it may be concluded that byunder moderate to strong wind conditions; unde

considering the line source emissions through CALINE3Moderately stable/unstable conditions for short rang
along with industrial emissions through GPM, the (< 50 km) and for short term prediction of pollutant
ambient air quality predictions are in reasonably goodconcentratioﬁé?]. The influence of vehicular traffic at

agreement with the observed air quality levels in major traffic intersections may be studied by considerin

Visakhapatnam bowl area. The influence of vehicularthe idling, cruising, and acceleration or deceleratior

traffic is appealing at those receptors that are close t&¢missions from vehicles at the traffic signals in
the major roads in the present study. Visakhapatnam bowl area through other available mode

The Q-Q plots have been plotted and differentand when data required by those models is available

statistical errors were estimated for evaluating the model€onclusions
performance. Figure 7 depicts the Q-Q plot for ranked

- . ) Visakhapatnam bowl area situated in coastal Andhr
model predictions against ranked observations. Th

. d i h line if the distributi quadesh, India hosts several major industries. The:
points would lie on the one-to-one line If the distribution industries contribute significantly to the air pollution in

of the model predictions and observations is idefffical this coastal city. In addition the vehicular traffic which

The pred!cted t\)/al'uej frepreégp/lt (;he Cu,m(;”at',v?is known as mobile or line sources also contributes t
concentratlcc)jn? 0 t?:l,r;\(le_lNl;%m del d ue to |nh_ust|r|a/ the deterioration of ambient air quality of the city. The
sources and from model due to vehicular! o piant air quality of Visakhapatnam bowl area with

line sources. The Q-Q plot shows underprediction a%fespect to oxides of nitrogen due to industrial and lin

. . 0, H . . .
vyell asoverpredlctlon,howe\(erabout30/cjofthe pOiNtS. 1 irces has been examined using two differer
lie close to the one-to-one line.

mathematical models. Gaussian Plume Model (GPM) i
Itis found that the numerical values of the estimatedused for industrial sources and CALINE3 model is use
errors computed using the predicted cumulativefor line sources. The meteorological data of two seasor
concentrations and observed values are close to theamely summer and winter during 2002-03 has bee
respective ideal values of NMSE, FA2, FB and IOA asused for predicting the concentrations at differen
given in Table 4. The values of FB and I0A suggest thereceptors where ambient levels of N@ere monitored.
underprediction of the concentrations. From these errorThe computed 8 hourly averaged concentrations ha
(Table 4), the performance of both models is reasonablyyeen compared with those monitored concentrations
good as majority of their predictions are within a factor different receptors in both the seasons. The validatio
of two?8l, of the models has been carried out through Quantile
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Quantile (Q-Q) plots and by computing several statisticalll
errors. It is found that the cumulative concentrations
obtained from GPM due to industrial sources and from?
CALINE3 due to line sources are in good agreement!3
with the observed values at Fire Office in summer and
at Gajuwaka and Karasa in winter seasons respectively
except for few hours at Gajuwaka and Karasa. However, ¢
the cumulative concentrations show underprediction at
Sriharipuram in summer. The predicted concentrations, g
follow the observed concentration pattern. The Q-Q
plots show both underprediction and overprediction of17
concentrations. The numerical values of NMSE, FA2,
FB and IOA suggest better performance of the models
selected. The ambient levels of N@re found to be
within the National Ambient Air Quality Standards in
Visakhapatnam bow! area.
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