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Abstract: This paper presents estimation of horizontal pollution potential due to an air pollution source using impact area diagrams.
Weather monitoring station was installed at an altitude of 10 m from the ground to collect wind data of Patiala in Punjab province of
India. The data was collected for the period commencing from October, 2010 to September, 2011 with an interval of 1 h which was
further grouped into seven wind speed ranges. Change in wind direction rotates the impact distance that has been approximated
using standard deviation of change in wind direction. Standard deviation was calculated using Yamartino method and thus, impact
area has been calculated. The experimental data reveals that 50% of the wind speed data comes under calm period due to extremely
low wind velocities. The maximum impact area noticed was 41 m? in the month of November 2010 and 21m? in the month of
February as well as March, 2011. Impact area was predominant towards east direction for whole of the study period. Worst condition
of pollution was observed in the month of June as impact area was minimal. In general, the horizontal pollution potential of the area
has been found to be low for most of the study period, thus resulting in high concentration of pollutants adjoining the source.
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I. INTRODUCTION
Aiir pollution is one of the areas of environment which needs immediate attention. India being a developing country two
major sources of air pollution namely automobile exhaust and industrial emissions. The level of air pollution is getting
worse because of rapid industrialization, growing number of vehicles, energy consumption, and burning of wastes. So
to keep an eye on the existing air environment, air quality monitoring programs and environmental impact assessments
were initiated. All programs differ in selection of pollutants to be monitored, duration as well as frequency of
monitoring and site selection criteria. Positions of source and wind data are important parameters which plays a vital
role in studying the impact area. Wind is a vector quantity having both magnitude and three-dimensional direction. This
makes wind a spherical variable. However, only the horizontal component is considered in this study. Thus, wind is
mainly treated as a circular variable with an associated magnitude. Wind data having speed and direction can be
represented as wind rose diagram, first done by Leon Lalanne of France in 1843 [5]. In this length of arm represents the
frequency of a specific wind direction and its position on polar coordinate represent wind direction. Number of arms
can be decided by user, 4, 8, 16 and maximum of 360. In wind rose, a small circle at centre represents calm period
where wind speed is less than 1km/hr. Impact area diagrams are used to represent affected area by an air polluting
source. If centre of the circle of the diagram is placed on the source of air pollution and its direction is oriented
according to the source geographical direction then the diagram can represent the maximum affected area and its
direction.
Traditional or linear Statistics are available for linear variable like age; length etc as they are continuous variable so can
be plotted onto real number line [4]. Their mean, median and standard deviation can be calculated by using well
defined equations but it is not same for periodic variables that starts from 0 to a certain point and repeat itself, like wind
direction. Such periodic variables needed to be plotted on a circle not on a number line. That’s why mean and standard
deviation of horizontal wind direction is a long standing problem. But standard deviation (S,) is a very important
quantity in meteorology and climatology because of its link to lateral turbulent intensity i, [7] defined by following
equation

Tan (S,) = iy

and lateral spread of a plume is given by following equation

Siat = tan (S,) x f(x)
Which, reduces to Sy = S, x f(x) for very small S,. Aerodynamics resistance and quasi-laminar boundary layer
resistance can also be calculated using wind standard deviations which are needed to calculate deposition velocity of
particles [8].
A number of equations have been proposed and compared to calculate the standard deviation of angular dispersion ([1],
[2], [10], [12]-[18]). But the equation given by reference [2] and reference [18] are two most accepted equations to
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calculate standard deviation. However, a direct mathematic analysis to establish a relation between the two equations
has not been carried out. The single pass method was used to calculate the standard deviation ([18], [11]). Earlier
studies for the estimation of impact

area have been reported by calculating standard deviation using wind direction persistence ([6], [9]), however the
present study focuses on standard deviation calculation by Yamartino method which has been applied to a city in
northern India.
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Fig. 1 Site selected for data collection

Il. MATERIALS AND METHODS

A. Instrument Used

Watch dog instrument has been used for weather monitoring which uses different sensors to monitor seven parameters
including wind speed, wind direction, temperature, relative humidity, dew point, pressure, solar radiations etc.
Lightweight three cup anemometer has been used for measuring wind speed ranging from 0 to 175 mph and wind vane
is used for the determination of wind direction. Data logger allows storage of data for 6 months at a time and the stored
data can be transferred to computer using data cable. The weather monitoring station used in this study was Watch Dog
of Spectrum Series 2000. SpecWare 6 software was used to handle data logger and also for data extraction from it.
SpecWare can present data in graphical and tabular form.

B. Site Selection

Weather monitoring station was placed within campus of Thapar University (30°35'39"N, 76°37'07"E), Patiala city
located in south-eastern Punjab, India. It was located at height of 10m in an open area. This height was chosen to
neglect effects of terrain and nearby buildings on wind speed and direction. The study area is shown in Fig 1 and site of
instrument placed to collect wind data is marked with star mark. Topography of site is a broad and relatively flat plain,
at an average elevation of 250 meters (820 feet), and the climatic condition in Patiala is tropical and dry. Monsoons in
the city of Patiala are moderate and extend through the months of July, August, September and early October. Wind
data has been collected at an interval of 1hr for one year starting from October, 2010 to September, 2011.

C. Methodology

The study was carried out in three steps viz. constructing of wind rose diagrams, impact area diagrams and
determination of impact area [9]. In first step, wind roses were constructed from the data collected for wind speed and
direction. Each concentric circle represents a different frequency, emanating from zero at the center to increasing
frequencies at the outer circles. Using a polar coordinate system of gridding, the frequency of winds over a long time
period were plotted by wind direction, with colour bands showing wind ranges. In order to plot wind rose diagram,
seven different wind speed ranges were taken into consideration. The direction of the wind rose with the longest spoke
shows the wind direction with maximum frequency. Wind rose diagram have been plotted using Wind rose pro setup
from Enviroware. Calm period was taken for speed range <1kph and it was included at the centre of the diagram. After
plotting wind roses, impact area diagram were constructed using methodology given in reference [6]. Impact area
diagrams were drawn by superimposing all the sector area over one center having arc radius equal to the average wind
speed [6]. Impact area diagrams are helpful, in obtaining the idea about most affected wind direction from the source.

In the final step, wind data were grouped into different category of wind speed, and for each wind speed category, the
average distance travelled by the pollutant per unit time from the source can be represented by the mean wind speed (V;)
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of that category. For example, wind speed category can be taken from 1 t0 3, 3t0 5, 5to 7 and 7 to 9 kmh™* etc. For
calculating standard deviation, wind speeds more than 1 kmh™* were taken into consideration excluding calm wind
conditions. Impact area under different wind speed categories were summed up to obtain the total impact area [6].
Since different wind speed groups may indicate different direction of impact area, its linear summation was weighted
by persistence of impact area, thereby yielding dilution potential.

The standard deviation (cg) of the wind direction is estimated from Yamartino method. First of all, average of sine and
cosine of wind direction angle was calculated using equation 1 and 2 for each specific wind speed class. Then these
average values were used to calculate average wind direction for that specific wind speed class [3].

i=1

.= n"Ysin
Y )
n
i=1
.= Ny cos
Dl oo eee oo et @) n

Average wind direction was calculated using the four-quadrant arctan(x,y) function as mentioned in equation 3. Values
of ¢, and s, were taken without any positive and negative sign.
o= tan’
N[5 RO (3)
But values obtained from above equation needs correction as sign of ¢, and s, are neglected in above formula. So to
calculate final average wind directions following condition was used.
O= If 5,<0 & ¢,<0 then 180+O
If s2>0 & c,<0 then 180-0
If s.>0 & ¢,>0 then (S}
If 5,<0 & c,>0 then 360-O
Consider an example that if value obtained for © is 60° from equation 3, with value of c, with negative and s, with
positive sign, means final value of © will lie in 2" quadrant. This is due to the fact that in 2™ quadrant, sine function
has positive value and cosine function has negative value. Then the final value taken for © is 120° i.e. by applying 2™
condition by which 180°-60°=120° is the final value for ©.
For the calculation of standard deviation, first € is calculated using values of s, and c, using following equation. This
value of € is then used to estimate the value of standard deviation which can be obtained by using equation 4.
0= [sin(€)][1+{(2/V3)-1)}

Where,

&= [:I-'(Saz‘l'caz)]l/2
Mean wind speed was calculated by just taking average of all the value of wind speed obtained with in a specific wind
speed class. Impact area [6] can be calculated by using equation 5.
Q= Ge/Z[VjZ*nj/(N-
INGAIm)] «ereereererrrrerrerineieeree et es (5)

where,
oe = angular standard deviation of the specific group;
ij = mean wind speed for the specific group;
n; = number of wind data in specific wind speed category;
Ncam= number of wind data in calm period range (<1 kmh™) and
N = total number of wind data.
Values for standard deviation, mean wind direction calculated earlier were used to calculate impact area.

Table | Calculated Values for Standard Deviation and Impact Area.

S/n Wind speed class Data wind Sa Ca Mean wind Standard Wind specific impact
class direction Deviation area(m?)
October

1 1-3 5.91 -0.024 0.355 356 77.87 4.28

2 3-5 43 0.200 0.294 344 77.87 14.7

3 5-7 0.13 0.643 0.766 40 0 0

4 7-9 0.4 0.177 0.414 23.1 70.13 6.48

5 9-11 0 - - -

6 11-13 0.13 -0.682 0.731 317 0 0
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7 13-15 | 0 - | - | - - | -
November
1 1-3 2.64 0.190 0.169 311.8 85.75 4.65
2 3-5 0.55 0.662 0.069 84 51.3 241
3 5-7 0.84 0.263 0.167 57.6 81.33 22.87
4 7-9 0.14 -0.766 -0.643 230 0 0
5 9-11 0.55 0.053 0.080 334 97.32 41.1
6 11-13 0 - - - - -
7 13-15 0 - - - - -
December
1 1-3 9.54 0.619 0.134 77.8 54.35 2.834
2 3-5 7.25 0.561 0.170 73.1 58.42 11.44
3 5-7 1.07 0.394 -0.018 92.6 74.76 7.02
4 7-9 0.40 0.829 -0.506 1214 13.726 0.75
5 9-11 0 - - - - -
6 11-13 0 - - - - -
7 13-15 0 - - - - -
January
1 1-3 22.44 0.008 0.105 4.7 96.44 5.66
2 3-5 13.57 -0.090 0.0433 295.6 97.11 16.96
3 5-7 1.34 -0.336 0.069 281.6 78.83 4.43
4 7-9 0.4 0.309 0.100 72 80.3 2.12
5 9-11 0.13 -0.927 -0.374 248 0 0
6 11-13 0.27 -0.827 -0.394 2445 23.68 0.93
7 13-15 0 - - - - -
February
1 1-3 14.88 0.141 0.049 70.8 93.24 3.72
2 3-5 17.56 0.279 -0.057 101.6 83.3 21.17
3 5-7 2.82 0.682 -0.241 109.5 45.84 5.56
4 7-9 1.04 0.108 0.117 42.6 92.76 6.48
5 9-11 0.59 0.098 -0.357 164.5 76.56 4.40
6 11-13 0.29 0.170 -0.421 158 69.89 3.14
7 13-15 0 - - - - -
March
1 1-3 14.92 -0.054 0.227 346.6 87.32 2.88
2 3-5 19.89 -0.205 0.217 316.6 82.3 21.30
3 5-7 5.91 -0.174 0.030 280 91.49 19.14
4 7-9 2.69 0.130 -0.229 150.4 84.91 12.62
5 9-11 0.8 -0.106 -0.073 235.2 95.02 6.10
6 11-13 0.94 0.375 -0.538 145.1 52.22 5.32
7 13-15 0 - - - - -
April
1 1-3 20.69 -0.038 0.142 345 93.69 431
2 3-5 17.08 0.062 0.029 64.37 99.24 3.77
3 5-7 4.3 0.258 -0.103 111.43 83.83 12.85
4 7-9 0.69 0.279 -0.290 136.14 74.08 2.86
5 9-11 0.97 0.503 -0.194 111.05 62.61 4.88
6 11-13 0.83 0.283 0.032 83.56 83.41 8.32
7 13-15 0.27 0.877 -0.310 109.5 21.66 1.08
May
1 1-3 13.03 0.165 -0.037 102.634 92.09 3.60
2 3-5 13.17 0.032 -0.041 1425 100.4 21.63
3 5-7 2.55 0.042 -0.138 163.1 93.93 11.50
4 7-9 1.74 0.217 -0.420 152.7 68.31 8.94
5 9-11 1.47 0.357 -0.405 138.6 62.55 9.97
6 11-13 1.34 0.472 -0.529 138.3 47.22 10.13
7 13-15 0 - - - - -
June
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1 1-3 19.72 0.797 -0.074 95.3 38.02 1.32
2 3-5 23.61 0.869 -0.114 97.5 29.14 6.90
3 5-7 5.97 0.928 -0.1876 101.4 18.75 3.15
4 7-9 3.75 0.857 -0.034 92.4 31.55 5.20
5 9-11 1.38 0.872 -0.065 94.3 29.52 2.60
6 11-13 2.22 0.54 0.004 89.6 62.58 13.30
7 13-15 0.002 0.9975 -0.069 94 - -

July
1 1-3 19.75 0.647 -0.102 99 52.29 2.18
2 3-5 22.98 0.638 -0.076 96.81 53.47 14.70
3 5-7 3.22 0.721 0.022 88.2 46.03 5.01
4 7-9 1.2 0.869 -0.018 91.19 30.19 1.93
5 9-11 0 - - - - -
6 11-13 0.13 -0.899 0.438 296 0 0
7 13-15 0 - - - - -
August
1 1-3 15.72 0.5674 -0.029 92.95 60.16 244
2 3-5 18.01 0.6476 0.0513 85.47 52.82 14.35
3 5-7 3.36 0.7562 0.2148 74.14 39.56 5.49
4 7-9 12 0.89 -0.226 104.24 23.35 1.82
5 9-11 0.27 0.743 0.57 525 20.62 0.51
6 11-13 0.13 0.9925 -0.1218 97 0 0
7 13-15 0 - - - - -
September

1 1-3 16.52 -0.250 -0.213 229.53 80.07 3.77
2 3-5 15.14 -0.557 -0.314 240.55 53.8 13.84
3 5-7 3.05 -0.719 -0.478 236.36 30.96 4.32
4 7-9 0.27 -0.889 -0.415 245 10.96 0.21
5 9-11 0 - - - - -
6 11-13 0 - - - - -
7 13-15 0 - - - - -
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I11. RESULT AND DISCUSSION

Wind data collected at mentioned site has been analyzed by the methodology as discussed in section 2. Wind data was
collected at an interval of 1 hr for the study period of twelve months. Conventional wind rose diagrams were plotted for
the wind data and are presented in Figs. 2a, 2b and 2c. The conventional wind rose diagram can only depict wind

Copyright to IJIRSET Www.ijirset.com 2277


http://www.ijirset.com/

Py
|..¥' @ nternational Journal of Innovative Research in Science, Engineering and Technology
[JIRSET Vol. 2, Issue 6, June 2013

frequencies from different directions at a location but it does not give a pictorial view of the downwind distance up to
which wind can cause pollutant to travel. Using above estimates, wind impact area diagram have been plotted and are
presented in Fig. 3. However, if the center of wind impact area diagram is superimposed over a ground level pollution
source, the downwind distance up to which pollution can travel can be gauged and accordingly the sampling location
can be fixed. Wind speeds were grouped into seven categories and standard deviations of the wind direction and impact
area were determined. These calculated values of standard deviation and impact area are given in Table 1.

It can be inferred from Figs. 2a, 2b and 2c, that the maximum frequency of wind speed comes under calm period due to
extremely low wind velocities i.e. <1 kmh™* with predominant wind direction towards West (winds blowing from East
to West), resulting in impact area towards the East direction. Comparatively high wind speed had been seen during
summer season than that of the winter season.

In the first quarter (October to December, 2010), 80% of wind data collected comes under calm period as shown in Fig.
2a with angular standard deviation of wind direction to be between 70°-80°. 95.3% of the total wind speed
measurements reading taken during November, 2010 come under calm period. Because of this reason, dilution potential
of the pollutant is least. In month of December, 2010 predominant wind direction is West-West-South. In the month of
January, 2011 nearly 62% of wind data collected comes under calm period. Where as in months of February to May,
55-66% comes under calm period. In month of April and May, heavy winds of greater than 11 km/hr were noticed, as
shown in Fig. 2b. Fig. 2c depicts that predominant wind direction was towards west during the study period from June
to August, 2011. In June, 43% of total data comes under calm period whereas in other months it was in range of 53 -
65%.

Table 1 shows that maximum impact area achieved was 41 m? in month of November, 2010 with mean direction of 33°
i.e. towards North-West direction whereas in month of October and December, 2010; impact area remained
concentrated as the value was less than 14m?. During second quarter (January to March, 2011), maximum impact area
was 22m? with wind direction towards West in month of January and March but towards east in the month of February
(Fig. 3). In the months of March, April & May, 2011; the wind remained distributed among all directions; mainly the
wind direction was North-West and South-East. In April and May, impact area was towards South-East. In the last
quarter varying from July to September, 2011; maximum impact area was found to be 14m?. The impact was observed
to be toward East direction of the source in July and August but in September the direction was found to be West.
Worst condition of pollution was observed in the period from June to August, as impact area was maximum towards
the East direction of the adjoining areas. Almost for the whole month the pollutant spread was found in the East of the
source and therefore air monitoring sampler can be placed in East direction to the source.

IV. CONCLUSION

Wind data plotted in form of wind rose diagrams is of interest to the town planners as well as environmental scientist
while, the impact area diagrams are the tools for the prediction of the direction in which the pollutants would travel
under the influence of wind. Continuous weather monitoring study of one year in the area reveals that 50% of the wind
speed data comes under calm period and maximum wind speed of 14.5 km/h was observed in the month of April, 2011.
Out of total wind data, only 12% resulted in impact area of more than 10 m? which may be responsible for high
concentration of pollutants within the specified area. Further, periods of air pollutant sampling can be selected by
comparing total impact area for different months of the study period. Through this impact area calculation, it has been
observed that the horizontal pollution potential is less for majority of the study period hence; establishments of large
number of industries near the monitoring site cannot be recommended.
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