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Abstract  Gold  mining at  Kolar Gold Fields is closed but some industries in  this area are in  operation and some may  like to 
be established. Data on atmospheric and meteorological parameters were generated using SODAR (Sound Detection and 
Ranging) and automatic weather station in  different seasons. Over 2000 sodar echograms were recorded and classified into 
six categories like rising layer, thermal plume (free), ground based layer (spiky top), ground based layer (flat top), ground 
based multiple layers and dot echo structures. Using echograms, unstable period was determined to know the d iluting 
capability of atmosphere for pollutants in the seasons. The highest duration of mixing heights revealed the period of h ighest 
dispersion. Based on the sodar echograms and mixing height, stability classes for the d ifferent times of the day were 
evaluated, which can be used for the estimation of dispersion coefficients. Influence of wind speed, wind direction, 
temperature, humidity, solar rad iation and rainfall on mixing heights was studied. Statistical model was developed for the 
prediction of mixing height. Model adequacy was checked using F-statistics, normal d istribution curve and correlation 
between predicted and measured values of mixing heights. 
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1. Introduction 
The concentration of atmospheric pollutants is affected by 

atmospheric flows and by dispersion within the atmospheric 
boundary layer (ABL). ABL, being the lower part o f the 
troposphere, is governed by  the in fluence o f the earth’s 
surface through friction, convective heating during the day, 
and radiative cooling of the ground during the night[1]. The 
height of the atmospheric boundary layer (ABL) or mixing 
height (MH) is a fundamental parameter that characterizes 
the st ructu re o f the lower atmosphere. Mixing  height 
determines the vo lume availab le fo r the d ispers ion  of 
pollutants by convection or mechanical turbulence and it is 
used in  env ironmental monito ring and  p red ict ion  of air 
pollution[2-5].  Topographical features and climatological 
conditions also influence the mixing height and evolution of 
stable and unstable ABL. The use of mixing height data of 
one particu lar site for another will be un just and unwise 
when  dealing with the d ispers ion models which requ ire 
site-specific mixing height and stability class data[6]. In 
addition to latitudinal variation[7], meteorological parame 
ters may also affect the mixing  height. Spurr[8] stated that  
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the pollutants discharged into the atmosphere depend upon 
the meteorological conditions prevailing in the earth’s 
atmospheric boundary layer.  

Kolar Gold Fields is located in Karnataka, India where 
gold min ing was carried out over 120 years. The mine is 
closed since January 2000[9]. But some industries are in 
operation and some may likely to be established in near 
future. As the dissipation of air pollutants in vertical and 
lateral d irections depends basically on atmospheric and 
meteorological condit ions, therefore, study on these 
parameters will be helpful for the industries either in 
operation or to be set up in this area to reduce their impacts. 
Considering these, seasonal data on atmospheric and 
meteorological parameters were generated for the 
assessment of stability periods, to find out the seasonal 
variation in mixing  height, to  determine the stability classes 
of the area, to study the influence of meteorological 
parameters on mixing  height, and to develop statistical 
model for the evaluation of mixing height.  

2. Data Generation Using Sodar and 
Automatic Weather Station 

SODAR stands for sound detection and ranging. A tri-axis 
monostatic (back-scattering) sodar, manufactured by Global 
Environmental Technologies, New Delhi, India, with a 
technical know-how of the Nat ional Physical Laboratory, 
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New Delhi, India, was installed at the roof of office building 
of Nat ional Institute of Rock Mechanics, Kolar Gold  Fields, 
India. The automatic weather station of Lawrence & Mayo 
(India) Pvt. Ltd. was installed adjacent to sodar. Sodar was 
operated continuously for 24-hours in winter (February), 
summer (May), monsoon (August) and post-monsoon 
(November) for a period  of 27, 29, 31 and 17 days 
respectively. Weather station was also operated in 
corresponding months of the seasons. The working princip le 
of sodar and weather station has been explained in Roy et 
al.[10]. 

3. Results and Discussion  
3.1. Categorisation of Sodar Echograms  

Over 2000 sodar echograms recorded in different seasons 
were analysed and classified into different categories. 
Though there were some variations in  the echogram 
structures, the observed echograms were broadly classified 
into six categories as shown in Figure 1. 

Figure 1a shows the rising echograms which occur in the 
morn ing some time after sunrise. The rising echograms 
indicate transition from stable to unstable conditions. Such 
echograms were observed late in  winter than in  other seasons. 
The incoming solar radiations gradually erase the ground 
based temperature inversion layer. With continuous solar 
heating, the layer starts rising, indicating the transfer of heat, 
momentum and energy from the earth’s surface [11-13]. In 
winter, convection period started late due to low surface 
heating[14]. 

Figure 1b exh ibits the thermal plume (free) types of 
echograms which were observed during the day time i.e. 
strong convection periods up to 16:00 IST (Indian Standard 
Time). Thermal p lumes (free) or convective conditions are 
caused by turbulence in the unstable condition (temperature 
decreases with height) and its strength become maximum in 
the afternoon[11] or at noon[12] and then decreases with the 
fall in solar heat flux[11-12]. The strong convection period is 
followed by weak convection, which persists till sunset. 

Ground based spiky top layers were observed (Figure 1c) 
in the evening. Often the presence of winds during 
temperature inversion is responsible for this type of 
structures. Under this situation, the wind tends to cause 
instability in temperature inversion layers[13]. Ground based 
flat top layers (Figure 1d) were found during clear weather 
after midnight. When the heating due to radiat ion stops in the 
evening, cooling of earth surface establishes a stable 
boundary layer[15]. Owing to large rad iative cooling at 
ground surface, a nocturnal stable boundary layer forms after 
sunset and persist throughout the night[12]. Very stable 
situations are usually associated with clear nocturnal skies 
and weak winds or with the advection of warm air over a 
much cooler surface[16]. Flat top layers are formed on clear 
nights (associated with very light wind conditions)[13] due 
to emission of infrared radiations from the ground. Singal et 
al.[11] observed flat  top layers under slight or no wind 

conditions during night time. The thickness of these layers 
may increase with time. 

Ground based multiple layers (Figure 1e) also occurred 
after midnight when temperature increases with height. Light 
wind conditions or advection are responsible for these types 
of layers[3, 11]. Katabatic winds during the radiative cooling 
of ground also form layered structures[17].  
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Figure 1.  Typical sodar echograms at the site 

All echograms were similar to one or other types as 
mentioned above except during the rain. Typical echograms 
during the rainfall are shown in Figure 1f, which are called 
dot echoes structures[18] representing clusters of water 
vapour in which turbulence is generated owing to the mixing 
of temperature and humidity inhomogeneities[19]. In the dot 
type echograms, it is difficult to detect any structure due to 
the noise caused by the rainfall.  

3.2. Assessment of Stability Periods Using Sodar  
Echograms  

Based on the observations of sodar echograms, onset and 
dissipation time of convective boundary layer was 
ascertained. Table 1 shows that onset time of convective 
boundary layer is late by an hour in winter than in other 
seasons. As the days are shorter in winter, the duration of 

convective period is the min imum in this season. The 
dissipation time is same for all the seasons. The duration of 
convective activity is the lowest in winter. Depending on 
seasons, there was variation in onset and dissipation time and 
hence duration of convective activity. The convective 
activity during day t ime determines the atmospheric 
boundary layer’s dilut ing capability for pollutants[6]. 

The duration of convective activity is called unstable 
period while remain ing hours are called stable period. The 
relative occurrence of unstable and stable periods in  different 
seasons was determined (Figure 2). The occurrence of 
unstable period was the lowest in winter and corresponding 
stable period was the highest in this season compared to 
other seasons.  

Table 1.  Onset, dissipation and duration of convective activity in different 
seasons 

Season Onset 
t ime (h) 

Dissipation 
time (h) 

Duration of 
convective activity 

(h) 

Winter 800 1800 10 

Summer 700 1800 11 

Monsoon 700 1800 11 

Post-monsoon 700 1800 11 

 
Figure 2.  Seasonal variation in unstable and stable periods 

Table  2.  Stability class for different periods of the day in different seasons 

Winter Summer Monsoon Post-monsoon 

Time (h) Class Time (h) Class Time (h) Class Time (h) Class 

00:00-08:00 F 00:00-07:00 F 00:00-07:00 F 00:00-07:00 F 

08:00-10:00 B 07:00-09:00 B 07:00-09:00 B 07:00-09:00 C 

10:00-16:00 A 09:00-16:00 A 09:00-16:00 A 09:00-16:00 B 

16:00-18:00 B 16:00-18:00 B 16:00-18:00 B 16:00-18:00 C 

18:00-00:00 E 18:00-00:00 E 18:00-00:00 E 18:00-00:00 E 
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3.3. Mixing Height 

Mixing height is defined as the height of the layer adjacent 
to the ground over which pollutants enter into this layer get 
mixed up by convection or mechanical turbulence within one 
hour[3, 20] or it is the height above the surface up to which 
emitted air pollutants are diluted[21]. It is a fundamental 
parameter that characterizes the structure of the lower 
atmosphere and determines the volume available for 
dispersion of pollutants by convection or mechanical 
turbulence[2, 3, 4, 5, 17, 20, 22, 23]. Higher the mixing 
height, the higher is the volume available for the dispersion 
of pollutants and vice versa. The stable boundary layer is 
indeed quite shallow compared to convective boundary layer 
or unstable boundary layer[24]. The structure of the 
atmospheric boundary layer is determined by various 
processes (turbulence, radiation, baroclin ity, advection, 
divergence and associated vertical motion, etc.) which 
influence the vertical profiles and turbulent atmospheric 
parameters in a d ifferent way especially  in  the stable 
boundary layer[3]. 

The mixing height was determined using the method given 
in Roy et al.[10]. Hourly  variat ion in  mixing height for 
different seasons is shown in Figure 3. Mixing height is low 
during stable boundary layer and high in between 12:00 IST 
and 14:00 IST in all the seasons.  After 16:00 IST, the 
mixing height starts decreasing due to lower heating of the 
ground. The majority of mixing heights during transition 
phase (stable to unstable and vice versa) were within 650 m 
in all the seasons. Even during weak convection, which 
occurred before sunset, the mixing height was also within 
650 m. The highest mixing height during convection period 
was 2785 m, 2606 m, 2307 m, and  1189 m in winter, summer, 
monsoon, and post-monsoon respectively. Mixing heights 
were highest between 12:00 IST and 14:00 IST due to 
highest convection during this period in all the seasons[11, 
14]. According to Gera et al.[7], lower lat itudes receive more 
solar energy due to higher solar zenith angle compared to 
higher latitudes. Hence lower lat itude causes higher mixing 
height than higher lat itude. The lower latitude (12056’17.93’’) 
at Kolar Gold Fields might be the reasons for higher mixing 
heights in the seasons. 

 

Figure 3.  Seasonal variation in mixing height 

3.4. Determination of Stability Classes  

Atmospheric stability is one of the essential parameters for 
air quality  studies. Among Pasquill[25] stability classes, the 
presence of class A indicates strong mixing whereas E or F 
gives rise to poor dispersion[26-27]. The stability classes can 
be determined based on mixing heights and sodar 
echograms[6, 11].  

Using sodar echograms and corresponding mixing  
heights[10, 28], stability classes for the site condition were 
determined. Classes A, B, C was found during convection 
periods of the days in the seasons. In the evening, class E was 
considered due to low infrared  radiat ion and spiky top layers. 
After midnight, ground based flat top and mult iple layers 
echograms or mixing height above 100 m indicated class F. 
Class D was absent as no echogram structures (blank) or zero 
mixing height were observed. Table 2 summarizes stability 
classes for different periods of the day for different seasons. 
Class A was predominant during  09:00-16:00 IST in  summer 
and monsoon whereas during 10:00-16:00 IST in winter. In 
post-monsoon, class B was predominant during 9:00-16:00 
IST. These periods fall under strong convection period of the 
day. Class B also occurred during weak convection period of 
the day i.e. at 08:00-10:00 IST in winter and at 07:00-09:00 
IST in  summer and monsoon. It was also observed at 
16:00-18:00 IST in all the seasons except in post-monsoon. 
Class C was found at 07:00-09:00 IST and 16:00-18:00 IST 
in post-monsoon. Class E occurred in  the evening and F in 
the morning in the seasons.  

The Pasquill stability classes can be used to determine the 
horizontal and vert ical d ispersion coefficients as a function 
of downwind distances from the source using 
Pasquill-Gifford curves[11, 29]. These coefficients can be 
used to calculate emission rate for the industries either in 
operation or likely to be set up in this area. 

3.5. Influence of Meteorological Parameters on Mixing 
Height 

Meteorological parameters such as wind speed, wind 
direction, surface temperature, humidity, solar radiation and 
rainfall can  affect  the mixing  height. Therefore, the influence 
of these parameters on mixing height was studied. 

The meteorological data generated for each season were 
analysed. Though the number of monitoring days for 
meteorological parameters compared to operation periods of 
the sodar was more in  some seasons, only those 
meteorological data corresponding to mixing height were 
considered for analysis. The hourly  average values of 
meteorological parameters and mixing height for different 
days of different seasons were calculated separately. Hence, 
hourly data for each season was used for analysis.  

3.5.1. Wind Speed and Direction  

The change of wind direct ion and speed with time at a  
particular site can be presented diagrammat ically in the form 
of a wind rose. A wind rose diagram consists of a series of 
lines emanating from the centre of a circle and pointing in the 
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direction from which the wind blows. It shows the prevailing 
wind d irection and speed. The length of the bar for a 
direction indicates the percent of time the wind comes from 
that direction. The percentage of time for velocity is shown 
by the thickness of the direction bar. The circle marked in the 
centre of the wind rose indicates the percent of time covered 
for calms with very low wind velocit ies.  

Wind rose diagrams (Figure 4) were plotted for all seasons 
using hourly data of wind speed and direction with the help 
of ISC – AERMOD View software version 5.9. The level of 
frequencies (%) is mentioned on each circle through which 
frequency for each direction can be assessed.  

In winter (Figure 4a), the highest percentage of winds was 
from W at a speed up to 8.8 m/s. The calm conditions were 
21.13 % of the time. In summer (Figure 4b), the percentage 
of winds was the h ighest from NW up to 8.8 m/s. The wind 
also blew up to this speed from other directions.  The calm 
period was 18.89% of the time in this season. In monsoon 
(Figure 4c), the highest percentage of wind was from W NW. 
The wind blew from d ifferent directions up to 8.8 m/s in this 
season. The percentage of calm condition was 4.17%. In 
post-monsoon, the wind rose (Figure 4d) indicates that the 
greatest percentage of wind blew from W at a speed of up to 
8.8 m/s. The calm conditions prevailed  22.27 % of the time. 
The directions of the resultant unit vector for different 
seasons are also shown in the Figure. It is a common way to 
represent the mean  wind direction. The magnitude of the 
resultant vector for the wind rose represents the frequency 
count for the mean direction. 

The calm condition was the highest in post-monsoon and 
the lowest in  monsoon indicating the wind b lew more in 
monsoon and less in post-monsoon. Generally the plume of 
the air pollution from the industries moves towards the 
downwind direction. If the wind direction is constant, the 
area remains exposed to high pollutant levels. As the 
direction changes, pollutant disperse over a large area 
causing lower concentrations over the exposed area. The 
predominant wind directions in different seasons can help in 
the design of greenbelts of fast growing trees to minimize the 
environmental impacts of industries.  

Good correlation of wind speed with mixing height for 
different seasons (Figure 5) shows the influence of wind 
speed on mixing height. In the Figures, N indicates number 
of monitoring days in  the season. Using SPSS software 
version 13.0, the significant level of correlation coefficients 
was checked and it was found that correlations are 
statistically significant at 1% level of significance except 
summer. Positive correlat ion indicates that as the wind speed 
increases mixing  height increases. These results agree with 
those published by Roy et al.[10], Singal et al.[11] and Zhou 
et al.[23].  

Using the monitored data, wind direction was plotted 
against mixing  height for d ifferent seasons and analysed 
(Figure 6). Correlations were statistically  significant at 5% 
level of significance in the seasons except monsoon. Limited 
variations of wind direct ion in monsoon might be the reason 
for poor correlation.  

 

 

 

(a) Winter

(b) Summer

(c) Monsoon
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Figure 4.  Windrose diagrams (a) winter (b) summer (c) monsoon and (d) 
post-monsoon 

 

 

 

 
Figure 5.  Correlation of wind speed with mixing height in different 
seasons 

 

 

 

(d) Post monsoon
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Figure 6.  Correlation of wind direction with mixing height in different 
seasons 

3.5.2. Temperature 

 
Figure 7.  Hourly variation in temperature in different seasons 

The convective boundary layer height rises and falls 
during the day time depending on the increase and decrease 
of surface temperature due to solar heating of the ground[30]. 
The variation in surface temperature controls the occurrence 
of atmospheric convection; hence it strongly affects the 
mixing height[23].  

Hourly variation in temperature for different seasons is 
shown in Figure 7. Obviously, the temperature was the 
highest in summer and the lowest in winter. The lower 
temperature in  the morning  compared to evening might be 
the reason for higher inversion.  

Figure 8 shows the correlation of temperature with mixing  
height for different seasons. The correlat ions for different 
seasons are statistically significant at 1% level of 
significance indicating influence of temperature on mixing 
height. Temperature is influencing positively to the mixing 
heights in the seasons. Similar results were also obtained by 
Roy et al.[10] and Zhou et al.[23]. 

 

 

 

 
Figure 8.  Correlation of temperature with mixing height in different 
seasons 
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3.5.3. Humidity  

 
Figure 9.  Hourly variation in humidity in different seasons 

 

 

 

 
Figure 10.  Correlation of humidity with mixing height in different seasons 

Figure 9 shows the hourly variation in humidity in  
different seasons. Humid ity was the higher in monsoon and 
the lower in winter. Variation in rainfall might be the reason 
for seasonal variation in humid ity.  

Humid ity plays a dominant role in affecting mixing  
height[3, 23]. Therefore, correlation graph between mixing 
height and humidity was plotted (Figure 10). The 
coefficients are significant at the 1% level of significance 
indicating influence on mixing height. The negative 
correlation ind icates that as the humidity increases mixing 
height decreases. Similar results were also obtained by Roy 
et al.[10]. 

3.5.4. Solar Radiation  

 
Figure 11.  Hourly variation in solar radiation in different seasons 
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Figure 12.  Correlation of solar radiation with mixing height in different 
seasons 

The solar radiation was higher in summer than other 
seasons (Figure 11). Time to time rainfall in the seasons 
(Figure 13) indicated variation in cloud cover, hence change 
in rad iation. Figure 12 shows the correlation of solar 
radiation with mixing height. As the solar rad iation increased 
mixing height increased. The correlat ions are statistically 
significant at 1% level of significance indicating the strong 
influence of solar radiation on mixing height. The results are 
in agreement with those of Roy et al.[10] and Myrick et 
al.[14]. 

3.5.5. Rainfall 

Rainfall occurred in all the seasons. The recorded rainfall 
for d ifferent seasons is shown in Figure 13.  Using the 
monitored data, mixing height was plotted against rainfall 
(Figure 14). Variations in rainfall at different periods of the 
days might have led to variations in infrared cooling of the 
earth. This could be the reason of insignificant influence on 
mixing height.  

 
Figure 13.  Hourly variation in rainfall in different seasons 

3.5.6. Multiple Regression Analysis of Data 

Individual correlation of meteorological parameters with 
mixing height indicated that some are significantly 
correlated and some are not. Therefore, all the parameters 
were combined and step wise regression analysis of data was 
carried out to select the actual subset of the variables 
influencing the mixing height i.e. developing the model for 
predicting the mixing height. Generally, for most of the 
practical problems, there are many predictors which include 
all the influential factors, but the actual subset of predictors 
that should be used in the model needs to be determined. 
Finding an appropriate subset of regressors for the model is 
called the variable selection[31]. According to different 
researchers[32-34], stepwise mult iple regression procedure 
is commonly used to produce a parsimonious model that 
maximizes accuracy with an optionally reduced number of 
predictor variab les. 

To develop statistical models, multip le regression analysis 
of 96 sets of data consisting of 24 sets for each season was 
carried out using the SPSS software version 13.0. W ith the 
help of stepwise regression procedure, two models were 
developed (Tables 4).  The adjusted R2 value is the highest 
and the residual mean  square is the lowest for model 2. The 
derived regression coefficients are neither zero  nor less than 
the standard error. For a model, adjusted R2 increases if the 
addition of the variable reduces the residual mean square. In 
addition, it is not good to retain negligib le variables, that is, 
variables with zero coefficients or the coefficients less than 
their corresponding standard errors[31]. Variance inflation 
factor (VIF) for the input variables is lower than 10 
indicating that there is no mult icollinearity[31] as higher 
values cause poor prediction equations. 
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Table  4.  Model summary of mixing height 

Model Predictors R square Adjusted R 
square 

Residual 
mean square 

Regression coefficients Significance Variance Inflation 
Factor (VIF) Coefficient Standard error 

1 Constant 
Solar radiation 0.639 0.636 24x104 365.761 

2071.704 
63.226 

160.470 
0.000 
0.000 1.000 

2 
Constant 

Solar radiation 
Wind direction 

0.718 0.712 19x104 
-1900.502 
1957.903 

8.081 

448.266 
144.378 
1.586 

0.000 
0.000 
0.000 

 
1.025 
1.025 

 

 

 

 

 
Figure 14.  Correlation of rainfall with mixing height in different seasons  

Therefore, regression coefficients for the predictors of 
model 2 were used to derive the equation for mixing height 
(MH), which is as under: 

MH (m) = -1900.502 + 1957.903* solar radiation (w/m2)  
+ 8.081* wind direction (0)            (1) 

Analysis of variance (ANOVA) for th is model indicated 
that observed value of F is 118.456 whereas critical value of 
F0.01,2,93 is 4.79. It reveals that observed value is many times 
higher than critical value. For the regression model, to be 
useful as a predictor, observed F ratio must be at least four or 
five t imes greater than critical value of F[31]. Hence, the 
model is adequate for the prediction of mixing height. 

The study of residuals (or error) is very important in  
deciding the adequacy of the statistical model. If the error 
shows any kind of pattern, then it is considered that the 
model is not taking care fo r all the systematic informat ion. 
For the best performance of the model, residuals should be 
random i.e. they should follow the normal d istribution with 
zero  mean and  constant variance[35]. Figure 15 indicates 
histograms of the residuals of mixing height model. The 
residuals are distributed normally with zero mean and 
constant variance ind icating adequacy of the model for the 
prediction of mixing height. 

Grivas and Chaloulakou[34] and Papanastasiou et al.[36] 
used correlation coefficient (R) between measured and 
predicted values for the evaluation of model performance. 
Figure 16 shows the plots of predicted and measured values 
of mixing height. The correlat ion coefficient (R) for equation 
(1) is 0.85, which  is significant in  statistical sense at 1% level 
of significance. All the regression coefficients of predictors 
are also statistically significant (Tab le 4) revealing that the 
model can be used to estimate mixing height in the study 
area.  

 
Figure 15.  Standardized residual analysis of mixing height model 
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Figure 16.  Correlation between predicted and measured values of mixing 
height 

4. Conclusions  
Based on the study of atmospheric and meteorological 

parameters, the unstable period for summer, monsoon and 
post-monsoon is from 7:00 to 18:00 IST whereas for winter it 
is from 8:00 to 18:00 IST indicating that emission of 
pollutants during these periods from the industries either in 
operation or likely to be established in this area will have less 
impacts on surrounding habitations.  

The mixing height was the highest between 12:00 IST and 
14:00 IST in all the seasons indicating the highest volume of 
air will be availab le for the d ispersion of pollutants during 
this period. Stability classes A, B, C, E and F were 
predominant at different times of the day in the seasons. 
These classes can be used to find out the dispersion 
coefficients required for the computation of emission rates of 
pollutants. The predominant wind direct ion as indicated by 
windrose diagrams for different seasons can be used to 
minimise the impacts of air po llution by planting fast 
growing trees perpendicular to the plume moving towards 
habitations.  

Simple correlations of meteorological parameters with 
mixing height showed different degree of correlations. Step 
wise regression analysis of data revealed that solar radiation 
and wind direction significantly influence the mixing height. 
The performance of the developed statistical model indicated 
that it can be used to predict mixing height for the study area.  
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