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PREFACE 
 
 
 
 
Atmospheric dispersion modelling plays an important role in the 
management and assurance of environmental radiation safety at the 
nuclear installation sites.  Safety parameters related to normal operation, 
such as stack height, permissible discharge limits of gaseous radioactive 
effluents from each nuclear plant and those related to accident 
conditions, such as Acceptable Release in Emergency (ARE), distances for 
evacuation during radiation emergency etc. are established through the 
application of these models.   
 
Because atmospheric dispersion studies and model applications play an 
important role in the nuclear power program, it is customary to establish 
a meteorological facility at every NPP site.  This facility provides data on 
dispersion, thus enabling assessment of impact from routine gaseous 
radioactive releases and check compliance with the technical 
specifications.  The facility is expected to play a very important role in an 
emergency situation by providing data on the direction and path of the 
released radioactive effluents.     
 
Recognising the importance of meteorology in the nuclear power 
programme, a meteorology group was established in the Health Physics 
Division, BARC, as early as 1958, coincident with the design/construction 
work of the CIRUS reactor.  Dr. V.V. Shirvaikar, the group leader (who 
has since retired) and other members of the meteorology group, (late) Dr. 
R. N. Sachdev, Mr V. Sitaraman, and Dr. R.K Kapoor, who were trained at 
various meteorological laboratories in USA, UK and Australia, have made 
significant contributions over the years to the subjects of 
micrometeorology and atmospheric dispersion as related to the nuclear 
power programme.  Most of the contributions, which are the outcome of 
the extensive need based R&D programmes, have been published in 
national and international journals and as BARC reports and manuals.  
Many of the computer codes developed by the group are still operational 
and in use. 
 
The R&D efforts have resulted in the standardisation of model 
applications.  Members of the meteorology group particularly Dr. 
Shirvaikar and Dr. V.J. Daoo have been giving training lectures at various 
fora like workshops, seminars, training and instructional courses at 
BARC, NEERI (Nagpur), IIT Bombay, Mumbai University etc.  These 
lectures were directed towards personnel in the field of nuclear energy as 
well as those concerned with conventional air pollution.  The lecture notes 
have been compiled into a  report form by Dr.  Shirvaikar  with active help 





 
 
 



  

 
 

 
 

 
 
 

ABSTRACT 
 
 
 
 

This report is intended as a training cum reference document for 
scientists posted at the Environmental Laboratories at the Nuclear Power 
Station Sites and other sites of the Department of Atomic Energy with 
installations emitting air pollutants, radioactive or otherwise.  Since a 
manual already exists for the computation of doses from radioactive air 
pollutants, a general approach is taken here i.e. air pollutants in general 
are considered.  The first chapter presents a brief introduction to the need 
and scope of air pollution dispersion modelling.  The second chapter is a 
very important chapter discussing the aspects of meteorology relevant to 
air pollution and dispersion modelling.  This chapter is important because 
without this information one really does not understand the phenomena 
affecting dispersion, the scope and applicability of various models or their 
limitations under various weather and site conditions.  The third chapter 
discusses the air pollution models in detail.  These models are applicable 
to distances of a few tens of kilometres.  The fourth chapter discusses the 
various aspects of meteorological measurements relevant to air pollution.  
These chapters are followed by two appendices.  Appendix A discusses the 
reliability of air pollution estimates.  Appendix B gives some practical 
examples relevant to general air pollution.  It is hoped that the document 
will prove very useful to the users. 

 
 

 



  

 
 
 
 
 
 

CHAPTER I 
 

NEED FOR DISPERSION MODELLING 
 
 
1.1 Introduction   

 
        A gaseous substance, say a pollutant, released passively i.e. without force into the  
atmosphere immediately becomes part of it.  It immediately starts travelling with the 
wind in the downwind direction and while in motion, the turbulent eddies cause it to 
spread in all directions.  The process of travel is called "advection" and the spread by 
eddies is called "eddy diffusion", "turbulent diffusion" or simply "diffusion".  The two 
processes together constitute what is termed "atmospheric dispersion".  The diffusion 
process causes progressive mixing of the pollutant with air, thereby reducing its 
concentration in air by dilution.  "Atmospheric dispersion models" are mathematical 
expressions or algorithms relating the quantity of a pollutant released to the atmosphere 
to its concentration at a given location.  

 
        Atmospheric dispersion models have several applications, mostly in the field of 
environmental protection and management planning especially in connection with the 
air pollution problems.  Other applications are in the field of spread of insecticides, and 
in defence, especially the chemical and atomic warfare.  Actually the earliest work on 
atmospheric dispersion is rooted in the defence requirements especially of smoke 
screening techniques.   Later, after the advent of Atomic energy, the need for protection 
from radiation from radioactive materials released from nuclear reactors and other 
nuclear plants handling radioactivity led to intensive research and development efforts in 
the field of micrometeorology and atmospheric dispersion.  In this era which started in 
the early fifties all the theoretical and experimental work done on atmospheric dispersion 
and related topics was reviewed and several field experiments were conducted to obtain 
diffusion parameters, i.e. atmospheric parameters in terms of which atmospheric 
dispersion models can be mathematically expressed.  In the early sixties awareness of 
increasing air pollution gave a fillip to further investigations in this field.  
 
        Atmospheric dispersion is a topic in meteorology especially in branches commonly 
known as micrometeorology and air pollution meteorology, the latter because of its 
extensive applications in air pollution evaluation and control.  This report deals with the 
atmospheric dispersion modelling and its applications as well as those branches of 
meteorology relevant to atmospheric dispersion modelling.  Note that dispersion models 
only for passive releases of gases having density not very different from the ambient air 
are considered here.  Heavy gases i.e. gases having densities much higher than air, 
sometimes involving chemical reaction and heat generation also released to the   
atmosphere generally due to accidents.  Dispersion models for heavy gases requiring 
consideration of gravitational settling and thermodynamic effects have not been 
considered here.  

 
1.2 Behaviour of pollutants in atmosphere 

 
       As soon as a pollutant enters the atmosphere its behaviour is controlled by  
atmospheric motions and physico-chemical properties of air as well as the pollutant.  
Sometimes, solar radiation also plays a role.  
 



  

       Pollutants released through a stack are generally discharged with some efflux 
velocity and often at a temperature hotter than the ambient air.  The initial momentum 
of discharge and the initial buoyancy due to higher temperature of the stack effluents 
cause them initially to rise vertically while at the same time being carried by the winds 
and diffused by turbulence.  This initial rise continues until the initial momentum and  
buoyancy are dissipated by mixing with air.  This initial rise is called Plume Rise.  It 
helps to increase the effectiveness of the stack by increasing the effective stack height 
which is equal to the physical stack height plus the plume rise.  Evaluation of plume rise 
is therefore very important in the dispersion modelling.   
 
       Pollutants released from mobile sources e.g. motor vehicles are generally released 
horizontally.  While the plume rise effect is negligible, the initial efflux velocity and 
temperature together with the wake effect turbulence caused by the moving automobile 
cause an initial cloud of finite dimensions, which must be considered in the model.  
 
       Pollutants may be broadly classified into  
 
                      (i) particulates and  
                     (ii) gases and vapours.  
 
       Particles larger than about 10 µm diameter tend to settle slowly by gravitational 
settling.  Smaller particles behave virtually like gases with negligible settling velocity, 
however they may deposit on surfaces by the process of impaction.  Gaseous pollutants 
may be chemically inert or may transform to another chemical or physical form by 
reacting with other atmospheric components such as water vapour.  Some vapours and 
gases may also deposit on surfaces with which they come in contact by absorption and 
adsorption.  All these processes are termed "Removal processes" since the pollutant 
effectively is removed from the plume.  An important removal process is the wet removal 
process of washout by raindrops falling through the plume and the rainout when the 
plume gets mixed with a rain cloud and the pollutant gets included in the cloud drops 
which finally come down as rain.  
 
        Other physico-chemical processes include adsorption on dust particles and 
coagulation.  A reverse of the removal process may also occur through the phenomenon 
of resuspension by wind (also called wind pickup) and desorption.  In the former process, 
winds raise the deposited and soil particles on which pollutant gas may have been 
deposited, to become airborne again.  The probability of the particles being resuspended 
is higher for finer particles and higher winds.  Many vapours get desorbed and enter the 
atmosphere under certain conditions of temperature and humidity.  Some physico-
chemical processes cause decomposition of the pollutants while others generate new 
pollutants.  Photochemical oxidants which are produced from hydrocarbons in presence  
of water vapour and sunlight is an important example of the latter process.   
 
        Fig 3.1,which is discussed in details later, shows schematically some of the processes 
de scribed above.  Where applicable, the models take into account the effects of the above 
physico-chemical processes such as deposition on surfaces and chemical transformations. 

 
1.3 Physical description of diffusion and plume formation 

 
        Consider a small cluster of particles instantaneously released in air from a point.  
The particles initially form a small cloud which expands due to turbulent eddies while 
travelling downwind.  The turbulent eddies in the atmosphere range over a wide range 
from a fraction of a millimetre to several hundred meters.  Eddies of size much larger 
than the size of the cloud, make it to move bodily in crosswind and vertical directions 
while eddies of size much smaller than the cloud cause internal redistribution of the 
particles which we call turbulent diffusion.  Eddies of intermediate size i.e. size of the 
order of the cloud size cause the cloud to deform.  Thus, as the cloud grows while 



  

travelling downwind, larger and larger eddies take part in the diffusion process.  This is 
schematically depicted in Fig 3.2 which is discussed in details latter.  
 
         A continuous release may be considered as a series of instantaneous elemental 
puffs.  The contiguous clouds due to each of the elemental puff merge to form a 
continuous conical formation which, if visible as in the case of smoke, looks like a 
feather and hence is called a plume (Plume means a feather).  
 
        A continuous visible plume may often appear to have a ragged edge and often a 
serpentine appearance nearer the source.  This is because near the source the cloud size 
is small and larger eddies shift the cloud bodily as described earlier.  The serpentine 
appearance vanishes at large distances from the source where cloud size is so big that 
the larger eddies actually take part in diffusion within the cloud (i.e. the plume) than in 
transport.  
 
        Instantaneous plume may appear to be ragged edged, mainly due to the 
deformation by eddies as described earlier.  A time exposure photograph of the same 
plume over say a minute or more removes ragged edge appearance.  This is the effect of 
averaging which will be discussed later in Chapter III.  

 
1.4 Atmospheric parameters  

 
        Dispersion models use input parameters related to  
 
          (i) the source of the pollutants, especially the rate and height of release, the efflux 
velocity and temperature,  
         (ii) the atmospheric conditions governing the atmospheric dispersion, especially the 
parameters related to wind and turbulence and the temperature profile,   
        (iii) the parameters related to the terrain, especially the ground roughness and the 
presence of hills or other obstructions to airflow and  
         (iv) Physico-chemical parameters.   
 
         The main atmospheric parameters affecting dispersion are the wind speed and 
turbulence.  By implication, the parameters which control these, and especially 
turbulence are the parameters which govern dispersion.  The dispersion models 
therefore use these governing parameters in the mathematical formulation.  
 
         The intensity of turbulence depends upon a property of atmosphere called 
atmospheric stability which is defined by the acceleration felt by the vertical motion of 
air parcels.  As will be seen in the next chapter,  this vertical acceleration depends upon 
temperature profile i.e. the way temperature varies with height.  Temperature profile is 
one of the most important parameters in atmospheric dispersion.   
 
         Incoming solar radiation and outgoing radiation from the earth, together with 
humidity,  control the thermal processes within the atmosphere and hence the 
temperature profile.  All these parameters and associated processes show a diurnal 
variation.  Atmospheric stability varies from "unstable" during midday hours of bright 
sunny day to "Stable" during clear nights.  Unstable conditions are associated with 
strong diffusion conditions while stable conditions are associated with weak diffusion 
conditions.  These aspects will be discussed in more detail later in chapter II. 

 



  

1.5 Types of sources 
 
Various types of sources may be encountered in practice.  Sources may be broadly 

classified into  
 

                      (i) stationary sources and  
                     (ii) mobile sources. 

      
Release through a stack or through a single stationary outlet are examples of a 

stationary point source.  An exhaust of a moving automobile may be considered as a 
mobile point source.  When, on a highway, a number of automobiles move, they form an 
effective line source which for all practical purposes may be considered as an infinite line 
source.  A number of stacks in a single line may be considered as a finite line source.  In 
cold countries, fuel is used for house heating.  The waste gases which contain sulphur  
dioxide are released at very low levels and may be considered as a ground level source.  
The release occurs over a large area which constitutes the residential area.  This is an 
effective area source.  

 
There is another type of source which is the source of fugitive emissions.  In many 

processes such as those in chlor-alkali industry, there is no centralised ventilation 
system to collect the gases.  (e.g. chlorine produced in the chemical process).  The gases 
escape through windows, doors and roof openings.  These are called fugitive emissions.  
Fugitive emissions can also occur if ventilation system is not efficient or fails.  They lead 
to large ground level concentrations of the pollutants in the vicinity of the factory.  
Fugitive emissions in general are not desirable.  Other sources of fugitive emissions are 
fuel storage tanks which, by evaporation, discharge fuel to atmosphere and sewage 
aeration tanks which give out odours and organic gases.  Fugitive emissions may be 
considered as finite volume sources effectively emitted at ground level.   

 
1.6 Theoretical and experimental basis of models 

 
Atmospheric dispersion and the associated subject of micrometeorology has been 

extensively studied theoretically and experimentally since about 1920.  Several models, 
both theoretical and empirical, have been proposed to date based on these studies.   

 
1.6.1 Theoretical studies  

 
        The theoretical aspects of modelling have been studied through three approaches 
viz.  

 
        - Based on the statistical properties of turbulence, 

 - As an eddy diffusion process analogous to the molecular diffusion.  
 - Based on similarity principle of fluid flow.  
 
Of the above, only the models based on eddy diffusion process,  also known as 

gradient or K-theory models, have been found to be viable for practical applications and 
that too at large distances.  K-Theory approach involves an implicit assumption that 
entire eddy spectrum has been used in the diffusion process, a situation which can be 
satisfied only on synoptic scale i.e. distances of few hundred kilometres or more.  The 
basic K-theory model is a second order partial differential equation of parabolic type 
similar to the heat diffusion equation.  While analytical solutions have been obtained for 
simple situations, the complexity of the actual real life situation where atmospheric and 
site conditions change continuously, with time and distance, require numerical 
techniques to obtain the solutions, requiring use of a high capacity computer.  K-theory 
models are discussed In details later in chapter III.  

 



  

1.6.2 Experimental studies  
 
Experimental studies of atmospheric dispersion made in the early days (about 1920) 

were mainly for defence applications especially in smoke screen and chemical warfare.  
After the advent of nuclear energy, the Atomic Energy Establishments in US and UK and 
later in other countries contributed tremendously to the knowledge of atmospheric 
dispersion.  In the period after the second world war several diffusion experiments were 
conducted by several research groups, using smoke and tracer gases like sulphur 
dioxide, sulphur hexafluoride (SF6) and radioactive gases.  In many of these experiments, 
which used continuous sources, crosswind plume spreads were measured at various 
distances in the downwind direction.  The distribution of the concentration along the 
crosswind direction was found to fit closely a Gaussian distribution.  The plume spread 
parameters could then be expressed in terms of the standard deviation of the Gaussian 
distribution.  The variation of the standard deviations with distance was related to 
turbulence parameters and atmospheric stability.  Thus, variation of standard deviation 
with distance could be expressed graphically or through a formula for each stability 
class.   

 
Measuring the vertical distribution posed practical problems of sampling at heights.  

Where possible, use of tethered balloons and tall towers was made to sample air at 
various heights.  Where this was not possible, it was assumed that Gaussian 
distribution fits in the vertical direction also.  Making use of the principle of conservation 
of mass, it was then possible to obtain the vertical plume spread parameters also.  Thus, 
an empirical diffusion expression could be written as a double Gaussian expression with  
plume spread parameters which are functions of downwind distance.    

 
The empirical double Gaussian models based on the data thus collected are widely 

used today for distances up to a few tens of kilometres.  Fortunately this is also the 
distance range beyond which the pollution impact from real sources reduces 
considerably for most of the common pollutant sources.  Since the K-theory models are 
not useful for this distance range, the empirical double Gaussian models are the 
mainstay of the air quality management.  

 
1.7 Classification of models 

 
Models can be classed in various ways.  We have already seen a classification based 

on the nature of the pollutant viz. Passive dispersion model and heavy gas dispersion 
models.  

 
Models can be also classified according to the distance range of application viz. (i) 

Short range models, (ii) mesoscale models, (iii) regional scale models and (iv) global scale 
models. 

 
Models may also be classified according to the nature of the source.  If we consider 

the time over which pollutant is released to the atmosphere we may classify the models 
as  

 
                   (i) Instantaneous source models and  
                  (ii) continuous source models.   
 
       These are further classified according to the nature of source geometry as  

 
(a) point source,  
(b) line source  
(c) area source and  

       (d) volume source models.  
 



  

       A further classification is stationary and mobile source models. 
 
The models we considered so far are the receptor oriented models i.e. the 

concentrations are estimated at a receptor point.  There are source oriented models 
where give a concentration at a receptor point one may relate them to various sources, 
using statistical techniques.  These are however not discussed here. 

 
1.8 Input data 

 
Adequate data should be available for input to models.  Unfortunately, adequate 

type of data are not available from national meteorological network relevant to 
atmospheric dispersion applications except for a few stations where data are recorded 
continuously.  A major purpose of the data is to determine the impact of the pollutant 
releases for deciding on the suitability of locating the sources i.e. factories at a site.  

 
Very often, suitable data may not be available at a site.  It is still possible to use 

default values of meteorological parameters to obtain maximum plausible impact from a 
given source.  This is called the Plausibility Approach.  It is a conservative approach and 
the default values are so chosen that their occurrence is plausible and they give an 
upper limit to the impact possible at the site.  Thus immediate decisions could be taken 
allowing sufficient time for the proposed industrial unit to collect actual on-site 
meteorological data for later evaluation and revision of emission limits.  

 
The reliability of estimates depends upon the quality of data.  Proper collection of 

data and its analysis is therefore very important in the modelling applications.  The topic 
of measurements and data analysis is discussed later in chapter IV. 

 
1.9 Reliability of estimates and validation 

     
Atmospheric dispersion models generally assume idealised conditions at the site and 

in the atmosphere.  Site conditions and atmospheric conditions, particularly wind field 
and stability change with distance, height and time, whereas the input atmospheric 
parameter data are generally from a single or a very limited number of fixed points.  All 
these factors raise a question of how reliable the concentration estimates are under a 
given situation.  

 
Studies show that the basic random nature of turbulence itself leads to some degree 

of unreliability in the estimates.  There are other inherent factors such as while the 
stability classes define class mean conditions, actual conditions can deviate from the 
mean.  Inherent errors likely to occur in the concentration estimates are discussed in 
appendix A.  

 
It is evident that best method to see if a model gives reliable estimates is through 

validation using measured data.  Data from the monitoring of common pollutants such 
as sulphur dioxide or nitrogen oxides cannot be used for validation (in pollution-wise 
virgin areas) because their background levels vary considerably with time.  Any claims of 
validation are therefore suspect unless experiments are specifically conducted using 
tracers without background levels (e.g. SF6, radioactive tracers or tagged tracers).  Such 
dispersion experiments however are very expensive and require not only a good 
organisation but also considerable co-operation from Governmental agencies and public.  

  
1.10 Some applications  

 
In the following we discuss some of the common application areas of atmospheric 

dispersion modelling. 
  



  

1.10.1 Applications to Air Quality Management  
  
Air quality management or air pollution control requires inputs from many scientific 

and technical specialisations, one of them being the atmospheric dispersion modelling.  
Other specialisation includes a knowledge of health effects for setting the Ambient Air 
Quality Standards (i.e. safe and acceptable limits of air pollution levels) and an expertise 
in various branches of mechanical, electrical and chemical technology for design, 
installation and operation of air pollution control systems.  

 
The role of atmospheric dispersion models is to predict the air pollution levels from 

various pollution sources using meteorological data.  The sources may be from a 
proposed industrial plant in which case such an advance evaluation of the air pollution 
levels enables the regulatory agencies such as Pollution Control Boards to check whether 
the industry is likely to cause adverse air pollution impact or not and decide on the 
emission limits to be prescribed for the industry.  The emission limits are then used to 
decide on the type and efficiency of the control systems to be used.  Other applications of 
the dispersion models include assessment of impact from routine pollutant emissions as 
a support to the monitoring network.  In practice monitoring can be done only at a finite 
number of locations.  Dispersion models are an aid to interpolate the measured data to 
other locations.  All these applications use short range models i.e. models applicable over 
a distance range of a few tens of kilometers. 

 
1.10.2 Applications to toxic heavy gas releases  

 
Models are also required for estimating the impact of accidental releases of toxic 

chemicals.  There is a class of pollutants which when released has a density different 
from air initially and sometimes thermodynamic processes eg flashing, evaporation, 
condensation etc lead to energy interaction with the atmosphere.  Dispersion of heavy 
gases falls in this category.  Until the gases get diluted and the density very near that of 
air, the dispersion proceeds in a somewhat different way than from the passive 
dispersion.  Models describing such gases are called heavy gas dispersion models and 
are applicable to the initial phase of travel of heavy gases such as chlorine.  Heavy gas 
dispersion models are useful for planning emergency action plans in the case of toxic 
heavy gas releases.  As a typical example of a possible chlorine release, application 
requires an estimation of distances of significant impact (eg death, respiratory problems, 
hospitalisation etc) for various release scenarios during different times of day and 
weather conditions so that complete emergency actions can be planned.  It also gives the 
limiting distances within which habitation should be restricted or limited by 
administrative means so that impact is minimised.  These models are also basically 
short range models. 

 
1.10.3 Applications to atomic energy 

 
Atmospheric dispersion models have extensive applications in the field of atomic 

energy.  Before a nuclear plant is located at any site, the site is examined from 
considerations of possible adverse dispersion conditions in order to avoid situations 
where stagnation of accidentally released radioactive gases can occur.  During the period 
between the selection of a site and commissioning of the plant, detailed meteorological 
studies are made at the site to study the diffusion climatology i.e. the statistics of 
occurrences of dispersion related parameters.  These data are used in the atmospheric 
dispersion models to decide on stack height and emission limits as in the case of 
conventional pollutants.  However, in the case of radioactive releases, some vapours e.g. 
that of iodine isotopes and particulates  e.g.  Sr and Cs isotopes can get deposited on 
surfaces and vegetation causing a long term radiation problem both from direct radiation 
and from ingestion of the isotopes through food chains long after the radioactive cloud 
has passed.  The models therefore have to consider these phenomena also.  During the 
operating phase of the plant the meteorological measurements continue and models are 



  

routinely used to compute the radiation exposures to public.  Use of dispersion models 
for this purpose is essential because the radiation exposure limits are usually of the 
order of or much lower than the natural background levels of radiation and therefore 
cannot be measured reliably.  The only method of estimating radiation exposures at 
these low levels is through computations.  The meteorological data collected during the 
construction phase is also used for emergency planning, especially to define the 
emergency action distances.  The meteorological station also gives guidance for 
emergency actions in the case of an off-site radiation emergency.  During the post-
emergency period the meteorological data and the dispersion models are used to assess 
the dose and contamination levels in the environment.  The meteorological measurement 
set-up and dispersion modelling are therefore used in all phases of a nuclear 
installation.  The models used here are generally short range models.  Major accidents 
like the Chernobyl accident however require the use of long range (of the order of 1000 
km) models.  Assessment of the effects of nuclear weapons also require long range 
models, while those dealing with long term aspects of radioactive fallout require global 
scale models.  

 
1.11 Scope and arrangement of topics  

 
This report is intended to acquaint the reader with the basic aspects of atmospheric 

dispersion modelling and the associated topics in meteorology including the 
measurement of meteorological data and its analysis.  Chapter II presents the 
meteorological basics relevant to the atmospheric dispersion.  Chapter III discusses the 
various dispersion models applicable under various source and site conditions.  The 
important topic of meteorological measurements is discussed in Chapter IV. Appendix A 
gives a brief summary on reliability and accuracy of the dispersion estimates while in 
appendix B some worked out examples are given as illustration of application of the 
principles described in the report.  

 
 
 



  

 
 
 
           
 
 

CHAPTER II 
 

METEOROLOGICAL FUNDAMENTALS 
 
 
2.1 Introduction 

 
In this chapter meteorological topics related to the atmospheric dispersion of air 

pollutants are discussed.  
 
Meteorology is the study of the atmosphere and atmospheric processes.  There are 

various branches of meteorology e.g. Physical meteorology, Dynamical meteorology, 
Forecasting, Agricultural meteorology, Micro-meteorology and Aviation meteorology 
depending upon the processes studied and the applications.  Air pollution meteorology 
covers those aspects of meteorology which are related to the atmospheric dispersion of 
pollutants and other physico-chemical processes to which they are subject.  

 
Atmosphere is the gaseous blanket of the earth.  It is a mixture of gases which we 

traditionally call "air".  The principal gases are the permanent gases: Nitrogen, Oxygen, 
Argon and minor quantities of other noble gases: Neon, Xenon and Krypton.  These gases 
occur in fixed relative proportions.  Atmosphere also contains other gases which occur in 
variable proportions.   The variable gases are the water vapour, several natural and 
manmade gases like carbon dioxide, methane, sulphur dioxide etc. 

 
       Atmosphere also contains water droplets and dust.  Very complex processes and 
phenomena are always occurring in the atmosphere.  We are familiar with many of these 
processes e.g. rain, fog, cloud formation, cyclones, and tornadoes which we call weather 
phenomena.  There are others like lightning, chemical transformation of gases, 
production of nitrogen oxides by lightening etc., which are not visible but have a role to 
play in the life processes and physico-chemical phenomena on the earth.  One important 
process of interest to air pollution is the formation of photochemical oxidants due to 
sunlight interacting with the hydrocarbons and moisture in air.  

 
State of the atmosphere is characterised by the physical parameters temperature 

and humidity and the dynamical parameter wind.  Other parameters refer to weather 
phenomena like clouds and precipitation.  Routine observations of these parameters 
including the weather phenomena are an essential part of meteorological studies.  The 
nature of measurements and the type of instruments used varies with applications e.g. 
weather forecasting, agriculture or air pollution.  The subject of meteorological 
measurements and routine processing of the data will be discussed in another chapter 
(Chapter IV).  

 
The atmospheric processes directly or indirectly depend upon the incoming energy 

from the sun.  Study of the solar radiation and of the radiation processes occurring at 
the earth's surface and in the atmosphere also form a part of meteorology.  Earth being a 
part of the solar system with the atmospheric and life processes dependent upon the 
energy received from the sun, certain basic facts regarding the earth and its atmosphere 
in relation to the sun should therefore be kept in mind.  

 



  

2.2 Sun-Earth-Atmosphere System 
 
Earth revolves round the Sun in a mildly elliptic orbit with a mean orbital distance 

of 149.68 Million km (See Fig 2.1).  The period of revolution is called 1 solar year.  Earth 
also rotates round itself causing day and night.  The axis of earth's rotation is inclined to 
the orbital plane at an angle of 23.5° (actually 23°27′).  This inclination has far reaching 
effects on earth and will be discussed at appropriate places later.  

 
Earth is an oblate spheroid.   The points where the axis cuts the spheroid are called 

poles, named the north and the south pole respectively.  The plane perpendicular to the 
axis, dividing the earth into northern and southern hemispheres is called the equatorial 
plane and the circle of intersection is called the equator.   

 
       The polar radius of the earth is 6357 Km and an equatorial radius 6378 km.  
Compared to this the thickness of the atmosphere is only about 300 Km.  Most of the life 
on earth is within the first 100 m or so of the earth's surface.  About 70% of earth's 
surface is covered by Sea and only about 30% by land.  The land surface is uneven with 
the highest mountain (Mt Everest)  of about 11 km above sea level.  

 
The equator divides the globe into two hemispheres: the northern and the southern 

hemisphere.  Because of the inclination of the earth’s axis to the orbital plane of the 
earth, the northern and southern hemispheres receive different amounts of solar 
radiation on any day. This amount changes over the year and is the cause of the 
seasons.  In summer, as can be seen from Fig 2.1 the northern hemisphere gets more 
solar radiation than the southern hemisphere and vice versa in the winter season.  One 
must appreciate the fact that but for this inclination and the resultant unequal 
distribution of solar energy, the earths temperature would have been much hotter at the 
equator and much colder at the poles than it is now and perhaps the conditions would 
not have been suitable for evolution of life on earth. 

 
2.2.1 Latitude and longitude.  
 

Earth's globe is divided for convenience by imaginary lines called circles of latitude 
and meridians of longitude (See Fig 2.2).  The latitude of the equator is zero degrees and 
that of the poles 90°N and 90°S respectively.  Other latitudes expressed in degrees are  
distinguished by N for northern hemisphere and S for the southern.  The great circles 
passing through the poles are called meridians of longitude.  Zero meridian passes 
through the village of Greenwich in England.  The meridians are designated as degrees 
east or degrees west with respect to Greenwich meridian (E.g. Mumbai is at 19°N, 

72°55′ E.  New York is at 40°40′ N, 74° W).  Any place on earth can be located uniquely 
by specifying its latitude and longitude.   Local latitude can be determined if one is able 
to locate the pole star and measure its angular altitude by means of a theodolite.  The 
altitude in degrees is approximately the same as the local latitude. 

 
Two latitude circles are very important as regards the sun’s travel in the sky. These 

are the Tropic of Cancer at the latitude 23.5°N and the Tropic of Capricorn at the 

latitude 23.5°S.  The zone between the two is called the tropics and is generally known 
for higher temperatures and humidity.  
 

Another set of latitudes of importance are the Arctic and the Antarctic circles 
defined by the latitudes 66.5°N and 66.5°S respectively.  The region between the Arctic  
circle and the north pole is called the arctic zone and is extremely cold. The region 
between the tropic of cancer and the Arctic circle is called the temperate zone. 
 



  

2.3 Reckoning of time   
 

Another effect of the inclination of earth’s axis to the orbital plane is that the length 
of the day and the time of sunrise and sunset at different latitudes vary daily, the 
variation showing an annual cycle.  On March 21st  and September 23rd every year the 
lengths of the day and night are equal at all latitudes. These are the days of Equinox.   In 
the northern hemisphere the length of the day is maximum on June 22nd while on 
December 22nd it is minimum the length depending upon the latitude.  These are called 
the Summer and Autumn solstices respectively.  In the southern hemisphere it is the 
reverse. In the arctic zone there is really no night during certain parts of the year 
because the sun does not go below horizon throughout the 24 hrs.  Consequently, 
during correspondingly opposite part of the year there are no days either as the sun does 
not rise above the horizon.   At the poles the days and nights are of six months each. 
 

If we observe the rising of the stars and the sun every day we notice that while stars 
rise and set the same locations every day, the sun’s location changes and shows an 
annual cycle.  From December 22nd to June 22nd the sun will be seen to move in 
northerly direction on the horizon every day while from June 22nd to December 22nd it 
moves in the southerly direction. In tropics the sun rises in true east direction only twice 
a year.  These are the days when the sun is overhead on zenith at local noon.  In 
temperate and arctic zones the sun is never overhead at local noon.   The angle between 
the (local) observer’s meridional circle and that of the sun measured westwards is called 
the hour angle t of the sun.  It has a range of 0-360°, however, if we use the convention 

that eastward measured angles are negative then we may have a range of  ± 180°. 
 
The sun’s northward or southward angle with respect to the equator is called Sun’s 

declination.  It varies between the limits of 23.5° and  -23.5° and is an important 
parameter in computation of sun’s altitude. Daily solar declinations are tabulated in 
astronomical almanacs, however it can also be computed with sufficient accuracy for the 
present purpose by means of  an expression which will be given later.  

 
Fig 2.3 shows schematically the declination and hour angle. In this Figure O is the 

observer, C is the celestial body (in this case the sun (pN and pS are the poles forming an 
axis about which the celestial sphere i.e. the starry sky rotates from west to east).   KQ is 
the celestial equatorial plane which, for all practical purposes may be identified with 
earth equatorial plane.   Z is the observer’s zenith.  The angle made by  the sun from the 
equator along the great circle passing through it is the declination denoted by  δ.  The 
plane formed by the pole, the zenith and the observer contains the merdional circle of 
the observer and K on the equator lies on it.  The merdional circle of C intersects the 
equator at D.  By definition, the angle made by the sector KWD is the hour angle of the 
sun.    

 
The time between two successive crossings of the meridian by the Sun is called a 

solar day.  Due to the inclination of the axis all days are not of equal length and 
therefore for a consistent calendar time, a mean solar day is used.  Our usual time 
reckoning and the calendar are based upon the mean solar day.  Mean Solar Day (which 
includes both day and night hours) is divided into 24 hours.  One year is completed in 
approximately 365.25 days.  However a normal calendar year has 365 days.  To account 
for the extra quarter day, a leap year with 366 days is introduced every 4 years.  Any 
year divisible by four is a leap year except the century years.  However, a century year 
divisible by 400 is a leap year.  Thus 1900 was not a leap year but 1904 was.  Again, 
2000 was a leap year. 

 
 
 



  

2.3.1 Local and Standard time  
 
In each country a reference meridian is used to define standard time.  In India, the 
reference meridian is 82°30′ E.  At any given location, the time at which the sun crosses 
the meridian is called the local noon.  Obviously the local noon is different from the noon 
based on the standard time.  Local time is often needed in studies of local phenomena 
which depend on the sun's position.  It may be obtained by adding to the standard time, 
a correction ∆T given by  

     
                             ∆T = (Mloc - Mstd)/15        in hours  

          or               = 4 (Mloc - Mstd)             in minutes 
 
where Mloc and  Mstd are the local and standard reference meridians respectively 
 

For Bombay the correction is 4(72°55′- 82°30′) i.e. -38m20s whereas at Calcutta 

(22°30′N, 88°30′E) it is +24 min.  Thus, at Bombay the local noon occurs after the 
standard time noon i.e. at 1238 hrs IST, whereas at Calcutta it occurs 24 min before i.e. 
at 1136 hrs IST.  
 
2.3.2 Apparent time  
 

In the study of solar radiation, apparent position (i.e. position as it actually appears) 
of the sun is required.  Using calendar time based on the mean solar time is tantamount 
to using the average rate of movement of the sun in the sky, and gives incorrect position.  
In this case it is necessary to use the apparent solar time.  The difference between the 
mean solar time and apparent solar time is called Equation of Time (EQT).  It changes 
from day to day and passes through an annual cycle (See Fig 2.4A).  EQT changes from a 
minimum of -14.4 min on February 11, to a maximum of +16.4 min on November 3.  
There are two secondary extrema viz -6.4 min on April 4 and +3.8 min on May 15.   EQT 
is zero on April 15, June 14, September 1 and December 25.   It can be approximately 
calculated (in minutes) for any date using the relation  

                                      
       EQT = - 7.7 Sin [ψ(n - 3)] + 9.5 Sin [2 ψ(n - 80)]     .....(2.1) 
                                                                   

where ψ=  360/N, n  is the number of days reckoned from January 1 as the first day 
and N is the number of days in a year (365 or 366).  The arguments of the sine terms are 
in degrees.   Variation of EQT during a calendar year is shown in Fig 2.4 A. 
 

Note that the sign convention used for EQT here is from Nautical astronomy.  In 
astronomical almanacs opposite sign is used and this should taken into account while 
using astronomical almanac for EQT. 

 
2.3.3 Apparent local time  

 

The apparent local time ta in hours is obtained from the calendar time tc using the 
combination of local time and EQT corrections as  

 

                ta = tc + (Mloc- Mstd)/15 + EQT/60                  .........(2.2) 
 



  

2.4 Solar and earth radiation  
 
        Sun radiates as a black body at a temperature of about 6000 K. Consequently 
spectrum of the incoming solar radiation lies in the wavelength range of about 0.2 µm to 
about 2.5 µm i.e. it spans from ultraviolet to visible to near infrared region (Fig 2.5).  The 
peak intensity is at about 0.5µm in the yellow region.   Solar energy is received by the 
earth at its outer layer at a fairly constant rate of 2 cal/cm2/min (1394 W/m2).  This is 
called Solar Constant S.   The distribution of energy in the three spectral regions is 
shown in Table 2.1.  

 
The earth's surface is at a mean temperature of about 300 K and therefore radiates 

as black body in the infrared region with peak at 10 µm.  This is also called long wave 
radiation while the solar radiation is called short wave radiation.  

 
Many parameters related to atmospheric dispersion (e.g. atmospheric stability and 

heat flux) depend on the incoming solar radiation and the radiation balance.  It is 
therefore important to understand the radiation processes in the atmosphere which 
affect such parameters.   
 
2.4.1 Solar Radiation  

 
The solar radiation entering the atmosphere is partly reflected by the atmospheric 

constituents and about 70 % is received at the earths surface, actual quantity depending 
upon several factors like clouds and dust.  The radiation is again partly reflected by the 
ground and partly absorbed by the soil.  The ratio of quantity of reflected radiation to 
that incident is called Albedo.  Albedo depends upon the nature of the surface.  Typical 
albedo values are : Flat grass-covered ground, 0.25-0.33; flat rocky surface, 0.12-0.15; 
sand, 0.18; snow, 0.18-0.70. For water surface the albedo depends on the angle of 
incidence.  

 
The unreflected part of the radiation is absorbed by the ground and is utilised partly 

for heating the soil and partly to heat the air in contact with the ground.  The heat from 
the soil is transferred to the atmosphere by conduction, radiation and by evaporation of 
water within the soil.  This process is the basic input energy process for maintenance of 
the atmospheric processes.  

 
2.4.1.1 Approximate estimate of insolation 

 
As sun marches through the sky from sunrise through sunset, its angular elevation 

above the horizon, called the solar elevation or altitude (denoted by h) changes 
continuously.  The column of air that the solar radiation has to traverse before reaching 
the ground depends upon solar elevation, the minimum column being at local noon and 
maximum at the sunrise or sunset.   The amount of radiation falling on the ground also 
changes with the elevation partly because of the increased column and partly because of 
the slant angle of incidence.  The effect of the increased column is felt mostly below 
elevation of about 13°.  A very approximate method of estimating insolation i.e. the 
incoming solar radiation from the solar elevation is given below.  It consists of two steps 
viz.  

 
(i)  Computation of solar elevation  
(ii) Computation of insolation  

 



  

2.4.1.2 Computation of Solar Elevation   
 

Solar elevation h is calculated from the following equation:    
 

           Sin h = Sin λ Sin δ + Cos λ Cos δ Cos t                .......(2.3) 
 

where λ is the latitude of the location.  The quantity t is the hour angle of the sun 
defined as the arc of the circle along the celestial equator measured from the upper 
meridian of the observer to that of the sun (See Fig 2.3). Hour angle may be expressed in 
terms of angle measured east and westwards.  It has a range of upto  ±180°.  Since the 
sun traverses 15 degrees in one hour, the hour angle t may be obtained from the 
relation   

 
                      t = 15(12 - ta) degrees                                 ..........(2.4) 

 
where ta is the apparent local solar time in hours.  The hour angle occurs in the cosine 
term in Eq (2.3) hence the algebraic sign of the hour angle does not matter.  The term ta 
is the actual (i.e. apparent) local time which will be explained later.   

 
The term δ is the solar declination explained earlier which, as explained earlier, 

changes between +23.5° to  -23.5°.  Daily values of sun's declination are tabulated in 
the almanacs but  can also be obtained with sufficient accuracy from the relation:       

  
                        δ =  23.45 Sin [ψ(n + 284)]                 .......(2.5)  

  
where n and ψ are same as in Eq. (2.1).   Annual variation of δ is shown graphically in 
Fig 2.4B. 
 
       We can therefore compute sun's elevation at any time given the date, time and 
latitude and longitude of the location.  

 
Sunrise and sunset: Times for these may be determined from the values of the apparent 
local time corresponding to h = 0.  We then get 
 
                                   t =   Cos –1 ( Tan λ Tan δ)             ……..(2.5A) 
 
Solar elevations and sunrise and sunset times are used for determining the atmospheric 
stability class which will be discussed in a later section and Chapter III.  

 
EXAMPLE: Calculate solar elevation at 1500 hrs on 20th May at Mumbai 
(19°N,72°55′E).  
        

Solution: 
 
               Local time  = 1500 + 4 (72.9-82.5) min  
        = 1500 hrs - 38 min  
        = 1422 hrs.  
 



  

For the given date, n = 140. EQT = -2.92 min. i.e. apparent solar time is 1419 hrs. 
or 14 + 19/60 = 14.32 hours past noon.  

 
                  t = 15 (12.00-14.32) = - 34.8 degrees (to west).  

 
Declination for n = 140 is 19.933 degrees. The elevation h calculates to 57.23°. 
 

2.4.1.3 Computation of incoming solar radiation   
 
The insolation can be estimated from the following approximate relation   

 
                 Rs = (2/3) S Sin h (1 - 0.8C )                 ........(2.6) 
  

where  S is the solar constant =  2 cal/cm2/min (1394 W/m²) and  C is the cloudiness 
fraction.  Factor in the first bracket represents the average atmospheric transmission 
factor for the solar radiation.  Note that even when sky is completely cloudy the radiation 
received by the ground is about 20% of the clear sky value.  However this depends upon 
type of the clouds.  When the cloud cover is of thick stratus clouds Rs is almost zero.  
 
In an another approach for computing insolation, empirical relationships based on the 
observed insolaion data are used.  For example, in a cloud-free atmosphere, the 
insolation Rso as a function of solar elevation can be given as  
 

                         Rso = a Sin h + b                                  …....(2.6a) 
 
a and b are the empirical coefficients characterising the average attenuation of the solar 
radiation by water vapour, ozone, dust and air molecules.  The coefficients are site 
specific as indicated by the different values proposed for them.  In the absence of any 
site specific data, default values of 990 W/m² and –30 W/m² for a and b respectively 

have been in use for obtaining Rso in W/m² (Holtslag and Van Ulden, 1983). 
 
For Indian region, similar empirical relationship has been derived (Daoo et al., 1995), 
giving empirical constants a and b as 1084 W/m² and – 66 W/m²) respectively.  These 
constants are derived from the regression analysis of the 18 years (1957-1975) averaged 
observed hourly insolation data on clear sky days and the sin of the corresponding solar 
elevation angle.  The insolation data used in the regression analysis pertains to eight 
evenly distributed IMD (India Meteorological Department) weather observatories in India 
and for the months February, April and November nearly covering the three seasons 
occurring in the annual cycle.  Thus the derived relationship can be assumed to 
represent fairly well the Indian region with the average turbidity conditions throughout 
the whole year.  This relationship gives the insolation within 10 % of the observed.  For  
obtaining the insolation in the cloudy atmosphere, expression same as that given in the 
second bracket of Eq. 2.6 can be used.     
                                                   
EXAMPLE: Compute the approximate incoming solar radiation at Bombay at 1500 hours 
when the cloud cover was 3/8. 
 
Solution: 
 
   The elevation has already been calculated as 57.23° in the previous example.  Hence, 
using Eq. 2.6    

  
                    Rs = (2/3).2.( 1 - 0.8 x (3/8) ) Sin 57.23 



  

        
            =  0.785 Cal/cm²/min  (547.1 W/m²) 
 
Using the empirical relationship as given in 2.6a with the empirical coefficients 

representative of Indian conditions the Rs works out to be 565.3 W/m² (0.811 

Cal/cm²/min).   
 

2.4.2 Earth radiation   
 
The main constituents taking part in the radiation processes in the atmosphere are 

the water vapour, carbon dioxide and dust.  The role of dust is to scatter the radiation.  
The scattering coefficient depends upon the particle size and the wavelength.  Since the 
atmospheric dust is mainly in the submicron range, the scattering is important mainly 
for the incoming solar radiation.  For the earth radiation which lies in the infrared range  
of wavelengths water vapour carbon dioxide play a major role.  The absorption bands of 
water vapour lie in the range of wavelengths of the earth radiation.   From roughly 5-8 
µm there is a strong absorption band of water vapour.  From 8-13.5 µm the absorption 
by water vapour is relatively smaller except for a strong narrow band at 9.6 µm due to 
ozone.   The relatively transparent window falls in the region where the emission of earth 
radiation is strongest.  There is another strong absorption band at 13.5 µm extending 
upto 17 µm due to CO2.  From 17 µm up to 24 µm the atmosphere is again transparent.  
At 24 µm and beyond there is again an absorption band due to water vapour.  However 
the terrestrial radiation is very small at and for all practical purposes the atmosphere 
may be considered as completely opaque to infrared radiation beyond 14 µm.  The 
absorbed radiation heats the air.  The atmospheric temperature is therefore influenced to 
some extent by the atmospheric humidity.  

 
In the context of atmospheric dispersion, the short term aspects of the energy 

processes in the lower atmosphere which show a continuous change and are subject to 
diurnal (daily) cycle are of particular interest.  

 
2.4.3 Net radiation and Surface Energy Balance 

 
The algebraic sum of the incoming (positive) short wave radiation and the outgoing 

long wave plus reflected short wave radiation is called net radiation.  Net radiation is the 
available energy for the processes like vertical transfer of heat, momentum and moisture  
in the lower atmosphere and heat transfer in the deeper layers of the underlying surface 
(Fig. 2.6).  The net radiation i.e. the energy absorbed by the underlying surface, is 
converted into three major forms of heat energy with variable conversion ratios.  The 
three forms are: 

 
(1) Sensible heat transmitted through deeper layers of the underlying surface. 
(2) Convective transfer of sensible heat from lower layers to higher layers. 
(3) Convective transfer of latent heat required during transfer of moisture from 

lower to higher layers. 
 
        The fluxes of these three heat components in the vertical direction, at any given 
time, are in balance with the net radiation flux.  The net radiation and individual heat 
components depend upon several factors like nature of the underlying surface and its 
moisture content, (ii) temperature and moisture profiles in the lower layers of the 
atmosphere, (iii) roughness of the underlying surface (which determines the mechanical 
turbulence structure in the air flow), (iv) cloudiness which affects both insolation and 
outgoing long wave radiation, etc. 
 
       The mechanism of transfer of any entity in the vertical direction can be assumed to 
be similar to that of heat, momentum or moisture.  Hence the study of the vertical 



  

transfer processes play important role in the dispersion of any pollutant in the 
atmosphere. 

  
2.5 Composition of dry air  
 

The water vapour, dust and pollutant content in air are variable.  When a sample of 
air is filtered to remove dust and water vapour is removed by passing it over a drying 
agent such as silica gel the resultant dry air sample still contains very small amounts of 
gaseous pollutants.  For all practical purposes in meteorology we may ignore these 
gaseous impurities, though they may be important from the health effects point of view.  
The composition of dry air, which is remarkably constant up to great heights, is as given 
in Table 2.2.  

 
Nitrogen and oxygen make up for about 99% of the air but do not contribute much 

to the weather phenomena.  It is the water vapour which can be present in air in 
amounts of only upto about 4% by mass that plays the dominant role in the weather 
phenomena.  Water vapour content of air varies with time and place.  The maximum 
amount of water vapour that can be present in air depends upon the saturation vapour 
pressure at the air temperature.  The importance of water vapour arises because it can 
change between solid (ice), liquid and water phases at temperatures occurring in the 
atmosphere and therefore can act as a carrier of energy in the form of latent heat.   

 
       Carbon dioxide and ozone take part in the radiative energy transfer processes in the 
atmosphere and are important greenhouse gases.  Ozone found mostly in the upper 
atmosphere (20-30 km) plays a very useful role of cutting off the harmful ultraviolet 
content of the solar radiation thus protecting life from its harmful effects like skin 
cancer.  

 
Some important physical properties of dry air are : Mean molecular weight M = 28.9, 

density   at 0°C and one atmospheric pressure (NTP), ρ = 1.276x10-3 g/cm3, specific heat 
at constant pressure Cp = 0.24 cal/g/K, specific heat at constant volume Cv = 0.17 
cal/g/K, ratio of the two specific heats γ =  1.405. 

  
2.6 Atmospheric layers 

 
Atmosphere may be divided vertically, into layers based upon the behaviour of wind 

and temperature with height (See Fig 2.7).  
 
Observations show that, very near the ground, air temperature may increase or 

decrease with height depending upon time of the day and several other factors like 
cloudiness and wind speed.  At higher levels however, the temperature in general 
decreases with height for a few kilometres beyond which it tends to remain constant or 
increases with height upto about 50 km.  Standard atmosphere supposed to represent 
average conditions at 40°N are given in Table 2.3.  The region of decreasing temperature 
is called Troposphere.  The zone of constant temperature above the troposphere is a calm 
zone and is called Stratosphere.  The thin layer separating troposphere and stratosphere 
is called Tropopause.  The weather phenomena are confined mostly within the 
troposphere.   Average temperature of the atmosphere near the surface is about 39°C 

near equator and about -20°C at the poles.  Within the troposphere, the temperature, on 

the average, decreases with height at a rate of about 6°C/km until it reaches tropopause 

where the temperature of about  -55°C is obtained.   
 



  

The height of the tropopause varies with latitude (See Fig 2.8).  At equator it is about 
15 km while near poles it is only about 6 km. At 30° latitude there is a break in the 
tropopause and sometimes there are two tropopauses.  This break is the entry point for 
stratospheric matter e.g. pollutants to enter the troposphere from where they are quickly 
removed from the atmosphere by several physico-chemical processes like washout, 
deposition etc .  This is also the region of the jet stream phenomena.  

 
2.6.1 Atmospheric layers within Troposphere 

 
The troposphere can be further subdivided by the kinematic properties of the 

atmosphere (see Fig 2.7).  The earth's surface offers resistance to air flow i.e. the winds.  
This frictional force is a viscous force due to turbulent eddies which act in an analogous 
manner to the molecular viscosity.   The layer within which the frictional force is felt by 
the winds is called friction layer or planetary boundary layer (PBL).  Under neutral 
conditions i.e. conditions when thermal phenomena such as convective activity are 
absent, it has been found that the height of this layer is about 600 m.  However its 
height changes if thermal phenomena are present.  The frictional force is maximum at 
the ground level and decreases with height vanishing at the height of the PBL.  Upto 
about a 100m above ground the frictional force is within 80% of the surface force and 
therefore is assumed constant.  This layer is called surface layer or constant flux layer.  
The part of the PBL above the surface layer is called Ekman layer.  Closer to the ground 
where viscous forces prevail over others we have the laminar sublayer.   

 
Surface layer is the most important layer of the atmosphere from the point of view of 

meteorological processes.  Most of the transfer of solar energy to the atmosphere occurs 
in this layer.   Most of the life and life processes also occur in the surface layer.  Except 
for the tall chimneys most of the pollution is emitted within the surface layer.  All the 
surface meteorological observations are taken in this layer.  In fact because of practical 
constraints in taking observations aloft, all theoretical framework has to be based on the 
parameters that can be obtained from measurements within this layer.  Meteorological 
processes in this layer have been studied extensively during the last half century and 
these studies which come under the title micrometeorology form the basis of 
atmospheric dispersion theories.  

 
The pollutants released in the surface layer reach the Ekman layer after a few 

hundred meters of travel and cross the PBL after a few tens of kilometres of travel.  This 
is why the knowledge of the behaviour of wind and temperature within these layers is 
very important.    

 
2.7 Thermodynamic of atmospheric gases 

  
Gas law     

 
Being a mixture of gases air obeys the perfect gas law  

 
                                    pV = n Rm T                                   ........(2.7) 
     
where p, V and T are respectively the pressure, volume and absolute temperature of the 
gas.  n is the number of moles in the volume and Rm is the universal gas constant 
having a value = 8.314 x 1010 erg/kg-mole-K = approximately 2 kcal/kg-mole-K.  In 
atmosphere, since there is no bounded volume, it is convenient to use specific volume   
α ( = 1/ ρ)   i.e.  volume of unit mass of gas, in the gas equation.  ρ is the density of 
air.  The equation becomes  

 



  

                         pα = (Rm/M)T                                  ............(2.8) 
             

                              =  RT            ............(2.8a) 
 
where R refers to unit mass of air and M is the molecular weight of air.  For dry air M = 
28.966.  Eqs. (2.7) and (2.8) are also applicable for water vapour with M = 18.016, its 
molecular weight.  

 
Moist air:   Water vapour content of moist air may be expressed in terms of its partial 
pressure e, or in terms of mixing ratio   w defined as the ratio of mass of water vapour to 
that of the dry air in a given volume.  Using Eq. (2.8) one may write  

  
                                  e 
           w = 0.622  ——   ≈   0.622 e/p                      .......(2.9) 

                                   p-e  
 
where 0.622 is the ratio of the molecular weights of water vapour and dry air. 
 

For moist air with water vapour content of e mb or the corresponding mixing ratio 
w. , the gas law, using law of mixtures becomes  

         
                                  (1+ 1.608 w) 

               pα = (Rm/M) ——————  T          .........(2.10)   
       (1+w)            
 
which differs from the gas equation only in the factor involving the mixing ratio.  If we 
define a virtual temperature Tv given by 

 
                                     (1+ 1.608 w) 

                                   Tv =  —————— T           .........(2.11)   
               (1+w)            
 
then we can use the form of the gas equation.  In atmosphere w never exceeds 0.04 i.e.  
40 g/kg.  Therefore the difference between the actual and virtual temperature is never 
more than 7K and usually is less than 1K.  The vapour pressure of water in air cannot 
exceed a certain value which is called saturation vapour pressure es.  The saturation 
vapour pressure depends upon temperature and increases with it.  Air having a given 
vapour pressure may be cooled until it reaches a saturation value.  The temperature at 
which this occurs is called Dew point temperature.  Further cooling below the dew point 
reduces the vapour pressure, which remains at the saturation value at the new 
temperature.  The excess water vapour is condensed out of the air.  By the same 
principle, air with saturated water vapour, if heated, becomes unsaturated and has the 
capacity to absorb more moisture if available.  Saturation vapour pressure is an 
important parameter in meteorology.  Over liquid phase of water, it may be computed 
from the relation  

                     es         MvLe    1          1 
                  ln(——)  = ——— (—— - ————)                     ...(2.12)   
                    6.11          Rm    273   273 + T    
   



  

The latent heat Le is slightly dependent on T.  The dependence may be expressed by 
the relation Le = 597.3 - 0.566T   where T is in °C and Le is in Cal/g.  Since Mv = 18 
and Rm = 2 Cal/mole we may write Eq (2.12) as 

 
                                                                            1           1 
      es  = 6.11 exp [ 9(597.3 - 0.566T ) ( ——  -   ——— )    …….(2.12a) 
                                                              273     273+T    

 
where T is the temperature in °C and  Le  is the latent heat of evaporation.  The values 
of es are tabulated in Table 2.4.  

 
EXAMPLE: Given that the air temperature is 30oC and relative humidity is 55 %. 

Find out the actual vapour pressure and dew point temperature.  
 
Solution: 
 
From table 2.4, we observe that saturated vapour pressure at 30oC (es) is 42.56 mb. 

Actual vapour pressure e is given by  
 
e = es . RH 
   = 42.56 x 0.55 
   = 23.41 mb 
 
The dew point temperature is the temperature at which the saturated vapour 

pressure is equal to the actual valour pressure e. 
 
The same table shows that 23.41mb (23.45 mb to be exact) is the saturated vapour 

pressure at 20oC. 
 
Hence the dew point temperature is 20 oC. 
 

 2.8 Vertical variation of pressure and temperature 
 
Hydrostatic equation: Pressure decreases with height.   Consider an elemental 

horizontal slice of thickness dz at height z of a vertical column of air of unit cross 
section (Fig 2.9).  The pressure dp due to the weight of the slice exerted on the column 
below it is  

                                              
                                      dp = - gρdz                              …….(2.13) 

 
where g  is the acceleration due to gravity and  ρ  is the density of air in the slice.  The 
negative sign indicates that the pressure decreases as height increases.  Since from gas 
equation (for moist air in general),  ρ = p/RTv,   the above equation can be written as 

 
                           dp           g       
                          —— =  -  —— dz              ........ ...(2.14) 
         p          RTv  
 

Integrating between the sea level and height z we get 
 



  

 
                                                        z 
                                             g   ⌠  dz 
     p = po exp [ - —  │ —— ]                ........ ...(2.14a) 
         R  ⌡   Tv   
      0  
 

Temperature and humidity change with height and the variation is routinely measured 
two times a day using balloon-borne radiosonde along with pressure.  Thus, one can 
obtain a relation between the pressure and height on any day from the above relation.  
The height thus estimated is expressed in the units of geopotential meters (gpm), which, 
for all practical purposes can be considered numerically same as linear meters.   For 
practical use the height in geopotential meters may be obtained from successive slabs 
using the relation for the slab thickness (in geopotential meters)  
                                        __                                                                                          
  (H2-H1) =  - [RTv/g ] ln(p2/p1) 
       
                                 = - 29.29 ln(p2/p1)     ...........(2.14b) 
 
 
where the overbar denotes the average value over the slab.  The latter may be obtained 
from a graph of ln(p) against the virtual temperature using the radiosonde data. 

 
2.8.1 Adiabatic Changes       

 
Air parcels moving vertically are subjected to pressure changes and therefore to 

changes in temperature.  Such vertical motions are created by convection or obstacles  
coming in the way of airflow.   The process is so fast as to be considered adiabatic i.e. 
without exchange of heat energy with the surroundings.  The rate of change of 
temperature of a vertically moving parcel of dry air can be found from the first law of 
thermodynamics:  

 
      dQ =   CvdT  +  pdα                  ...........(2.15) 

 
where dQ is the heat added per unit mass to an air parcel and Cv  is the specific heat of 
air at constant volume.  From gas law 
 
       pdα = RdT - αdp 

 
Therefore 

    dQ = (Cv + R)dT +  αdp  
 
                            RT   
                  =   (Cv + R)dT +  (——) dp 
             p 
 

Since  Cp - Cv = R  we may write 
                                            dp 
         dQ  =  CpdT - (Cp - Cv) T — 
             p              
 



  

     For an adiabatic change, dQ = 0.    Writing γ = Cp/Cv,     
    

                         γ dT/T = (γ -1) dp/p     
 

which on integration gives 
 
                        T/To  =  (p/po)( γ - 1)/ γ .                         ........(2.16)     
 

where To, po are the initial temperature and pressure of the parcel and T, p are the 
corresponding quantities after the adiabatic change. For air γ =1.41 and (γ - 1)/γ = 
0.288.  

     
2.8.2 Potential temperature θ 

 
Potential temperature is defined as the temperature of an air parcel when 

adiabatically taken to sea level or more commonly to 1000 mb. 
 
     θ = T(1000/p)0.288                       ............(2.17) 

 
2.8.3 Dry adiabatic lapse rate 
 
      Using the hydrostatic and adiabatic equations 

 
     dT    
     —  =  - 0.288(g/R) 
     dz    
 
     dT      0.288 x 9.8 

     —   = -  ——————  = 0.0098 °C/m 
     dz      2.876 E 4     
         
            = 0.98°C/100 m   
  
For all practical purposes, one may take this as 1°C/100 m.  This rate, known as 

dry adiabatic lapse rate denoted by Γ, is one of the fundamental constants in 
meteorology.  
 
2.8.4 Lifting Condensation Level  
 

In the case of an ascending moist but unsaturated air parcel, the adiabatic rate of 
cooling  is practically same as the  dry adiabatic cooling rate  until it saturation vapour 
pressure is reached.  The temperature at which saturation vapour pressure is reached is 
called the dew point temperature.  This level is called Lifting Condensation Level (LCL).  
LCL can therefore be easily found by dividing the difference between the dry bulb 
temperature and dew point temperature by the adiabatic lapse rate.  Further ascent 
above LCL causes condensation of the extra moisture.  The latent heat released during 
condensation reduces the rate of cooling.  An ascending saturated moist air parcel 
therefore cools at a rate less than the dry adiabatic.  Fig 2.10 shows this schematically.   
 
 
 
 



  

2.9 Temperature profile 
 

Temperature profile is a function representing  the variation of temperature with 
height.  Within a layer of a few tens of meters above ground, the temperature profile 
varies widely between day and night.  At any given time, temperature can increase or 
decrease with height at different rates in different layers.  

 
On a clear day, with the insolation heating the ground and the lower layers of the 

atmosphere, temperature decreases rapidly with height.  After sunset on clear nights 
however, the ground cools rapidly by radiation and air in the layers near it cools much 
faster than the upper layers resulting in an increase of temperature with height, a 
phenomenon called "Temperature inversion" or just "inversion". (see Fig.2.11 for 
schematic).  Temperature profile is one of the important factors in atmospheric 
dispersion because it determines the vertical acceleration of air motion and hence the 
turbulence.  

 
2.10 Atmospheric stability 

 
The adiabatic lapse rate provides us a useful reference point in determining the 

stability of the atmosphere.  Vertical movements are almost always present in the 
atmosphere near the ground.  These may be induced by obstacles, terrain topography or  
convection.  

 
Consider a condition in which the actual temperature profile of the atmosphere is 

exactly same as the adiabatic lapse rate.  A parcel from level A (see Fig 2.11) moving 
upwards will cool at adiabatic rate and therefore will continue to have the same 
temperature and density as surrounding air.  The acceleration of the parcel is therefore 
zero.  

 
Next, consider a condition in which the temperature decreases with height at a 

superadiabatic i.e. a rate more than adiabatic rate.  Again, the parcel lifted from level A 
to level B (Fig 2.11) will cool adiabatically, but its temperature at level B will be higher 
than that of the surrounding air and hence will be correspondingly lighter.  It will 
therefore experience an upward     acceleration due to buoyancy.  Similarly, a downward 
moving parcel also experiences an acceleration with enhancement of the downward 
movement and the  atmosphere is said to be unstable.  

 
Consider next a situation at night when a temperature inversion is present.  Arguing 

on the same lines as above, it will be seen that an  upward motion renders a parcel to be 
heavier than the surrounding air causing it to sink back to its original position.  The 
vertical motions are damped or retarded.  Atmosphere is said to be stable in this case.  
Thus we can define stability with reference to the adiabatic lapse rate     

 
   If dT/dz < Γ  : Unstable 

    dT/dz = Γ  : Neutral 
               dT/dz > Γ  : Stable 
Note that Γ is negative.  
    
Potential temperature in lower layers near sea level may be obtained using  the relation  

 
               θ = T -  Γ z     ...........(2.18) 
   

This also gives stability criteria in terms of potential temperature lapse rate as follows: 
 



  

   If dθ/dz < 0  : Unstable 
    dθ/dz = 0  : Neutral 

             dθ/dz > 0  : Stable 
 
Atmospheric stability is one of the most important parameters in air pollution 

meteorology since rate of atmospheric dispersion is critically dependent upon it.  This is 
discussed in the chapter on atmospheric dispersion.  Besides temperature lapse rate 
there are other parameters which indicate stability.  These are discussed later.  

 
EXAMPLE: Following temperatures were measured at 10 m and 60 m respectively.  

Determine the stability of the atmosphere. 
                   Temperature°C     Lapse rate 

                                 10m           60m   °C /100m   Stability 
                  8AM       15.1   14.5    -1.0         Neutral 
                10AM      20.2   19.0    -1.6         Unstable 
                  2PM      26.4   25.0    -2.8         Unstable                 
                  6PM      21.3   20.8    -1.0         Neutral         
                10PM      19.2   19.2     0.0         Stable   
                  6AM      13.5   15.0   + 3.0          Stable 
 
 Solution:  
 
Lapse rate is  -1°C/100 m under neutral conditions. The actual difference is as 

shown in the corresponding column. The stabilities are as shown in the last column.  
 
NB:  In this example Neutral stability is taken as corresponding to 1°C/100m 

exactly.  Actually lapse rates in the range of  -1.5 to –0.5°C/100 m are classed as neutral  
(see Table 3.6 later).  

 
2.11 Pressure gradients and winds 

 
Geographical differences in the incoming solar radiation, cloud cover and the nature 

of earth's surface cause differential heating of different parts of the earth.  Humidity also 
affects the temperatures.  These factors cause the atmospheric pressure to differ from 
place to place, giving rise to horizontal pressure gradients.  These gradients may be 
easily observed when pressure data from the routine simultaneous meteorological 
observations are plotted on weather maps.  This is actually a routine procedure at the 
major meteorological centres world over, where the pressure data are plotted on  a 
weather map and isobars, i.e.  lines of equal pressure (iso -equal; bar - weight) are 
drawn.  Such maps on which other information like temperature, humidity, cloudiness, 
rainfall and winds are also plotted are called surface weather charts.  These charts 
which give basic information for current weather patterns are used in weather 
forecasting.  Isobars are generally plotted at 2 mb intervals i.e.  for pressures of 996mb, 
998mb, 1000mb, 1002mb and so on. (See Fig 2.12) Pressure gradient can be computed 
from the distance between isobars.  

 
2.11.1 Generation of winds 

 
Winds are caused due to pressure gradients, because it is a natural tendency of a 

fluid to neutralise the gradients by a fluid flow from high pressure region to the low 
pressure region.  If Pn = ∂p/∂n be the magnitude of the gradient where n is the vector 
distance perpendicular to the isobars (see Fig 2.13), then the force per unit mass or 
acceleration due to pressure gradient force is  - Pn/ρ where ρ is the density and the 
negative sign is because the flow occurs in the direction of decreasing pressure.  
However pressure gradient force is not the only affecting the airflow.  There are other 



  

forces and resultant wind is caused by the balance of all these forces which are, the 
retarding frictional force due presence of earth's surface and a deflecting force called the 
Coriolis force arising due to rotation of the earth.  The frictional force as has been 
mentioned earlier is felt only within the PBL.  Above this layer the flow can be considered 
as that of an ideal fluid i.e. not possessing viscosity.  

 
2.11.2 Equations of motion 

 
The equations of motion of a real i.e. viscous fluid are called the Navier-Stokes 

equations which express a balance, as required by Newton's laws of motion, between the 
inertial, viscous (i.e. frictional), pressure and the other external forces e.g. force due to 
gravity and the Coriolis force.  These equations, together with the equation of continuity 
(expressing the conservation of matter) form a complete set of the equations of motion.   
Sutton, 1953).  These are second order non-linear equations for which general methods 
of solutions are not available.  However they can be simplified in specific cases (See e.g. 
Eq 2.51 later) and solutions can be obtained by analytical techniques or by numerical 
methods.  

 
2.11.3 Coriolis force 

 
Channelled flow such as that in pipes and ducts occurs in the direction of the 

pressure gradient i.e. from high to low pressure.  The air flow in the atmosphere however 
is not channelled and besides is also subject to the deflecting Coriolis force which has a 
peculiar effect on the direction of air flow.  This force arises due to earth's rotation 
around its axis.  It is only a deflecting force proportional to the wind speed and is always 
perpendicular to the direction of motion, deflecting the parcel to the right in the northern 
hemisphere and to the left in the southern hemisphere.  The reason for this force is that 
while all motions and forces refer to an absolute coordinate system fixed in space, winds 
are measured with respect to an observer on the rotating earth.  Transformation of the 
equations of motion from the absolute coordinate system to the rotating coordinate 
system generates Coriolis force terms.  

 
Consider a co-ordinate system having x-axis towards the east, y-axis towards the 

north and z-axis in the vertical direction.  Let the corresponding wind components be u, 
v and w.  The corresponding components of Coriolis acceleration are:  
 

   2Ω (v Sinλ - wCosλ ),    - 2 ΩuSin λ   and    2ΩuCosλ  
 
respectively, where Ω is the angular velocity of the earth's rotation  and λ is the latitude.  
The second term due to vertical wind component in x-directional acceleration can 
usually be neglected.  The horizontal accelerations may be written as fv and -fu 
respectively where  
                                               
                                            f = 2ΩSinλ.  

 
Thus, in free atmosphere without frictional force, a parcel of air which starts its  

motion in the direction of the pressure gradient force (see Fig. 2.14) will be continuously 
deflected to the right until the direction is parallel to the isobars.  Once it is parallel to 
the isobars, the deflecting force is exactly balanced by the pressure gradient force.  Thus 
the atmospheric motion driven by pressure gradient force, is parallel to and not 
perpendicular to the isobars.  The wind obtained under this balance of pressure gradient 
and Coriolis forces is called the "gradient wind".  Within the PBL there is also the 
frictional force opposing the motion.  The net balance of the three forces is as shown in 
the figure with the velocity vector inclined to the isobars in the direction of the pressure 
gradient.  



  

2.11.4 Geostrophic wind   
 
When the isobars are straight or nearly so, the centripetal accelerations may be ignored.  
The gradient wind under these conditions, called "geostrophic wind" generally denoted by 
the symbol G, is due to the balance between the pressure gradient force - Pn/ρ  and the 
Coriolis force fG.  Magnitude of G may therefore be obtained from the relation  

 
              G =  Pn/f                      ............(2.19) 
 

with its direction parallel to the isobars, to the right of the pressure gradient in the 
northern hemisphere and to the left in the southern hemisphere.  When surface isobars 
(sea level) are used we get  "surface geostrophic wind" which is equivalent to the free 
stream velocity or velocity at infinity.  The importance of geostrophic wind lies in its 
utility for deducing wind field from pressure field especially in higher latitudes.  

 
If the isobars are curved and the centripetal accelerations are significant then the 

gradient wind V may be found from the relation  
 
               f (V - G) = ±  V²/r       ...........(2.20) 

 
where r is the radius of curvature of the motion of the air parcel.   
 

    EXAMPLE: The 1000 mb and 1002 mb isobars are at a spacing of 80 km at the 
mean latitude of 28°N. The pressure gradient is in the NE direction. Dry bulb 
temperature is 27°C. Compute the surface geostrophic wind vector. 

 
Solution:  
 
       The coriolis parameter f (s-1) = 2 x [2/(24 x 3600 (s))] Sin 28° 
                                       = 6.83 E -5 s-1 

Density of air ρ at 27°C  (kg/m3) = 1.23 (kg/m3) x [273/(27+273)] 
                                                       = 1.119 kg/m3  
Pressure difference ∆p (kg/m2) = 0.002 (bar) x 1.02 E 4 (kg/m2/bar) 
                                                     = 20.4 (kg/m2)  
Pressure difference in ∆p (N/m2 or kg/m/s2) = 9.8 (m/s2) x 20.4 (kg/m2) 
                                                                            = 199.92 kg/m/s2 
Pressure gradient ∆p/∆x  (N/m3 or kg/m2/s2 = 199.92 (kg/m/s2) / 80000 (m) 
                                                                             = 2.50 E-3 kg/m2/s2 
Geostrophic wind speed G in m/s = (∆p/∆x)/ (ρ.f)   
                                = 2.50 E-3 (kg/m2/s2)/(1.12 (kg/m2) x 6.83 E -5 (s-1)) 
                                =  32.7 m/s 
Since the gradient is in NE direction in northern hemisphere, the wind vector will be 

towards SE direction. 
 

2.12 Viscosity and turbulent flow 
 
While studying the atmospheric motions in the surface layer, the fact that the air 

flow in the layer is turbulent, must be taken into account.  This turbulent flow is 
reflected as fluctuations both in the wind speed record and wind direction record around 
a mean.  These fluctuations are also eddies and turbulent motion is also termed as eddy 
motion.  If the motions are made visible by say tracers like smoke than the eddies are 
seen as a sort of random circular motions having a range of length and time scales.  



  

While considering the turbulent flow, both the length and the time scales of eddy motion 
permit the Coriolis forces to be neglected.  

 
2.12.1 Laminar and turbulent flow 

 
A real fluid such as air is viscous.  The effects of viscosity are felt near a surface.  

The fluid layer close to the surface is always at rest with respect to the surface.  If a flat 
plate is introduced parallel to the flow in the real fluid stream, the flow at the surface of 
the plate will be zero while far away from it, the flow will not be affected by the presence 
of the plate.  The region between the surface and the distance at which flow attains the 
undisturbed "free stream velocity" is called the "boundary layer".  The thickness of the 
boundary layer increases with the downstream distance from the leading edge of the 
plate.  Within the boundary layer there exists a velocity gradient (See Fig 2.15).  

 
The gradient indicates the presence of a shearing stress  (τ) which is given by the 

relation 
 
                du 

             τ  =  µ ——            .............(2.21)           
                dz 
 
where  µ  is called the coefficient of viscosity, or dynamic viscosity and the z-axis is 
perpendicular to the plate.  The quantity ν = µ/ρ is called kinematic viscosity.  From 
kinetic theory of gases it can be shown that ν is related to the mean free path l and the 
average molecular velocity (related to temperature)  c  by the relation 

 
     ν =  ρcl/3                       ............(2.22) 
 

Reynolds Number: Study of flow in a straight duct or pipe in which a dye tracer is 
introduced shows that at low velocities the flow is straight.  In this low velocity regime 
the viscous forces are strong enough not to allow any stray motions of fluid parcels.  As 
the velocity increases (which can be done by increasing the pressure gradient), a stage 
comes when the viscous forces are no longer able to restrain the inertial forces.  Any 
deviation from the flow therefore can persist and the flow becomes erratic or turbulent.  
Studies show that the transition from laminar to turbulent occurs when the non-
dimensional parameter called Reynolds number (Re) exceeds a critical value of 2000.  
Reynolds number is defined as  

 
                                   Re =  ud/ν         ...........(2.23) 

 
where u is the flow velocity and d is the characteristic dimension of the duct (width) or 
pipe (diameter).  During laminar flow the velocity distribution is parabolic while in the 
turbulent flow the radial distribution of speed tends to be uniform due to better mixing 
of the momentum. 

 
In atmosphere, motions are bounded only by ground and therefore there are no 

characteristic dimensions.  There are certain other forces, such as those due to density 
gradients which influence the airflow and the vertical profile of wind.  Reynolds number 



  

is therefore not of much relevance in atmospheric motions.  Another number called 
Richardson Number Ri defined by  

 
                                 g   dT/dz + Γ  
   Ri  = —  ——————                 ..............(2.24) 
                                 T   (du/dz )2             

 
is used in the air flow problems in the surface layer.  The effect of density gradient is 
introduced through the temperature gradient term.  Richardson number is discussed in 
Section (2.16) later. 

 
2.13 Properties of atmospheric turbulence 

 
Turbulent flow can be considered as a flow with a random component (See Fig 2.16).  

Let u, v, w be the components of instantaneous fluid velocity parallel to the three  
coordinate axis x, y and z respectively.  By convention the z-direction is in the vertical.   

Let us at present choose x and y coordinate directions arbitrarily.  If the 
components are averaged over a period T and the averages are identified with an overbar 
then we can write  

                        _ 
                  u = u  +  u′    .................(2.25a) 
                         _ 
                   v = v  +  v′     ................ (2.25b) 
                 _ 
                   w = w  +  w′      .................(2.25c) 
                                   

It is convenient to choose the x-axis in the direction of the mean  flow. We then have   
                                               _      _ 
                                       v = w = 0. 
 
Atmospheric turbulence has been studied from the variance (Intensity of turbulence), 
autocorrelation and spectral aspects. 

 
2.13.1 Intensity of Turbulence  

  
The quantities 
                         _       _                 _ 
                  ix  =  √ (u′²)/u  =  σ(u)/u               ..........(2.26a)         
                              _     _     _ 
                  iy  =  √ (v′²)/u  =  σ(v)/ u                ..........(2.26b) 
                                      _      _               _ 
                             iz  =  √ (w′²)/u  =  σ(w)/ u               ..........(2.26c) 
 

are called components of turbulence intensity.  The σ's are the standard deviations of 
the wind components.  

     
A parameter which is often used in atmospheric turbulence, is the standard deviation of 
wind direction fluctuations: 

      σθ =  iy                       ..........(2.27a) 
 
      σí =  iz                       ..........(2.27b)  



  

 
These quantities are more easily measurable and therefore useful. 

 
2.13.2 Autocorrelation  

 
The fluctuating wind record is a time series which may be analysed for 

autocorrelation.   If v′(t) is the fluctuation at time t and v′(t+ ξ) a time ξ later, then the 
autocorrelation coefficient R(ξ ) is defined by the expression 

                 _____________ 
         v′ (t) v′ (t + ξ ) 
                R(ξ) =  ———————                       ..........(2.28) 
                 ___ 
                  v′² 
  

where the overbars denote averaging over the record.  Physically, this implies that the 
value of the variable at a given time influences its later value and the degree of influence 
is given by R(ξ). ξ is called lag time.  It is obvious that  
 
   R(0) = 1 and R —> 0        as  ξ —> ∞ 
 

The above is a definition of R( ξ ) under an Eulerian system i.e. a system in which 
the flow components refer to a fixed point in space.  In atmospheric dispersion one would 
be more interested in Lagrangian system where the flow components refer to the position 
of the moving particle.   The v′ would then mean the velocity of the particle under 
consideration at different times.  The Eulerian and Lagrangian correlations are not 
identical but are related.  

 
Atmospheric dispersion models based on statistical theory use an explicit form of 

R(ξ ).  
 
2.13.3 Spectral aspects of turbulence 

 
The time series may be analysed to obtain the spectral function.  This may be done 
either by using the Fast Fourier Transform technique or by taking the Fourier Transform 
of R(ξ).  At the time when the spectral properties of atmospheric turbulence were studied 
extensively, the latter method was used.  

 
Spectral analysis of vertical and horizontal components of wind in the surface layer 
shows a continuous distribution of eddy frequencies which are related to wavelengths by 
the relation  
 

                 λ =  u/f 
  
where f  is the frequency in cycles/second. 

 
The spectra of vertical eddies differ from those of horizontal eddies.  Fig 2.17 shows 

turbulence spectra of vertical turbulence at 1-4 m height averaged according to stability 
(Ri value shown in brackets).  The figure shows a plot of the quantity nSw(n)/σw2 
against the normalised non-dimensional frequency f = nz/u where n is the frequency, 
Sw(n) is the spectral density and other quantities are as defined earlier.  A study of the 
spectra of vertical component of wind  in the height range of  0.2 – 300 m, when plotted 
against f,  show  rather flat maxima centred near f = 1.4 in most cases, with a shift to 



  

lower frequencies with instability.  This latter behaviour is understandable because 
atmospheric turbulence can basically be divided into that of convective origin and that of 
mechanical origin.  That of convective origin has higher periods associated with it.  
Higher heights are associated with higher periods.  For example, with z = 100 m, and u 
= 5 m/s, f = 1/4 corresponds to a frequency of 0.0125/s or a period of 80 seconds.  At 
10 m the same parameters will give a period of 8 seconds.  Convective motions are 
associated with low wind speeds of the order of 1-2 m/s and would correspond to 
periods of a few tens of seconds.  In general, most of the energy of the turbulence seems 
to lie within periods of up to about 10 min in the surface layer.  This is the reason why a 
stable average needs averaging periods to be at least 10 min.  

 
Of particular interest is the spectral analysis of horizontal wind (at 10 m height) by 

Van der Hoven covering periods from few seconds to a few days (See Fig.2.18).  The 
spectrum shows three peaks at 3 min and 4 days with a smaller peak at about 12 hours.  
Another interesting feature is the large spectral gap between periods of about 5 min to 4 
hours.  If we take the mean wind to be about 10 m/s the gap corresponds to a distance 
scale of about 3 km to 150 km, the approximate span of the mesoscale.  The latter 
distance fortuitously corresponds to average grid distance of synoptic network.  

 
2.14 Eddy viscosity and Reynolds stresses 

  
When velocity components expressed as a sum of an average and turbulent 

component as in Eq. (2.25) are introduced in the Navier-Stokes equations of motion and 
the equations averaged over a time interval, one gets terms like    
  

                        ______     ______     ______  
                         (-u′v′),    (-u′w′),    (-v′w′)    etc  
 

where the overbars show averaging.  The terms show that momentum is transferred from 
one location to another by the turbulent eddies analogous to the transfer by molecular 
motions.  In the case of molecular viscosity the transfer of momentum from one plane to  
the adjacent plane is done by random movement of molecules.  In the case of turbulent 
transfer, the momentum is carried by eddies where an eddy may be considered as a 
parcel of air breaking away from the mean motion, moving across it to another plane 
where it deposits the momentum differential (Fig 2.19).  The entity analogous to the 
mean free path is called mixing length in the case of turbulent transfer.  Carrying the 
analogy further, one can consider the presence of an eddy viscosity similar  
                                                                        ______   ______ 
to the molecular viscosity.  The quantities (-u′v′), (-u′w′) etc. due to turbulence 
correspond to viscous stresses and are called Reynolds stresses.  

   
In a horizontally uniform atmosphere only vertical gradients of horizontal wind are 
significant.  If for convenience, the x-axis is taken to be in the mean downwind direction, 
then we have to  
                                                              ______ 
consider only the Reynolds stress term  (-u′w′).  In analogy with molecular viscosity we 
may write, similar to Eq (2.21), 
                                                _  

                 _____        du  
             τz  = ρ(-u′w′)   = ρKM ——       .........(2.29) 
                      dz  

where  KM is the eddy viscosity analogous to the kinematic viscosity and by convention 
the suffix z indicates that the shearing stress is in a plane perpendicular to z-axis i.e. it 



  

is in the horizontal direction.   The eddy viscosity can also be defined from the above 
equation as         _____  _  

      KM  =   (-u′w′)/ (du/dz)                      ...........(2.30) 
 
 The total stress due to both molecular and eddy viscosity  
              _ 
          du  
   τz = ρ (ν + KM ) ——                .........(2.31) 
           dz      
At normal temperature ν = 0.16 cm2/sec for air.  The effect of ν extends only upto a 

fraction of a millimetre above the surface.  In comparison, the value of KM is of the order 
of about 1000 cm2/sec and its effect extends over several meters.  For all practical 
purposes therefore we can ignore the molecular motions and write (with averaging bar 
omitted for ease of writing): 

 
           du 
    τz =  ρKM ——            ............(2.32) 
           dz      

 
In general, KM is a function of both height and time and may be denoted by K(z,t). 

      
2.15 Turbulent or eddy transfer 

                                            ____ 
The Reynold stress term ρ(u′w′) implies transfer of horizontal momentum in the 

vertical direction.  In general, if q is a conservative quantity, then  
   ____ 
ρ(q′w′), where the prime indicates the fluctuation from the mean, implies turbulent 
transfer of that quantity in the vertical direction by the vertical component of turbulence.  
In particular, if  q = ρCpT   i.e.  the heat content, then the term  
____                                                                                                                         
T′w′ implies heat transfer in the vertical direction.  In a manner similar to Eq (2.30) for 
eddy viscosity, we may define eddy conductivity as  

 
                  ____ 
            KH = ( - T′w′)/(dT/dz)                  ..........(2.33) 
   
 
Though the transfer process is same, it should be noted that KH though of the same 

order, is not equal to KM.   In some applications it may however be assumed so without 
much error.  The ratio of KH/KM is greater than unity in unstable regime and less than 
unity in stable regime.  This is because the thermal energy transfer is associated with 
buoyant accelerations.  

 
The above arguments for momentum and heat can also be extended to other entities 

like water vapour and matter in the atmosphere.  Under turbulent conditions velocity, 
temperature and the concentrations of water vapour and matter also fluctuate at any 
given point.  If E is any conservative entity which can be expressed as quantity per unit 
mass, then similar to the velocity, the entities also can be resolved as sum of a mean and 
the fluctuating component.  Using bar for the average and prime for he fluctuating 
component, we may write 

  



  

         ______  
   Momentum flux   :  τz = - ρ (u′w′)                         ........(2.34a) 
             _____ 
   Heat flux     :        H = ρ Cp (w′T′)                    .    ........(2.34b) 
                    ______ 
   Temperature flux :        Qo   = - (w′T′)                 .........(2.34c) 
            _____   
        Matter flux  :         F   =  ρ(q′w′)                         .........(2.34d)  
 
 
The concept of eddy transfer coefficient K arises from the gradient transfer concept 

where it is assumed that the transfer of a conservative entity C occurs in the direction of 
its gradient and is proportional to it.  That is  

 
                                    Fx  = - KdC/dx         
 
In the case of momentum K is called eddy viscosity.  We may extend this concept to  

heat in which case it is called eddy conductivity and in the case of matter such as water 
vapour or pollutants it is called eddy diffusivity.  These have been denoted by the 
symbols KM, KH, and KW respectively. 

 
Eddy viscosity is the easiest to estimate from wind profiles (given proper ground 

conditions) and for many practical purposes the eddy viscosity values may be considered 
applicable to the values of transfer coefficients of other properties, though they may 
differ slightly numerically, depending upon the stability. 
 
2.15.1 Mixing length hypothesis 

 
The hypothesis that the transfer of momentum and other properties by eddies may 

be considered analogous to that by random motions of molecules, was developed by 
Prandtl and is useful in the study of turbulent motion. 

 
An eddy may be considered as a parcel of air, breaking away from the main flow and 

travelling across it.  A breakaway parcel starting from a level z carries with it a 
momentum ρu(z) appropriate to that level (See Fig 2.19).  On reaching a new level z + l  
it mixes with the main flow depositing the momentum there.  This leads to a fluctuation 
in the local velocity which may be expressed as  

 
                    u′=  u(z + l)  - u(z)  ≈  l du/dz 
  
The mixing length hypothesis states that the length l is a unique entity which 

characterizes the local intensity of turbulent mixing.  This is analogous to the definition 
of mean free path for molecular motions, except that the mixing length can be a function 
of position.  Since vertical mixing is being considered here, the mixing length will be 
denoted here by lz.  

 
Consider the Eq. (2.29) for Reynold stress. 
                                                                          
                               _____               du  
           τz   =  ρ(-u′w′)   = ρKM  ——     .........(2.29) 
                     dz  
   



  

Following the arguments made above the perturbation in the mean flow due to 
transport of momentum from one plane to the adjacent plane one mixing length away, 
may be written as  

 
              u′ = lzdu/dz  

 
approximately.  Since the transfer of a mass has to be compensated by another to 
occupy its place, we can also write w′= lzdu/dz. Thus, 
  

                      _____              du  │ du │ 
                   τz =  ρ(- u′w′)  =   ρlz2   —  │ —  │                     ........(2.35) 
                           dz  │ dz  │ 
      

Hence, using (2.29) we get 
                  _  
                                                    du  
          KM  = lz²   —                .......(2.36) 
                                                     dz  
 
 

Arguing similarly we may also write 
                     __ 
              KM =  lz √(w′²)                       ........(2.37) 
 
 

2.16 Effect of density gradients on turbulence  
 
It was seen in the section 2.10 that temperature profile in the surface layer shows a 

strong diurnal variation, especially during clear sky conditions.  The resultant changes 
in the density gradients under non-neutral ( i.e. stable and unstable ) conditions bring in 
the effect of gravity on turbulent motions.   In the case of channeled flow it was seen that 
transition from laminar to turbulent flow occurs when the inertial forces are able to 
overcome the viscous stresses and below the critical Reynolds number, the viscous 
forces suppress turbulence.  In atmosphere the density gradients can suppress the 
turbulence or enhance it according an analysis made by Richardson.  The analysis is 
based on the principle that in the laminar stage of the motion just before the transition-
to-turbulence stage the kinetic energy of the fluctuations will increase or decrease 
according as the rate of supply of energy extracted from the mean motion by the 
Reynolds stresses exceeds or falls short of the rate at which work has to be done against 
gravity in moving air parcels in the vertical.  

  
The work done by the Reynolds stresses per unit volume is 
 
             du         ( du  )²  
        τz ——  = ρKM (—— )                  ..........(2.38) 
             dz         ( dz   ) 
              
 Let us now consider the density gradients.   Let the temperature at height z be T(z) 

and the gradient dT/dz.  Arguing on the lines as in the case of mixing length theory, an 
air parcel from a level z - l detaches itself from the mean flow due to turbulent motion, 
carrying the heat to level z.  The temperature at level z - l  is   T(z) - l.dT/dz.   At the   
new  level  its  temperature  is  



  

                        
                                                T - l.(dT/dz + Γ)  

 
and  the  excess  density  over  ambient  is  

 
                                lρ 
                                   —  (dT/dz + Γ) 
                                T 
 

The parcel will experience downward force equal to 
 
                          glρ 
                          —— (dT/dz + Γ) 
                            T 
  

per unit volume.  The vertical component of turbulent motion is w′ and therefore the 
mean rate of working against gravity per unit volume is  
 
                 ___ 

                w′l 
                  gρ  —  (dT/dz + Γ)    ..............(2.39) 
                        T        

 
            ___ 

Analogous to eddy viscosity, the quantity w′l is the eddy conductivity KH. 
 
Now, if E(z,t) is the turbulent kinetic energy per unit volume then  
 
 
     ∂E(z,t)      [ du  ] ²         g      
     ——— =  KM [—— ]   -  KH — (dT/dz + Γ) 
        ∂t      [ dz   ]           T       
                       
               
         [ du  ] ²  [ KM      g  (dT/dz + Γ)   ]           
                    =  KH [—— ]    [ —   -  — —————— ]  
         [ dz   ]    [ KH      T    (du/dz)2    ] 
              
 Since the term KH(du/dz)² is positive, the turbulent energy increases or decreases 

according to whether the quantity 
 
                         g (dT/dz + Γ)      g    dθ/dz   
   Ri =    — —————  =  — —————                       ......(2.40) 
     T   (du/dz)2        T  (du/dz)2    
  

is greater than or less than KH/KM.  The non-dimensional quantity Ri is called the 
Richardson number mentioned in the section on atmospheric stability.  

 
Stability criteria According to the above, turbulence changes with time according to 

the following criteria,  



  

                     Ri < KM/KH    Turbulence increases with time   
                     Ri = KM/KH    Turbulence remains constant with time   
                          Ri > KM/KH    Turbulence decreases with time   
   
This is the criterion in atmosphere which is equivalent to the Reynolds criterion for 

flow in ducts.  It was assumed by Richardson that when atmosphere is neutral KM = KH 
and accordingly the above criteria were set with respect KM/KH = 1.  Though KM and 
KH are of the same order, they are not equal.  Because of this it is sometimes 
advantageous to carry the ratio KH/KM along with Ri, which leads to the definition of 
another number called Flux Richardson number Rf = Ri(KH/KM).  Note that Rf = z/L. 

 
Theoretical analysis shows the critical Ri to be about 0.25 while observations show 

that critical value varies and turbulence is certain for Ri < 0.15 and absent for Ri > 
0.5.  
 
2.16.1 Gradient Ri  

 
When Ri is to be computed from measurements of wind and temperature at two or 

more heights it is convenient to use the Gradient Richardson number  
 
                    g   (∆T + Γ∆z)  
            Ri =  —  —————            .........(2.41) 
             T      (∆u)2      

 
where ∆u and ∆T  are the speed and temperature differences between two heights z1 
and z2. The height at which the Ri  is computed is the geometrical mean of  z1 and z2.      
 
2.17 Surface layer 

 
Very near the surface, one can assume the shearing stress to be approximately 

constant.  As mentioned earlier (Section 2.6.1) the layer in which it remains within 80% 
of the surface value, is called the surface layer.  The assumption of constant τz simplifies 
the equations and gives enough constraints to formulate expressions for profiles of wind 
and temperature.  The thickness of this layer is about 100m but it has been established 
to vary between 25-150 m diurnally.  
 
2.17.1 Friction velocity 

 
The shearing stress τz is used to define another important parameter called the 

friction velocity u* by the relation 
 
          τz = ρu*²                  .............(2.42) 
 
Like the geostrophic wind this is another constant of vertical wind shear and is used 

frequently for dimensional scaling.  Friction velocity is related to KM and wind profile by 
the relations  

                                                     _  
              du  
      u* ²  =   KM —                             ...........(2.43)   
              dz  



  

and                       _  
            du  
         u*  =  lz —                     ...........(2.44) 
             dz  

 
The friction velocity u* is related to σw in neutral conditions by the relation 

    
    σw =  A u*                   ............(2.45) 

 
where experimental data shows A to range between 1.2 and 1.4 with a mean value of 
1.3.  The value of A increases with instability.  
 
2.17.2 Monin-Obukhov scale length L   

 
In fluid dynamics a similarity hypothesis is often used to generalise the equations of 

motion in terms of dimensionless variables.  Reynolds number is one such 
dimensionless number in terms of which flow equations can be written.  In a similar 
fashion in the surface layer where the fluxes of momentum, heat etc are approximately 
constant at its surface value, the turbulence can be solely determined in terms of four 
quantities: momentum flux, heat flux, density deficit (or buoyancy) and height z.  The 
parameters describing the first three entities are given by u*, H, (See Eqs. 2.34 and 
2.42), and the term g/T.  Under steady state horizontally uniform conditions in the 
surface layer, a dimensionless combination z/L may be defined where L is called the 
Monin-Obukhov length.  It is given by  

 
          ρCp u*3θ   
   L   =     -  —————                          ...........(2.46) 
             k g H 
 
            ____ 
Since H = ρCp w′T′, one may also express L as  
  
                u*3 T   
           L   =  -  ————                       .........(2.47)     
                      ____ 
                g k w′T′ 
  
The length L is one of the important parameters of micrometeorology.  L is infinite 

during neutral conditions since the sensible heat flux is zero.  It is algebraically negative 
during convective or unstable conditions since the heat flux is upwards and positive.  
During stable conditions it is algebraically positive.  

 
The above analysis is for dry air. If effects of water vapour are included then 
 
                ____      H        ____ 
                w′T′ =  ——  + 0.61 (w′q′) T            .......(2.48) 
                   ρ Cp  



  

 
and       

                  u*3 Tv  
    L =  -    ———————————               .......(2.49) 
             ____            ___ 
       g k (w′T′) + 0.61 (w′q′) T 

 
2.17.3 Wind profiles 

 
Wind profile has been of practical interest in many engineering applications.  In 

micrometeorology, its interest arises from its relation to the eddy transfer processes.  In 
fact, as will be clear later, stability and eddy transfer coefficients can be deduced from 
the wind profile.  Early work on wind profiles used an empirical power law expression 
but later investigations used the principle of dynamical similitude to derive wind profile 
expressions under different stability conditions.  

 
Power law profile: This is a simple expression still used in many engineering 

applications as a scaling law to obtain wind speed at desired height given wind speed at 
measurement height.  The expression is  

 
             u(z)/u(z1)  = ( z/z1 )p     .......(2.50) 

 
 
where the exponent p depends on atmospheric stability.  Sutton, while proposing the 
atmospheric dispersion model based on statistical theory expressed p in terms of 
another wind profile parameter n as p = n/(2-n).   Under neutral conditions n = 0.25 
giving p = 1/7 i.e. the well-known seventh root profile in the case of pipe flow.  Sutton 
recommended following values of n for non-neutral conditions: Unstable, n = 0.2 i.e. p 
= 1/9; Stable, n = 0.5 i.e. p = 1/3.  These values have been in wide use especially in 
atmospheric dispersion calculations.  Note that the profile expression does not involve 
surface roughness, an important parameter affecting the profile.  

 
Irwin has given a set of p-values which takes into account the site roughness to 

some extent by classifying the site into rural and urban classes.  The values for different 
values of Pasquill Stability classes are given in Table 2.5. (See next chapter for 
explanation of Pasquill Stability classes).   The law cannot be expected to be applicable 
indefinitely at all heights.   The scaling law is to be used only upto 200m.  Above this the 
wind speed is to be considered as constant having the 200m value.   
 
2.17.3.1 Wind profiles from eddy transfer principle  

 
In the following we shall examine the wind profile relationships from 

micrometeorological standpoint.  
 
The Navier-Stokes equations can be considerably simplified if we assume a 

horizontal uniformity and that vertical motions are negligible.  The simplified equations 
for horizontal motion may be written as  

             
   ∂u   1   ∂p              ∂        ∂u 
   — =  - —  —      + fv   +     — K(z, t) —          ......(2.51a) 
   ∂t        ρ  ∂x              ∂z         ∂z      



  

   ∂v    1   ∂p               ∂        ∂v 
               —  =  - —  —      - fu   +     — K(z, t) —         ......(2.51b) 
   ∂t     ρ  ∂y               ∂z         ∂z              
            Inertial       Pressure   Coriolis        Friction   
                              Gradient 
 
 Under steady state conditions, the time derivatives on LHS vanish.  Since the 

shearing stress = K(z, t)∂u/∂z  is constant in the surface layer, the last terms on the 
RHS also vanish.  The equations therefore reduce to Eq. (2.19) for the geostrophic wind.  
To obtain a relation for the wind profile one must therefore use the Eq (2.44).  

       du    u*    
       —  =  ——                           .........(2.44)      
       dz     l  
 
With a further assumption, that mixing length is proportional to the distance from 

boundary i.e. height in the present case, we write  
 
       du    u*    
       —  =  ——                 ..........(2.52) 
       dz    kz 

 
which may be integrated to give the wind profile.  The constant k is called von Karman 
constant which has a value = 0.4.  To fix the lower limit of integration it should be 
noted that ground is usually rough and we can define a roughness height zo at which 
the wind speed is zero.  Integration gives the well-known logarithmic profile 
      
                                       u*  z   

    u   =  —  ln (—)                           ..........(2.53) 
     k  zo  
 
This profile relation is found applicable only during the neutral stability conditions.  

The quantity zo is the roughness parameter of the terrain.  This relation can be used to 
determine the surface roughness by taking wind measurements during neutral stability 
conditions ( See section 2.20 later ).  Typical representative values of zo for various kinds 
of surfaces are given in Table 2.6. 
 
2.17.3.2 Aerodynamically smooth flow  
 
        The above profile is for a fully rough flow.  Often however, as in the case of flow over 
water surfaces in low winds, the surface is smooth and the flow is classes as 
aerodynamically smooth.  The profile is still given by the above logarithmic relation, but 
with zo replaced by   ν/9u* .  

 
Wind profile under different stabilities Following extensive investigations, it has been 

established that the wind profile under various stability conditions may be expressed as 
a function of the dimensionless parameter z/L as follows:  

     
                            ∂ u  u*     
                           ——  = —— m ( z/L)  .........(2.54) 
        ∂ z            k z 
 



  

         Experimental studies give following forms of the function under the three stability 
conditions: 

       
                    Neutral   : m = 1    ..........(2.55a) 
                    Unstable : m = (1 - 15 z/L)-1/4             ......... (2.55b) 
                    Stable     : m = 1 + 4.7 z/L   ..........(2.55c)   
 

         The above relations are due to Businger et al (1971), using k = 0.35.  
 
         Integration of the above expressions gives the profile relations under different 
stabilities as follows.  

 
Neutral 
 
         In neutral case the profile is obviously the logarithmic profile (Eq. 2.53) viz. 

 
     u* z   
    u   =  — ln (—)                                   
      k zo  

       
          Under neutral conditions, L is infinite. 
 
Stable  
 
         Integration of Eq (2.54) with the expression (2.55c) for m and the lower boundary 
condition of zero wind speed at z = zo, gives the following "log + linear" profile for 
stable atmosphere.  
 

 
          u*    z         ( z - zo) 
          u =  —— { ln (——) + 4.7 ———  }                       .....(2.56) 
          k     zo     L 
 

Unstable 
 
        The expression obtained by putting m in Eq. (2.55b) in Eq (2.54) may be 
integrated with the lower boundary condition of zero wind at z = zo.  The resulting 
expression is  

 
         u*           x - 1          x + 1    
   u = — [ - ln(———) -  ln(———) +  2(tan-1x - tan-1xo)]  .........(2.57a) 
          k           xo - 1          xo + 1     
                                        

where  x =  (1 - 15 z/L)1/4 , and xo is its value with z = zo.  Note that L is negative.  
Paulson (1970) expresses the profile in slightly different form to include the log profile 
term.  His expression is  

 
           u*     z           
     u = — [ ln(——) - 2 ln{ (1+x)/2} - ln{ (1+x²)/2}   
            k     zo               
      +2tan-1x -  /2 ]                           ........(2.57b) 



  

 
        The form of the profiles under these three conditions is shown schematically in Fig. 
2.20. 
  
Expression for eddy viscosity:  From the above expressions and Eq. (2.43), we get  

 
    KM =   kzu* / m (z/L)             ...........(2.58) 
 
This equation gives the functional form of KM in different stability conditions in the 

surface layer, and shows a method for obtaining the eddy transfer coefficients.  It is also 
time-dependent because L and u* are time dependent.  
 
2.17.4 Temperature profile   

 
In a manner similar to wind profile, temperature profile can also be specified in 

terms of scaling parameters. Analogous to the friction velocity, a temperature scale T* is 
defined by 
                               Ho                             Qo 
                               T* = -  ——— =  -  ———              ............(2.59) 
                         ρCpu*                u*  
 
From dimensional analysis expressions are obtained which are similar to Eq. (2.54) for 
momentum.  These are 

 
          ∂T    T*     
                             ——   =   —— h( z/L )    .........(2.60) 
           ∂z    k z 
 

with the following forms of the function h under the three stability conditions : 
      
     Neutral   :    h  = 0.74                                 ...........(2.61a) 
     Unstable :    h  = 0.74(1 - 9z/L )-1/2         .........  (2.61b) 
     Stable    :     h  = 0.74(1 + 4.7 z/L)              .........(2.61c)   
          

The above relations are by Businger et al (1971).  These are also valid for vertical transfer 
of matter. 
 
2.17.5 Forced and free convection  
 

The upward transfer of heat in vertical direction due to wind shear is called the force 
convection of heat.  In this case the heat is transferred along with momentum transfer 
by eddies formed due to wind shear.  There are two types of situations when free 
convection occurs and the wind shear does not control the heat transfer.  The first 
situation occurs in near calm conditions when u* —> 0 and the ground heating is high 
causing L —> 0.  In this condition, all the turbulent motion is due to buoyant force 
generated by strong surface heating.  Observations also show that at Ri = - 0.03 free 
convection starts.  

 
The second situation occurs near or above the top of the surface layer where wind 

shear no longer controls the turbulence.     
 

 
 



  

2.17.6 Connecting expressions  
 
The entities Ri and z/L (= Rf) etc. are interrelated and it is useful to note the 

interrelations which are listed below.  
  

Stability criteria  
 
Stability can be defined in terms of the dimensionless height z/L.  The stability 

criteria are  
 
   Unstable :                 z/L  < 0 
   Neutral   :                  z/L  = 0 
   Stable     :                  z/L  > 0 
 
 If z/L < - 1 buoyant production exceeds mechanical production and reverse if  

z/L  > -1.  Near neutral conditions are defined by the limits  (-0.1 < z/L  < 0.1 ) 
when buoyant production of turbulence vanishes and turbulence is created mechanically 
only by wind shear.  

   
According to Businger's analysis (Businger et al., 1971): 
 

Unstable atmosphere :   
      
                0.74 (z/L) (1 - 15 z/L)1/4 
       Ri =  ————————————             .....(2.62) 
                       (1- 9 z/L) 1/2 
 

Stable stratification: 
 
       (z/L) (0.74 + 4.7z/L) 
      Ri =  ———————————            .......(2.63) 
            (1 + 4.7z/L)2 
 

According to Golder (1972), 
 
      m =  (1 - 15 Ri)-1/4   for z/L < 0    ....(2.64b) 
and  
      m =  (1 - 5 Ri)-1        for  z/L > 0     ...(2.64b) 
 
 

Ri approaches a limiting value of 0.21 as  z/L —> ∞. 
 
2.18 Ekman Layer  
 
       Consider again the simplified Navier-Stokes equations where horizontal uniformity 
is assumed. 

 
    ∂u     1   ∂p      ∂           ∂u 
    — = -  —  — + fv +  — K(z, t) —                     ......(2.51a) 
    ∂t      ρ  ∂x      ∂z           ∂z      
  
            



  

    ∂v      1 ∂p            ∂            ∂v 
       —  = -  — —  - fu + — K(z, t) —                      ......(2.51b) 
    ∂t         ρ ∂y            ∂z           ∂z      
 
 In the above expressions KM has been expressed as a time and height dependent 

function K(z,t)  in line with earlier discussions. 
 
Under steady state, using Eq (2.19) we have 
 
                               ∂        ∂u 
            - fGy  + fv + — K(z) —     = 0                        .....(2.65a) 
          ∂z        ∂z      
 
 
           ∂   ∂v 
  fGx  - fu  + — K(z) ——    = 0                   .....(2.65b) 
           ∂z          ∂z   
 
To solve this equation we define a complex vector 
 
     V  =  u + i v   [ i = √(-1) ]      
 

Multiplying the second equation by i   and adding we get 
 
 
          ∂2V 
            K(z) ——  -   i f (V - G)  = 0                ........(2.66) 
           ∂z2 
   

Using the boundary conditions 
 
            V = G      as       z   —> ∞       
 
   V  = 0       at        z = 0     
 

the solution of this equation is 
 
              u = G { 1 - exp [-ζ z].Cos[ζ z] }                            ..(2.67a) 
 
               v = G exp (-ζ z). Sin[ζ z]                           ....(2.67b) 
 

where ζ  = √(f/2K).  The wind variation with height according to this solution is shown 
as a hodograph in Fig 2.21.  This figure is commonly known as Ekman spiral. 

 
Wind profile shows a shear where the shear angle α is given by 
 
       tan α   = v/u                           ......(2.68) 
 

At ground level the shear angle is theoretically 45°, however observations in daytime fair 

weather conditions show a value more near 20°. 
 



  

 
2.19 Applicability of K-theory in dispersion 

  
We are now in a position to examine the distance scales where the K-theory models 

are applicable.  An important aspect one has to remember is regarding the scale of 
motions and averaging time. 

 
It was explained earlier that the concept of K is analogous to molecular diffusivity 

and viscosity as postulated in the kinetic theory of gases.   While the K-theory concept 
works very well in case of transfer by molecular motions, in the case of eddy transfer 
there are certain limitations which should be appreciated before its applications can be 
made. 

 
The distance scale involved in the molecular diffusion is several orders of magnitude 

than the mean free path (~ 10-8 m in air) and the number of collisions of air molecules is 
very large (~ 1010 collisions for a given molecule).  Thus for a time period of even a 
fraction of a second, the transfer would have involved billions of collisions and the 
transfer parameters would be statistically stable.  In contrast, in turbulent transfer, the 
eddy sizes most effective for transfer from a location A to location B are of the order of 
the separation distance AB.  Thus the most effective eddy size depends upon the cloud 
size and hence on the time after release or distance of travel.  It is only at very long 
distances that all the eddy sizes are able to play their part and thus K-theory is suitable 
only at large distances.  This has some important implications on statistical stability and 
on sampling time correction. 

 
A further point concerns the anisotropy of the eddy transfer coefficient.  The transfer 

rates in the horizontal and vertical directions differ.  Let the corresponding eddy transfer 
coefficients be denoted by Ky and Kz respectively.  The transfer in the vertical direction 
is strongly influenced by the thermal structure (stability) of the atmosphere.  Since 
different layers of atmosphere can have different thermal structures and can also change 
with time, Kz cannot always be determined from surface measurements over the entire 
PBL depth. 

 
While Kz can be determined in a restricted way from surface measurements through 

scaling parameters like L, there is no such scaling parameter available for Ky.  
Richardson observed eddy diffusivities of particle clusters with widely divergent sizes and 
obtained a relation  

 
        Ky = 0.2 l4/3         ........(2.69) 
 

 where l is the length scale corresponding to the size of the diffusing cloud. 
 
A summary of experimental data on Ky is shown in the Fig 2.22.  The figure shows 

the eddy diffusivities on different scales.  Ky varies from 102 m2/s for short travel 
distances to 109 m2/s on global scale.  How different size eddies progressively contribute 
to Ky is shown by the difference in slope from the slant lines.  The slant line slope is 
attained only after about four days.  There is no known technique for determining Ky 
from meteorological data.  However the Fig 2.22 may be used in dispersion models for 
distances of about 100 km and above.  Another aspect of the K-theory is that sampling 
time correction cannot be introduced in the equations. 
 
 
 
 



  

 
2.20 Determination of u*, zo, L and Qo 

 
Most practical method of obtaining these parameters is from wind profile 

measurements.  Measurements at two or more heights may be used to determine these 
parameters as described below. 

 
Determination of zo Normally, wind speed measurements under neutral stability at 

two heights are necessary to determine zo.  The speed measurements must be accurate, 
using preferably a digital system.  Wind speeds read from charts have large percentage 
errors especially at low speeds.  For example, if the reading accuracy is one km/h and 
wind speed is about 5 km/h then reading error itself will be about 20% causing further 
errors in the estimate of zo.  Let u1 and u2 be the wind speeds at heights z1 and z2 
respectively.  Then from Eq. (2.53),  

 
            u2 ln (z1) - u1 ln (z2)  
     ln (zo) =    —————————           .........(2.70) 
                                   u2  -  u1 
 
 
            u1  
           u*  =  k —————                              ..........(2.71) 
       ln (z1 / zo)         
 
Thus we get both zo and u* from these two measurements under neutral conditions.  

The height difference between the anemometers must be sufficient to keep the errors 
low.  

 
Very often the real zero reference plane cannot be determined due to thick 

vegetation cover or when the ground is rough.  In such cases there is a zero plane 
displacement d.  Replacing z with (z-d) in the profile Eq. (2.53) gives expression one 
should use.  Since d is an additional unknown, three anemometers are required.  
Alternately, one can determine d by trial and error until a perfect logarithmic profile fit is 
obtained.  

 
It should be noted that in areas where vegetation cover is predominant, the 

roughness parameter can change with season.  For example, afforestation in a given area 
can progressively increase zo and therefore its determination must be carried out 
periodically.  Once zo is determined, then u* can be determined from a single level wind 
speed measurement until there is reason to believe that zo has changed.   

 
Determination of u* and L:  As can be seen from Fig 2.19, in the lowest meter near the 
ground the conditions are nearly neutral (except when wind speed is very low).  Thus, 
even when the conditions are not neutral, if zo is known, then a single anemometer at a 
low height zan, say 0.5m can give directly the value of u* using the following relation:  

 
 
 
 
 
      
                          u* = (ku)/ln(zan/zo)       



  

 
        A more general method would involve measurement at three heights to obtain  u*, 
zo and L if  zo  is not known and two measurements if it is known.  Simultaneous 
equations can be used to obtain u* and L.  

 
 A simple method of determining L, given stability and zo, which does not directly  

involve wind measurement has been given by Randerson (1984).  According to this 
method,  

 
                   L = (a1S + a2S3) zo-1/p                ............(2.72) 

 where                    
                                       p = b1 - b2│S│ + b3S2  

 
  a1 = 0.00435, a2= 0.00372, b1 = 0.503, b2 = 0.231, b3 = 0.0325. 

 
and  

                                    1/L  =  a zob                                ............(2.73) 
 
 where the values of a and b are tabulated in Table 2.7.  The term S is the stability 
number corresponding to the Pasquill stability class (See Chapter III) are also shown in 
the Table.   

 
Determination of Qo:  

 
Empirical relations from field data are as follows: 
 

     Unstable conditions:          Qo = 0.00097 V10 ∆T   
 
for 0 < V10 ∆T < 25, where V10  is the mean wind speed at 10m and ∆T is the 
difference between surface temperature (Screen level) and the mean potential 
temperature at 10m.   

 
      Stable conditions:              Qo = 0.0026 + 0.00086 ∆T  

   
2.21 Determination of Kz 

 
Wind measurements at two or more heights may be used to determine Kz  using the 

profile relations.  Kz is given by  
 
              ku* z  
   Kz  =  ————              ...........(2.74) 
             m ( z/L) 
 
The unknown variables are u* and L under a given stability and can be eliminated 

by simultaneous equations.  Thus measurement at two heights can be used to determine 
Kz.  For practical use, nomograms may be made for the fixed measurement heights to 
obtain Kz.  

 
 
 
 



  

Much of the information on Kz has been obtained through measurement of KM.  The 
latter is known to increase with height for a few hundred meters and then remain 
constant to about 50 m2/sec. 

 
Kz is strongly stability dependent and therefore shows a very strong diurnal 

variation. Doury has compiled the data for  Kz  also similar to that for Ky  and is 
presented in Fig 2.23. 

  
2.21 Wind Profiles within the surface layer  
 
      Wind vector variation with height in the surface and Ekman layer has been 
discussed so far theoretically.  It will be interesting to study how the variation of 
observed wind vector.  Fig. 2.24 depicts observed profiles during day and night.  As 
would be expected, the wind direction shear is very strong in night time resulting in low 
mixing lengths and consequent decoupling between the vertical layers.  In contrast day 
time mixing causes wind direction shear to decrease.  However it is never absent as can 
be seen from the day time observations in the figure.  This has repercussions in the 
atmospheric dispersion since lower and upper parts of the cloud can travel in slightly 
different directions causing an apparently more horizontal spread.    
 
2.23 Temperature variation near ground 
 

A typical screen thermograph record on a clear day, shows a rising temperature 
after sunrise which continues up to about 1400 hrs (See Fig 2.25).  After this the 
temperature trend reverses.  The minimum temperature occurs just before sunrise.  
Actually temperature of the ground surface follows the solar motion and the surface 
temperature is maximum when the sun passes the meridian.  The reason why the 
temperature measured in the screen at 1.2 m above the ground has a maximum an hour 
to two hours late is as follows:  

 
The equation of vertical heat transfer by eddy conductivity is the well known 

parabolic equation:  
 
               ∂T           ∂2T 
              —— =  K  ——           ..........(2.75) 
               ∂t           ∂z2   

 
        If we use a boundary condition of prescribed surface temperature 

 
        T(0,t)  = T1 Cos (ωt - α)            .........(2.76) 
 

where the time is in hours and ω = 2π/24, the solution of the equation is 
 
         T(z,t) = T1 exp(-mz ) Cos [ωt - (α + mz)]               … (2.77) 
 

where m = √(ω/2K). 
 
This is a damped wave, with phase lag dependent upon the height.  Thus the lag 

itself may be used to determine K.  
 
 
 
 
 



  

Actual time variation is more complicated but may be expressed by a Fourier series 
in which about 3 terms are significant. 

   
The screen temperature is measured at 1.2 m height and therefore the lag occurs.  

The amplitude at 1.2 m is also smaller than that at surface by as much as factor of two. 
 
2.23.1 Temperature minima 

 
The decreasing temperature trend continues until sunrise.  The rate at which 

temperature decreases depends upon the sky conditions and humidity.  Clear sky allows 
radiative cooling of the surface and temperature decreases fast.  Because water vapour 
has absorption bands in the emission spectrum of the surface, higher the humidity, 
larger is the heat retained by the overlying air layers and the cooling rate is less.  Cloudy 
conditions drastically reduce the cooling rate both because clouds reflect the radiated 
heat back to earth and because cloudy conditions are associated with higher humidity.  
In monsoon the temperature virtually remains constant over a diurnal period.  

   
Empirical relations can be obtain to predict the minimum temperature as function 

of dry bulb temperature T(t) and dew point temperature Td at some fixed time t of the 
day say 1800 hours.  There are many such relations (Sutton, 1953) The simplest relation 
being:  

      
              Tmin = a T(t) + b Td (t) + c  ...........(2.78) 
 
 

where the constants have to be determined  by best fit to previous data. 
 

2.23.2 Temperature profiles 
 
Temperature profile depends upon solar heating of the lower layers and winds.  

Dependence upon wind comes through the mixing process.  Stronger winds lead to 
better mixing and the profile tends to be neutral. 

 
Suppose we start with some profile in the morning.  If the sky is clear the solar 

heating causes the lower layers to be heated more than the upper layers causing the 
profile to be superadiabatic.  The process of heating by solar radiation and cooling by 
radiative loss in the long wave as well as by conduction are continuous and the profile 
depends upon which of the processes predominate.  Towards evening after about 4 pm 
the solar heating reduces and the radiative cooling causes the lower layers to cool first.  
A shallow inversion builds up which increases in depth after sunset when only radiative 
cooling predominates.  This leads to ground inversion.  Under the inversion or stable 
conditions, the eddy sizes are small with the result that there is a decoupling between 
layers separated by distance larger than the eddy sizes.  There is hardly any input of 
momentum from the upper layers and the velocities fall to near calm conditions.  At 
these speeds because of the decoupling, sometimes the wind shows jerky traces.  The 
horizontal wind shows the meandering phenomenon.  This has important repercussions 
on dispersion.  

 
Towards noon, when winds are low, the superadiabatic temperature profile leads to 

autoconvective conditions.  This happens when the Richardson number reaches a 
critical value of Ri = -0.03.  Under these conditions again the profile laws breakdown 
since in this case vertical convective motions predominate.  Separate theories have been 
developed but tested only in water tunnels for diffusion under convective conditions.  

 
 
 



  

2.23.3 Elevated Inversions 
 
While the radiation induced inversions near the ground get destroyed by solar 

heating or by mixing, there exist inversion layers aloft, at heights of about 1-2 km and 
sometimes even as low as 50 m which remain throughout the day.  Such an inversion 
layer, sometimes called capping inversion layer, acts as a lid to vertical mixing and 
therefore is required to be considered in the dispersion models.  The layer of air from 
surface to the base of the inversion layer (if such a layer exists) is called mixing layer or 
convective boundary layer (CBL) and its thickness is called mixing height, denoted here 
by zi.  Such a stable layer aloft can be treated for all practical purposes as an impervious 
layer not allowing the spread of the pollutant in the vertical direction.  This impervious 
layer can affect ground level concentrations by reflecting the plume.  Determination of its 
height is therefore important.   

 
The diurnal variation of the height of this layer can be described as follows.  

Consider first a typical situation within the layer towards evening.  At this time, after 
about 1600 hrs, the rate of outgoing energy from the heated ground is exceeds that being 
received from the sun.  The ground and the layers near it cool progressively resulting 
into a gradually deepening stable layer with little turbulence.  Usually this is an 
inversion layer with heights of the order of a few tens of meters, but on windy cloudy 
nights its height may be several hundred meters.  Very close to the ground however, 
there is a layer of continuous mechanically produced turbulence.  Above the nocturnal 
ground inversion layer lies the near-neutral layer of low turbulence.  Often, this is 
capped by an elevated inversion layer base of which is at height zi as mentioned earlier.  
This height can be in the range of 500-2000 m.  After sunrise the ground starts getting 
heated, giving rise to convective currents, thus beginning the formation of Convective 
Boundary layer (CBL) or mixing layer.  The convective currents rise vertically and slowly 
erode the ground inversion.  Once the convective currents penetrate the ground 
inversion layer and destroy it, CBL develops very rapidly with the speed of the convective 
currents which may be as high as 3 m/s.   Within CBL, there are updraughts and 
downdraughts.  The updraughts can be 500-1000 m wide,  with base at about 300 m 
height and extending vertically upto base of the elevated inversion layer.  In between the 
updraught zones the balancing downdraughts which are slower but wider.  The process 
of vertical growth lasts up to about noon, by which time the convective currents would 
have destroyed the lower couple of kilometers of the elevated inversion layer after which 
the convective activity decreases and the height zi of the elevated inversion which was 
progressively increasing earlier remains almost steady until sunset.  Fig 2.26 shows  
schematically the development of the mixing layer.  

 
The mixing height may be estimated by Holzworth method, (See Fig 2.27) using the 

routine temperature soundings (at 00Z and 1200Z), and the surface temperature.  This 
method is accepted by USEPA.  In this method, a dry adiabat line (i.e. dry adiabatic 
temperature profile) is drawn from the surface temperature.  The point where this 
intersects the actual temperature profile from the sounding is the mixing height for the 
two hours.  For other hours the values are found by linear interpolation of the two 
values.  Holzworth method does not take into account the effect of temperature 
advection.  A better method which takes into account the convective mixing is given by 
Benkley and Schulman (1972).  The method uses wind speeds from the nearest national 
weather station and temperature soundings from nearest upper air stations.  The 
measured temperature Tm is corrected for temperature advection using the temperature 
trend.  The working relation is  

 
 
 
 
 



  

         
                              t 
       Tr = Tm -   —  [ T700(00Z) - T700(1200Z)]        ......(2.79)  
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where Tr is the corrected temperature t hours after 1200Z, and T700 is the temperature 
at 700 mb level obtained from the two soundings.  zi is found as before.  Secondly, a 
mechanical value of mixing height is found from the relation 
 

              zi  = 0.185u*/f                           .........(2.80) 
 

           The higher of the two values is taken as the mixing height. 
 
2.24 Planetary Boundary layer 

 
     After the extensive investigations on the atmospheric processes within the 

planetary boundary layer, it is now possible to summarise the information on the 
internal structure of the PBL.  The lowest layer of PBL is the surface layer characterized 
by constant stress within which the scaling rules for wind and temperature are well 
developed (See Section 2.17).  The surface layer may be subdivided into two layers, the 
lower one being the wind shear layer upto a height of z <│L│.  The scaling rules within 
this layer e.g. those for the wind profile use u*, Monin-Obukhov length L, and height z 
as the scaling parameters for wind.  For temperature, T* is also a scaling parameter.  
The convective and diffusive mixing processes are caused by mechanical and convective 
turbulence.  The convective turbulence is relevant during non-neutral conditions, and 
the governing parameters are u*, height z, the surface temperature flux Qo (=w′T′) and 
g/T (which is always involved wherever buoyancy effects are concerned) Temperature 
and wind are scaled with T* (= Qo/u*) and u*2 (= τ/ρ).  Dimensionless parameters 
formed with these scaling parameters are universal functions of  z/L.  

    
Above this layer lies a second layer extending upto a height of about 0.1zi, which 

may be called the local-free-convection layer where surface stress τo (= ρu*2) is no 
longer important, but u* is used for scaling momentum flux.  The governing parameters 
are the sensible heat flux Ho, g/T and z.  The scaling parameters are uf and Tf, where 

 
     uf = (z Qo g/T)1/3                         .........(2.81a) 
and  
      Tf = Qo/w*                                    .........(2.81b) 
 
where                w* = (gziHog/T)1/3                          ……..(2.81c) 
 
The dimensionless parameters formed with these should be constants, which has 

been established from field data for very unstable conditions (-z/L > 1).  
 
The layer above these two layers and upto the height zi, is called the mixing layer 

(CBL).  Here, the surface shear stress τo has little effect on the turbulence and zi is the 
only scaling length applicable.  Other governing parameters are the convective velocity 
scale w* and the scaling temperature θ*.  They are given as  

 
 
 



  

    w* = (gziHog/T)1/3                         .........(2.82a) 
 and 
    θ* = Qo/w*                                      .........(2.82b) 
 
The momentum flux u′w′ is governed by u* and the layer is well mixed down upto 

height (-L).  The dimensionless groups formed with these two scales should be functions 
of z/zi.  
 
2.25 Concluding remarks 
 
       Most of the aspects of atmospheric phenomena, especially turbulence and stability 
relevant to turbulence, atmospheric stability and wind/temperature profiles which are 
relevant to atmospheric dispersion have been discussed in this chapter.  The models for 
atmospheric dispersion will be discussed in the next chapter.   
  
    
  



  

 
 

 
 
 
 

CHAPTER III 
 

PRINCIPLES OF ATMOSPHERIC DISPERSION 
 

 
3.1 Introduction 

 
Atmospheric dispersion models are mathematical expressions relating emissions of a 

pollutant to its concentration at a given location.  The models enable advance estimation 
of the pollutant concentrations from a given source and under a given set of atmospheric 
conditions.  They are therefore an essential aid in air pollution control and air quality 
management.    

 
The term "Atmospheric dispersion" means spread to the environment through the 

atmosphere.  It consists of two components, viz.  the adjective transport by wind in the 
downwind direction and the spread due to turbulent or eddy diffusion in the vertical and 
horizontal directions.  Several other physico-chemical processes such as deposition on 
surfaces and chemical transformations also take part in the atmospheric dispersion.  
Where applicable the models take these processes into account.  

      
Dispersion models need input parameters related to  
 

(i) the source of the pollutants, especially the rate and height of release, the efflux 
velocity and temperature,  

(ii) the atmospheric conditions governing the atmospheric dispersion, especially 
the parameters related to wind, turbulence and the temperature profile and  

(iii) the parameters related to the terrain, especially the ground roughness and 
the presence of hills or other obstructions to airflow and  

(iv) physico-chemical parameters.   

 
      A typical application of dispersion modelling concerns the determining the suitability 
of a given site for locating a polluting industrial unit from the consideration of air 
pollution and the extent of the air pollution control measures needed.  

 
Considerable theoretical and experimental work has been done on atmospheric 

dispersion and related topics for the past seven decades.  Based on this research, many 
theoretical and empirical models have been proposed.  Theoretical models have provided 
a lot of insight into the atmospheric diffusion process.  However, the models used in 
practice are the empirical models based on experimental data.  In this chapter the 
theoretical bases of the dispersion models are first discussed before presenting the 
practical empirical models and their applications.  
 
3.2 Behaviour of pollutants in atmosphere 

 
As soon as a pollutant enters the atmosphere, its behaviour is controlled by  

atmospheric motions and physico-chemical behaviour of the pollutant.  Sometimes, solar 
radiation, humidity and air temperature also play a role.  

 



  

Industries generally release pollutants like sulphur dioxide, particulate matter and 
gaseous chemicals through a stack.  These are generally discharged with some efflux 
velocity and often at a temperature hotter than the ambient air.  The initial momentum 
of discharge and the initial buoyancy due to higher temperature of the stack effluents 
cause them initially to rise vertically while at the same time being carried by the winds 
and diffused by turbulence.  This initial rise which continues until the initial momentum  
and buoyancy are dissipated by mixing with air is called Plume Rise.  It helps to increase 
the effectiveness of the stack by increasing the effective stack height by the amount of 
the plume rise.  Evaluation of plume rise is therefore very important in the dispersion 
modelling.   

 
Pollutants released from mobile sources e.g. motor vehicles are generally released 

horizontally.  While the plume rise effect is negligible, the initial efflux velocity and 
temperature together with the wake effect turbulence caused by the moving automobile 
cause an initial cloud of finite dimensions, which must be considered in the model.  

 
Pollutants may be broadly classified into (i) particulates and (ii) gases and vapours.  

Particles larger than about 10u diameter tend to settle slowly by gravitational settling.  
Smaller particles behave virtually like gases with negligible settling velocity, however 
they may deposit on surfaces by the process of impaction.  Gaseous pollutants may be 
chemically inert or may transform to another chemical or physical form by reacting with 
other atmospheric components such as water vapour.  Some vapours and gases may 
also deposit on surfaces with which they come in contact.  All these processes are 
termed "Removal processes" since the pollutant effectively is removed from the plume.  
An important removal process is the wet removal process of washout by raindrops     
falling through the plume and the rainout when the plume gets mixed with a rain cloud 
and the pollutant gets included in the cloud drops which finally rain.  

 
Other physico-chemical processes include adsorption on dust particles and 

coagulation.  A reverse of the removal process may also occur through the phenomenon 
of resuspension by wind (also called wind pickup) and desorption.  In the former process, 
winds raise the deposited and soil particles on which pollutant gas may have been 
deposited, to become airborne again.  The probability of the particles being resuspended 
is higher for finer particles and higher winds.  Many vapours get desorbed and enter the 
atmosphere under certain conditions of temperature and humidity.  Some physico-
chemical processes cause decomposition of the pollutants while others generate new 
pollutants.  Photochemical oxidants which are produced from hydrocarbons in presence  
of water vapour and sunlight is an important example of the latter process.   

 
Fig 3.1 schematically shows some of the processes described above. 

 
3.3 Physical description of plume formation 
 
       Consider a small cluster  of particles instantaneously released in air from a point.  
The particles will form a small cloud which expands due to turbulent eddies while 
travelling downwind.  It was seen in the previous chapter that turbulent eddies show a 
continuous spectrum both in the vertical and horizontal direction.  Eddies of size much 
larger than the size of the cloud make it to move bodily in crosswind and vertical 
directions while eddies of size much smaller than the cloud cause internal redistribution 
of the particles which we call turbulent diffusion.  Eddies of intermediate sizes i.e.  sizes 
of the order of the cloud size cause the cloud to deform.   Thus, as the cloud grows while 
travelling downwind, larger and larger eddies take part in the diffusion process.  This is 
schematically depicted in Fig 3.2.  

 
A continuous release may be considered as a series of instantaneous elemental 

puffs.  The contiguous clouds due to each of the elemental puff merge to form a 



  

continuous conical formation which, if visible as in the case of smoke, looks like a 
feather and hence is called a plume (Plume means a feather).  

 
A continuous visible plume may often appear to have a ragged edge and often a 

serpentine appearance nearer the source.  This is because near the source the cloud size 
is small and larger eddies shift the cloud bodily as described earlier.  The serpentine 
appearance vanishes at large distances from the source where cloud size is so big that 
the larger eddies actually take part in diffusion within the cloud (i.e. the plume) than in 
transport. 

 
Instantaneous plume may appear to be ragged edged, mainly due to the deformation 

by eddies as described earlier.  A time exposure photograph of the same plume over say 
a minute or more removes ragged edge appearance.  This is the effect of averaging which 
will be explained later when effects of sampling period are discussed. 

 
3.4 Plume types    

 
During the early years of atmospheric dispersion studies, plumes used to be 

classified according to their appearance as seen from ground.  These were also related to 
the atmospheric stability layers through which the plume passed.  These are shown is 
Fig 3.3 and described below.  The classification is relevant only near the source but is 
useful as an indicator of the type of stability regime existing at the moment of 
observation.  

 
(a) Looping plume occurs with the unstable or superadiabatic lapse rate on a 
clear day.  Solar heating causes creation of large thermal eddies in the unstable 
air which leads to this appearance.  For short to medium stack heights the 
thermal eddies periodically bring plume to ground.  

(b) Coning plume occurs during slightly overcast sky with a temperature 
gradient between dry adiabatic and isothermal (i.e. neutral to slightly stable 
conditions).  

(c)  Fanning plume which is a thin horizontal plume occurs when temperature 
inversion exists which prevents vertical diffusion but permits horizontal spread.  

(d) Lofting plume  occurs when a superadiabatic layer exists above an 
inversion layer.  A plume or part of it lying in the upper layer can diffuse 
vertically but its downward diffusion is retarded by the lower stable inversion  
layer.  This may occur during evenings.   

(e) Fumigation  is reverse of lofting.  The plume is between a stable inversion 
layer and ground.  This can lead to vertical mixing of the plume in the unstable 
layer between the ground and the stable layer, leading to higher ground level 
concentrations than what would have been obtained by normal turbulent 
diffusion.  It is likely to occur for short periods during early morning periods 
after sunrise when ground inversion begins to break up.  

 
3.5 Types of sources 
 

Various types of sources may be encountered in practice.  These may broadly be 
classified into point, line, area and volume sources.  They may either be instantaneous 
or continuous.      Stack releases or releases through a single stationary outlet may be 
considered as stationary point sources.  An exhaust of a moving automobile may be 
considered as a mobile point source.  A number of automobiles moving on a highway 
form an effective line source which, for all practical purposes, may be considered as an 
infinite line source.  A number of stacks in single line may be considered as a finite line 
source.  In cold countries, fuel is used for house heating.  The waste gases which contain 



  

sulphur dioxide and are released at very low levels over a large residential area may be 
considered as a ground level area source.  Fugitive emissions may occur through all the 
penetrations from an industrial building.  These get well mixed due to turbulence 
generated by the building itself and constitute a volume source.  The models must 
consider the nature of the source.  

    
3.6 Theoretical and experimental basis of models 

 
Atmospheric dispersion and the associated subject of micrometeorology have been 

extensively studied theoretically and experimentally since about 1920.  
 

Theoretical models 

       The theoretical aspects of modelling have been studied through three approaches 
viz.  

- Based on the statistical properties of turbulence, 

- As an eddy diffusion process analogous to the molecular diffusion.  

       -    Based on similarity principle of fluid flow.  

Of the above, only the models based on eddy diffusion process, also known as 
gradient or K-theory models, have been found to be viable for practical applications and 
that too at large distances.  As discussed in the previous chapter, the K-theory approach 
involves an implicit assumption that the entire eddy spectrum has been used in the 
diffusion process, an assumption which can be satisfied only on synoptic scale i.e. 
distances of few hundred kilometres or more.  The basic K-theory model is a second 
order partial differential equation of parabolic type similar to the heat diffusion equation.  
Analytical solutions have been obtained for simple situations, however the complexity of 
the actual real life situation where atmospheric and site conditions are complex and 
change continuously, necessitates use of numerical techniques for the solutions, 
requiring use of a high capacity computer.  K-theory models are discussed later in the 
chapter.  

 
Models based on experimental studies 
 

Experimental studies of atmospheric diffusion were made in the early days mainly 
for defence applications especially in smoke screen and chemical warfare.  After the 
advent of nuclear energy, the Atomic Energy Establishments in US and UK and later in 
other countries contributed tremendously to the knowledge of atmospheric diffusion.  In 
the period after the second world war several diffusion experiments, using smoke and 
tracer gases like sulphur dioxide, sulphur hexafluoride (SF6) and radioactive gases, were 
conducted by many research groups.  In many of these experiments, which involved 
continuous sources, crosswind plume spreads were measured at various distances in 
the downwind direction.  The distribution of the concentration along the crosswind 
direction was found to fit closely a Gaussian distribution.  The plume-spread parameter 
could then be expressed in terms of the standard deviation of the Gaussian distribution.  
The variation of the standard deviations with distance was related to turbulence 
parameters and atmospheric stability.  Thus, variation of standard deviation with 
distance could be expressed graphically or through a formula for each stability class.  
Measuring the vertical distribution posed practical problems of sampling.  Where 
possible, use of tethered balloons and tall towers was made to sample air at various 
heights.  Where this was not possible, it was assumed that Gaussian distribution fits in 
the vertical direction also.  Making use of the principle of conservation of mass, it was 
then possible to obtain the vertical plume spread parameters also.  Thus, an empirical 
diffusion expression could be written as a double Gaussian expression with plume 
spread parameters as functions of downwind distance from the source.    

 



  

The empirical double Gaussian models based on the data thus collected are widely 
used today for distances up to a few tens of kilometres.  Fortunately this is also the 
distance range beyond which the pollution impact from real sources reduces 
considerably for most of the common pollutant sources.  Since the K-theory models are 
not useful for this distance range, the empirical double Gaussian models are the 
mainstay of the air pollution control or air quality management.  These models are 
discussed extensively later.  

 
It will also be seen later that under ideal conditions, the K-theory also gives Gaussian 
type expressions for concentration distribution, while in the statistical theory models, a 
Gaussian distribution is assumed with the plume spread parameters deduced from 
theoretical principles.  The Gaussian distribution is therefore basic to most models.  
Before discussing the theoretical and empirical models we shall therefore first 
understand the properties of the Gaussian distributions and certain working relations 
derived from them.  

 
3.7 Gaussian models 
 
     These models assume a Gaussian distribution of concentration along the co-ordinate 
directions.  In the following the basic distributions for an instantaneous point source, a 
continuous point source and a continuous line source are discussed.  
 
3.7.1 Instantaneous point source 
 

Consider a quantity Q of pollutant released from a point at time t = 0.  The 
pollutant spreads by turbulent diffusion process to form a cloud which moves downwind 
with the mean wind speed u.  
 

Let the co-ordinate system be such that its origin is at the centre of the cloud 
moving downwind with the mean wind speed u.  Let the x-axis be in the mean downwind 
direction, y-axis in the horizontal crosswind direction and z-axis in the vertical (Fig 3.4).  

 
Let us assume that the diffusion is anisotropic i.e. unequal in the three directions.  

It is now assumed that the distribution of concentration is Gaussian in each of the three 
co-ordinate directions x, y and z, with the corresponding standard deviations (also 
called plume spread parameters) denoted by σx, σy and σz respectively.  

 
The concentration X at a point (x, y, z) with respect to the moving origin is given by the 
following triple Gaussian equation:  
  
                                     Q                        x2          y2         z2         
      Χ (x, y, z, t) =  ——————— exp{ - [ —— + —— + —— ] }    ......(3.1) 
                              (2)3/2σxσyσz                    2σx2      2σy2      2σz2   

 
where σx, σy and σz are increasing functions of travel time t since the cloud expands 
continuously.  The expression satisfies the mass conservation criterion  

   
                                                     + ∞ 
                                        ⌠ 

│ Χ (x, y, z)dxdydz  = Q 
                                        ⌡  
                                                  - ∞ 

     



  

through the quantity  (2)3/2 σxσyσz in the denominator.  
 

3.7.2 Continuous point source  
 
A continuous release may be considered as a series of instantaneous puff releases 

(Fig. 3.5). Hence a continuous plume can be assumed to consists of sequential release of 
puffs of strength Q′dt from a point O  (taken as the origin of the co-ordinate system)  

where Q′ is the rate of release of the pollutant or particles.  Using the transformation x 
= ut to obtain the location of individual puff centres, the resultant expression can be 
integrated with respect to time t or distance x to get the continuous point source 
expression.  Though in reality, due to presence of large eddies, the centres of all the 
elemental clouds may not lie at any given instant on a single straight line which is the x-
axis, it is quite permissible to assume that the cloud centres in the average plume are 
along x-axis.  Concentrations are generally measured as average values over a few 
minutes to few hours and not instantaneously.  Assuming an average plume is quite 
realistic.  

 
Let P (x, y, z) be the point at which the concentration is to be evaluated (Fig. 3.6).     

The concentration at P is made up of the contributions from all the clouds along the x-
axis.  Let a typical cloud have its centre at P′ where OP′ = x′ = ut′.  The concentration 
due to this elemental cloud at P is  

 
                                       Q′dt′                      (x-x′)2         y2             z2 
      dX (x, y, z, t) = ———————— exp { - [ ———  + ——  + ——  ] } 

                  (2)3/2σxσyσz                          2σx2         2σy2        2σz2      
      
Replacing t′ by x′/u and integrating from x′ = 0 to x′ = ∞, one gets the expression 

for the continuous point source release 
    
                                Q′                      y2           z2       
        X(x, y, z) =  —————  exp { - [—— +  ——  ] }                ...(3.2) 
                             2uσyσz                2σy2      2σz2    

 
The plume spread parameters are now increasing functions of the downwind 

distance x measured from the source. 
 
In the above integration it is assumed that the σ′s are practically constant as of x = 

uT since transfer by diffusion is at least an order of magnitude smaller than transport 
by wind.  Though the limits of integration are x′= 0 and ∞, the integrand is virtually 
zero beyond 3σ on either side of the point P and one may write the limits of integration 
as ±∞.  The fig. 3.6 also shows plume and the associated parameters.  
 
3.7.3 Continuous line source  
    
        The diffusion expression for a continuous line source may be obtained from 
continuous point source.  Here we shall consider only an infinite line source of strength 
Q′ units/m/s.  Let AB be the source and let P, the point where the concentration is to 
be evaluated be located at a perpendicular distance x from the source (See Fig 3.7).  Let 
the wind direction be at an angle θ to the direction of the line source.  



  

 
Consider an element of the line source Q′dL which may be considered a point 

source.  Let the concentration at P due to this be XP as given by Eq (3.1).  The net 
concentration from the line source can be obtained by integrating XP over the entire line 
source.  Since the exponential term contains trigonometric terms, an analytical 
integration becomes difficult and recourse may have to be taken to numerical 
integration.  Certain simplifying assumptions however may be made which gives an 
expression of sufficient accuracy.  Let the wind direction vector intersect the line source 
at point O1. The elemental sources above O1 travel more than the corresponding 
elements below O1 and therefore contribute differently to the concentration at P however, 
it can be seen that in the case of an infinite line source, the differences will 
approximately cancel out.  We may therefore draw a line perpendicular to the wind 
vector passing through O1 and project the source on this line.  The strength of this 
projected source is then Q′/sinθ.  The concentration at P due to this source is obtained 
by the method similar to that of obtaining continuous point source expression from the 
instantaneous point source expression using the principle of superposition.  The 
resultant expression is  

 
                                   Q′                       z2 
            X (x,0,θ) = ———————  exp(- —— )                  ....(3.3)      
                   √(2)σzusinθ             2σz2 

 
where θ indicates the direction of the wind and not the position of P.  It would be seen 
from Fig 3.7 that the plume spread parameter is to be evaluated for a distance x/sinθ.  
The special case where wind direction is along the source (θ = 0) has not been 
considered here.  
 
3.7.4 Continuous Volume source  

 
Fugitive emissions mix in the building wake and often can be considered a 

continuous volume source.  Sometimes, an horizontal discharge of effluents at ambient 
temperature, due to initial mixing at the time of release to the atmosphere results in the 
formation of a large volume source.  During calm conditions, effluents may accumulate 
locally forming a large volume source which moves once wind sets in.  This is a case of 
an instantaneous volume source.  Concentration from a volume source may be 
computed using the virtual source method.  In this method, the volume source is treated 
as if formed due to release from a virtual source upwind, achieving the dimensions of the 
actual source by crosswind and vertical dispersion.  Let xo be the upwind distance of the 
virtual source (See Fig 3.8) from the centre of the volume source.  The distance xo can be 
obtained by finding the distance where the plume spread parameter σ has the same 
dimension as the corresponding dimension of the volume source.  However there is 
difficulty in that while the distribution of pollutant inside the volume source is uniform, 
that in the hypothetical cloud from the virtual source would be Gaussian.  To overcome 
this difficulty, it is assumed that the dimension of the virtual cloud corresponding to 
90% of the mass of the pollutant is equivalent to the actual source dimension.  This 
corresponds to a contour of 2.14σ. Thus xo is the distance where  

 
         σvir =  Radius of real source/2.14                          .........(3.4) 

 
        Thus the concentration can be obtained from the standard diffusion expressions 
(3.1) and (3.2) and their modifications later as long as the σ′s are obtained for a distance 



  

x + xo.  Note that xo can in general be different for horizontal and vertical directions and 
for evaluating σ for a given direction, corresponding xo should be used.  

 
3.7.5 Correction for radioactive transformation 
 
      The concentrations need to be corrected for radioactive decay (or buildup) during 
travel.  To correct, multiply the concentration X by the decay factor exp (-λt) or by exp 
(-λx/u) as is appropriate.  In the case of buildup, the buildup factor should be 
computed for time t or x/u.  
 
3.8 Statistical theory models 

 
Statistical theory model was first developed by Sir Geoffrey Taylor in 1921 making 

use of the auto-correlation properties of turbulence discussed in Chapter II.  A brief 
outline of the approach is as follows:  
 
3.8.1 Spread parameters 
 

Consider a number of particles released from a point at time t = 0.  The diffusion by 
continuous movements due to turbulent component will form a cluster of the particles 
which moves downwind with the mean wind speed u.  At a time t = T the distribution of 
particles with respect to the centre of the cluster may be denoted by the variance (square 
of standard deviation)  

                                                       __     
                σ2(T) =  X2      

 
where X is the distance of a particle from the point of release and the overbar denotes 
averaging. 
                       __                
        The rate of change of  X2 is         

                    __          ________ 
                                          dX2                       dX 
                                          ——    =   2X ——               
                                            dt                 dt  
                        ____ 
                                                     =   2Xu   

 
        This rate of spread may be expressed in terms of wind speed at successive time 
intervals and we may write     

                                __             t 
                                   dX2             ⌠_________ 
                                   ——  =  2 │ u(t)u(t+ξ) dξ 
                                     dt         ⌡  
                                                0    

         
where u is always measured at the particle position at successive intervals i.e. in a 
Lagrangian system. 

  
Under conditions of homogeneity and stationarity the average properties are uniform 

in space and time and the above expression may be written in terms of Lagrangian type 
correlation coefficient (see Chapter II)  



  

                       ____________ 
                             u′(t)u′(t + ξ ) 
               R(ξ )  =  ——————                              .........(3.5) 
                                  __ 
                                  u′2 

 
giving 
                                   T  t 
                                     ⌠⌠ 
                σ 2(T)  =  2u′2 │ │R(ξ)dξdt                         ........(3.6) 
                                     ⌡⌡        
                                    0 0     

 
The above analysis made for the u-component, can in general be extended to v- and 

w-components also for the general anisotropic case where the rates of diffusion in the 
three directions are unequal.  

 
An important deduction from the above expression is that near the source, i.e. when 

T is small and R(ξ) is near unity, σ varies as time T while for large T when R( c) tends 
to zero σ varies as square root of T.  This conclusion is in conformity with similar 
conclusion if we consider diffusion by random movements as a random walk process.  It 
will be seen later when one examines the variation of σy and σz with distance that in the 
case of Pasquill model that the initial variation is approximately linear.  It will further be 
seen from the functional form of sigma in K-theory (Eq 3.8 later) that it does tend to vary 
as square root of time of travel.  Examination of Figs 2.22 and 2.23 also shows a linear 
dependence on time for short travel times and square-root dependence at long travel 
times.  
 
3.8.2 Expressions for concentration  

 
The expressions for concentration involve a triple Gaussian distribution for an 

instantaneous point source or puff release and a double Gaussian distribution for a 
continuous point source, with σ′s obtained from principles explained above.   The 
expressions are same as Eqns (3.1) and (3.2) respectively.  

 
To obtain an explicit expression for σy and σz requires a knowledge of the form for 

R(ξ ). Sutton (1953) used an expression  
                                                    __ 
                             R(ξ) = [ N/(N + w′2 ξ) ]n                 ........(3.7) 

 
where N is called macroviscosity = u*zo and n is given by the wind profile parameter p 
= n/(2-n) in Eq (2.50).  Sutton′s diffusion equation, though in wide use prior to the 
sixties, gave power law expressions for the variation of σy and σz with distance and could 
not explain the sharp rise in the rate of vertical diffusion in the unstable conditions or 
the flattening of the diffusion rate during stable conditions.  Sutton′s diffusion model has  
now been superseded by the empirical models.  

 
3.9 Gradient or K - theory models  

 
These models describe the dispersion in terms of partial differential equations               

involving  eddy diffusivity.  The basic assumption, called the gradient transfer 



  

hypothesis, is that the rate of transfer of an entity per unit area is proportional to its 
gradient normal to the area.  Basically this assumption leads to Fick′s equation of 
diffusion.  In the case of atmospheric diffusion the eddy diffusivity is used instead of 
molecular diffusivity.  The anisotropic nature of atmospheric diffusion is introduced by 
assuming different diffusivities in the three co-ordinate directions.  The K- theory 
approach is discussed in the following.   

 
3.9.1 Basic Equation 

 
The basic diffusion equation of a conservative entity in air is based on the gradient 

transfer hypothesis mentioned above.  The equation may be derived as follows:  
 
Let u, v and w be the velocity components in a moving fluid, i.e. air in our case.  

Let the concentration of the conservative entity be X units per unit volume or q units per 
unit mass.  The two are related by the expression  X =  ρq where ρ is the density of air 
in consistent units. 

 
Consider an elemental rectangular parallelopiped (Fig 3.9) of sides dx, dy, dz, and 

consider the concentration of the conservative entity within the elemental volume 
dxdydz.  The rate at which the entity passes across the left side dydz is Adydz where  

 
                                            ∂(ρq)                  ∂X                                                
                       A = u.ρq  - Kx —— =  uX - Kx ——       
                                              ∂x                    ∂ x                    

 
 The first term is due to advective transport by wind and the second is due to 

gradient transfer by diffusion.  The flux through the right hand side is 
 

                                    ∂A 
                             (A  +  — dx ) dydz 
                                      ∂x   

 
 Net change of the entity in the volume element due to x-directional flow per unit 

time is the difference between the two, viz  
  

                          ∂uX        ∂           ∂X      
                     [ -  ——  +  —— (Kx —— ) ] dxdydz 
                           ∂x          ∂x          ∂x      

 
Adding the advection and diffusion through the remaining two sides also, we get the 

net change in the content of the conservative entity per unit volume in the volume 
element as  

 
               ∂X           ∂(uX)      ∂          ∂ X    
              ——  =  -   ——  + —— (Kx —— ) 
                ∂t             ∂ x        ∂x         ∂ x        
 
                                ∂(vX)     ∂         ∂X       ∂(wX)    ∂           ∂X    
                              -  —— + —— (Ky ——) -  —— + —— (Kz ——) 
                                   ∂y      ∂y          ∂y        ∂z       ∂z          ∂z    

 



  

Regrouping and using the continuity equation 
 

                     ∂u       ∂v       ∂w 
                    —— +  —— + ——  = 0        
                     ∂x        ∂y       ∂z 

   
we get 
 
                dX       ∂         ∂X       ∂        ∂X       ∂        ∂X   
                —— =  — (Kx ——) + — (Ky ——) + — (Kz ——)            ....(3.8) 
                 dt       ∂x        ∂x      ∂y       ∂y       ∂z        ∂z  

     
A more general equation which includes the sources and physico-chemical  
transformation is 

 
           dX       ∂        ∂X        ∂        ∂X       ∂        ∂X   
           —— =  — (Kx ——) + — (Ky ——) + — (Kz ——)  + S - λX      ....(3.9) 
            dt       ∂x        ∂x       ∂y       ∂y       ∂z        ∂z  

     
where S is the generation and λ is the rate at which the pollutant is physico-chemically 
transformed.  Note that the term S represents a distributed source.  For a point source 
the source term is introduced as an initial condition.  Losses by surface deposition etc. 
are introduced through appropriate boundary conditions.  

 
3.9.2 Analytical solutions for simple cases 

 
It is possible to obtain analytical solutions of the above equation for some simple 

cases.  
 
The simplest form of the above equation is obtained when K = Kx = Ky = Kz = 

constant and steady state and horizontal uniformity are assumed.  This leads to the 
parabolic equation for heat conduction, viz 
                             ∂X          ∂2X     
                            —— =  K ——        
                              ∂t           ∂r2    
      
where                        r2 = x2 + y2 + z2 

     
3.9.2.1 Instantaneous point source 

 
The co-ordinate system may be taken to move with the cloud centre  with mean 

wind speed u with the usual co-ordinate system  orientation.  Let the source strength be 
Q.  The solution obtained by Roberts (1923) was as follows: 
 
Boundary conditions are: X —> 0, t —> ∞  for all x, y, z 
                                          X ——> 0  at  t ——> 0  for all x, y, z except the origin. 

                                                                                                    +∞ 
                                                    ⌠ 
                                    X —> ∞  as x, y, z —> 0  such that  │ Xdxdydz = Q 
                                         ⌡    
                                      -∞ 
  



  

The solution is 
                                 Q                    x2            y2        z2       
        X(x,y,z,t) = ——————exp{- [——  + —— + ——  ] }      ......(3.10) 
                          (2)3/2σxσyσz              2σx2      2σy2      2σz2   

 
 

where σx2 = 2Kxt  etc. Thus we see that the form of the solution is triple Gaussian. 
     

3.9.2.2 Continuous point source 
 
The expression with appropriate orientation of axis described earlier becomes 
 

                 ∂X      ∂        ∂X       ∂        ∂X       ∂        ∂X   
               u — =  — (Kx ——) + — (Ky ——) + — (Kz ——)                
                  ∂x     ∂x        ∂x      ∂y       ∂y       ∂z       ∂z  

     
It is however easier to build the solution as a series of point sources as before, using the 
transformation  x = ut.  The expression is 

 
                                    Q′                  u      y2         z2       
           X(x, y, z) =  —————— exp{ - —— [—— + ——  ] }       ....(3.11) 
                              4(KyKz)1/2r             4r      Ky          Kz       
 
where for all practical purposes r can be replaced with downwind distance x. Note that 
these expressions are similar to those for statistical theory and empirical models.  
 
3.9.2.3  Infinite crosswind line source 

  
For the line source along y-axis the expression becomes 
 

                             ∂X        ∂          ∂X  
                         u —— = —— (Kz ——)         
                             ∂x        ∂z         ∂z  

     
However proceeding as earlier from the solution for continuous point source: 

 
                                   Q′′                 u       z2      
          X (x,y,z) =  —————— exp { - —— [—— ] }                 ..(3.12) 
                             2(Kzxu)1/2                   4x      Kz       

          
where the line source strength Q′′ is expressed as units per unit length per unit time. 

 
In the above solutions the parameters K and u were held constant.  Actually, K as 

well as u varies with height.  Solutions with these variations for line source under 
conventional initial and boundary conditions have been found using power law 
expressions.  At this stage these are merely of academic interest and are not given here.  

 
3.9.3 Comments on Applications of K-theory model 

 
Analytical solutions give an insight into the nature of variations of concentrations 

with distance under ideal conditions.  However, a consequence of the applicability of K-



  

theory only at large distances must be properly understood.  For example, consider a 
distance even as small as the inter-grid distance of the synoptic observation network i.e. 
about 100 km.  Even with wind speeds of about 10 km/h which are common, a pollutant 
cloud will take about 10 hours, which is almost the length of a day or night, to traverse 
such a distance.  It is not expected that over such time period the meteorological 
conditions can be assumed to be constant since they depend upon insolation and show a 
strong diurnal variation.  Neither can one assume the terrain conditions to be 
unchanged.    For such large distances and travel times it is necessary to use numerical 
methods to obtain solutions of the dispersion equation.  This in turn involves time and 
space interpolations of data.  It has been noted that the truncation errors and rounding 
errors in the finite difference methods of solving the K-theory equation using numerical 
techniques, propagate very fast masking the real diffusion by what is called numerical 
pseudo-diffusion.  Various techniques have been devised to avoid this.  However detailed 
discussion on these aspects is beyond the scope of this work.  

 
3.10 Empirical models  

 
Empirical models use a triple Gaussian form of expression for an instantaneous 

point source and a double Gaussian for a continuous point source.   The basic 
expressions are given by Eqs. (3.1) and (3.2) respectively.  The plume spread parameters 
in the case of empirical models are based on experimental data.  The standard deviations 
are functions of time of travel or downwind distance.  Though the basic expression 
assumes stationarity of conditions and horizontal uniformity, the expressions or the 
parameters may be modified to fit a given situation as will be clear later.  

 
There are basically four models proposed with different functional forms based upon 

field experiments using tracers under varying conditions of release and topography.  
These are  

 
  Pasquill Model (Pasquill, 1961): Smooth terrain, release near  ground,  
                     Measurements up to 0.8 km. Sampling  
                     time of 10 minutes. 
 
 ASME Model (Singer and Smith, 1966): Rough terrain, elevated release (120 m),  
                                              Measurements up to a few km.  
                                Sampling time = 1 hr. 
 
  McElroy Model (McElroy, 1969): Rough terrain, low level release (26 m).  
                    Measurements up to a few km.  
                    Sampling time = 1 hr. 
 
  Briggs Model (Briggs, 1973): General applicability especially for elevated releases.  
                                                    Distances of few tens of km.  
                                                    Sampling time = 10 min. 
 
These models are basically for a continuous point source and use the double 

Gaussian expression.  The differences from model to model lie in the functional forms of 
plume spread parameters, the definitions of the stability classes and the sampling time.  
Of these the Pasquill model has been widely used most frequently, even for elevated 
releases.  Now-a-days it is mostly used in the field of atomic energy where the sources 
near ground level are more important from radiation safety considerations in accident 
analysis.   For elevated sources such as those encountered in thermal power stations 
and chemical factories the Briggs model is considered to be more relevant.  Advantage 
with the Pasquill model is that the stability classification is based upon parameters 
routinely measured at National weather service observatories i.e. wind speed, solar 
insolation and cloudiness (see Tables 3.1, 3.2A and 3.2B later).  Briggs model also uses 



  

the same classification.  It is also possible to relate the Pasquill stability classes to other 
parameters for routine use (see section 3.22 ).   

 
The Pasquill and Briggs models have been adopted here for further discussion, 

however the other two models are first briefly described below.  
 

3.11 ASME and McElroy models  
 
Both these models are based upon tracer experiments under various atmospheric 

conditions.  Both express the plume size parameters σy and σz as power laws:  
 
                           σy = axp 
                        σz = bxq 
 

with the coefficients a, b and exponents p, q depending upon the stability which is 
classified into four classes viz a) Very unstable b) Unstable  c) Neutral and d) Stable.  
 
1. ASME model: This model uses temperature lapse rate for stability classification.  Table 
3.3A gives the values of a, b, p and q for the four cases.  Under stable conditions, σz 
levels off to a constant value of 60 m beyond 12 km.  Where σθ and σφ are available the 
coefficients may be found from the relations: 

 
                    i) Stable              a = 0.15σθ ,  b = 0.15σφ  
 
                   ii) Unstable a = 0.045σθ ,  b = 0.045σφ  
 

where σθ and σφ are measured at least 50m above ground.  This model is useful for 
elevated sources.  

 
2.  McElroy Model: The parameter defining stability in this model is σθ together with 
′Bulk Richardson number′ (RB).  RB measured by McElroy was specific to the heights 
available for this measurement and hence the system suggested here is based upon 
lapse rate.  The values of a, b, p and q are given in Table 3.3B.  
 
3.12 Pasquill Model 

 
In this model six stability classes are defined using wind speed (at 10m height) and 

insolation as criteria during daytime and wind speed and cloudiness during night time.  
The criteria are given in Table 3.1.  The unstable condition is sub classified into three 
classes A, B and C while the Stable regime has been subclassified into two subclasses E 
and F.  The neutral class is designated as D.  

 
Insolation ranges are qualitatively defined which were originally given in terms of 

ranges of solar elevation angle (h) (which at a given place and time can be evaluated 
using standard astronomical relationships governing the sun-earth motion as mentioned 
in section 2.4.1.2 of chapter II) with cloud cover effects incorporated as correction to the 
determined stability class.  This system was specially developed for U.K. and hence 
represented, in general, U.K. type of conditions especially with regard to atmospheric 
transmission, weather and surface characteristics.  When applied to other regions, there 
was a need felt to quantify the insolation and cloud cover effects on a more sound 
physical basis.  Hence in later studies (Luna and Church, 1972), qualitative description 
of the insolation ranges and the cloud cover effects was replaced by actually observed 
insolation ranges at the concerned site using routinely available pyrheliometric 
measurements of insolation especially during the day time (Tables 3.2A and 3.2B).          



  

 
 The σy and σz are given graphically for each of the stability categories (Fig 3.10 and 

3.11).  For computer calculation purposes, it is more convenient to use the analytical 
expressions for σy and σz proposed by Eimutis and Konicek (1972) viz  

 
                                      σy = Ay(s) x0.9071       
           σz = Az(s) xq(s) + R(s)     ..........(3.13) 
 

where Ay, Az, q, R are parameters which depend upon the stability s  and distance x.  
These are tabulated in Table 3.4. 

 
3.13 Briggs model  

 
The Pasquill σ ′s correspond to a ground level release, while often, for example in the 

case of thermal power plants where stack heights could be as high as 275 m and 
effective stack height still higher, one needs σ ′s appropriate to an elevated release.  
Briggs has put together data from various studies including those used by Pasquill and 
data from thermal power plants in Tennessee to obtain interpolation relations for σ ′s.  
Briggs while adopting the Pasquill stability classification, recommends two separate sets 
of expressions for σy and σz, one for open country and another for Urban conditions (i.e. 
varying surface roughness).  These are given in Table 3.5.  

 
There is some controversy about the sampling time valid for Pasquill curves, which 

use some of the earliest Porton data and the later data from MIT experiments.  Porton 
experiments used smoke candles with sampling time of 3 minutes.  Later experiments by  
MIT group using sulphur dioxide as tracer used a sampling time of 10 minutes.  Perhaps 
the latter value may be more applicable to the Pasquill and Briggs σ ′s, but the 
controversy has not been resolved.   
 
3.14 Some recent developments 
 
The recommendations of AMS workshop on stability classification schemes and sigma 
curves (Hanna et al., 1987) formed the basis of subsequent development of the schemes 
which overcome the discreteness in the stability class while estimating the plume spread 
parameters.  The general formulation suggested was  
 

                                      σy = σv . t . fy (t/Tly)        
           σz = σw . t . fz (t/Tlz)      ..........(3.13a) 

 
 where σv and σw are the standard deviation of lateral and vertical component of wind 
velocity fluctuations and t is the travel time of the pollutant after release.  Tly and Tlz are 
the lateral and vertical Lagrangian time scales of dispersion respectively.  
 
Using Taylor’s frozen turbulence hypothesis (x=ut) where x is the downwind distance 
from source and u is the mean horizontal wind speed, the above equations can be 
written as  
 

                                      σy = σθ . x . fy (x/u.Tly)        
           σz = σφ . x . fz (x/u.Tlz)     ..........(3.13b) 

       
The functional form of f was examined later by Irwin (1979) who suggested the following  
relationships – 
 



  

                                       f  = 1/[1+0.9(x/u.T ) ]        y  ly 0.5

             f  = 1/[1+0.9(x/u.T ) ]   ..........(3.13c) z lz 0.5

 
  
The values of T  and T  are given by Irwin (1983) for unstable and stable conditions. ly lz
 
σy and σz can be estimated from Eq. 3.13b if σθ and σφ are known for the duration of 
release or sampling period adopted for the source-receptor scenario while applying the 
conventional Gaussian plume form.  However, with the recently developed and adopted 
SODAR systems for the measurement of basic turbulence parameters, use of σθ and σφ  
for σv and σw (Eq. 3.13a and 3.13b) has become redundant because of direct availability 
of σv and σw data from SODAR. 
 
Estimation of σθ and σφ   
 
A practical parameterisation scheme for this can be given as (Hanna et al, 1982) 
 

                                      σθ = σv/u = a1 (u*/u) fl (z/L)        
           σφ = σw/u = a2 (u*/u) f2 )z/L)  ..........(3.13d) 

 
 where fl and f2 are functions suggested by Hanna et al. (1982) and a1 and a2 are 
constants.  
 
For using above formulation, it is required to measure/estimate surface sensible heat 
flux H and friction velocity u*  (for estimating L) and to have stability specification 
preferably based on these parameters.  Owing to the measurement difficulties, simplified 
stability evaluation scheme based on the estimates of H and u* preferably obtained from 
the routinely measured data (such as those used in the Pasquill scheme) would be 
desirable. This has been the focus of developments in recent years.  Recently empirical 
relationships have been developed to estimate these fluxes from insolation, cloud cover 
and surface level wind speed and air temperature data.  Estimation of H is done by 
employing surface energy balance approach during day time and similarity theory 
approach during night time and using observed surface level wind speed, u* is obtained. 
The method was developed by Holtslag and Van Ulden (1983) and was used later for 
modelling plume dispersion (Hanna and Paine, 1989).    
 
  3.15 Averaging or Sampling time   

 
One should remember that σy and σz vary with the sampling or averaging time 

because of the spectral characteristics of turbulence.  Generally they are increasing 
functions of sampling time.  The measured concentrations therefore decrease with 
increasing sampling time.  It is very essential that whenever concentration is mentioned, 
the sampling time or averaging time must also be stated.  For many purposes, it is 
convenient to use a basic sampling time of 1 hour.  

 
The expressions for the plume spread parameters discussed so far are for a plume 

from a continuous source.   They may not be exactly applicable to a triple Gaussian 
cloud from an instantaneous release.  Note that the σ ′s in the case of instantaneous 
source refer to the centre of the moving cloud.  This centre may fluctuate with respect to 
the mean downwind direction due to low frequency large size eddies.  In the case of a 
plume from a fixed continuous source, the co-ordinate system and hence the 
measurement point are fixed in space.  Therefore the concentration depends upon the 
sampling time i.e. the fraction of the eddy spectrum that has so far taken part in the 



  

diffusion process.  The σ ′s in the case of continuous source are therefore somewhat 
larger than that for an instantaneous point source for the same equivalent time of travel.   
 
3.16 Modifying factors  

 
The double Gaussian models assume stationarity i.e. the parameters governing the 

transport and diffusion do not change with time.  They also assume an in space.  In 
reality this assumption may not always be valid and attention may have to be given to 
several factors which may affect the concentration distribution.  Some of these factors 
are, the existence of different stability layers at different heights (Fig 3.3), change in 
stability characteristics with time, existence of free convection regions, strong wind  
shears (i.e. change of wind speed and direction with height) and existence of internal 
boundary layers due to changes in surface roughness.  These factors should be taken 
into account in the best possible way to suit the situation and the best possible 
estimates of concentrations should be obtained.  Some of the methods are discussed 
later.   
 
3.17 Effective stack height  

 
Stationary sources are generally elevated, with emission effected through stack.   Let 

hs be the physical stack height and ∆h be the plume rise.  Then the effective stack 
height h  is  

 
                            h = hs + ∆h                            ...........(3.14) 

    
∆h depends upon wind speed, stability and source parameters.  The methods of 

estimating plume rise are given later in Sec. 3.23.  
 
3.18 Short and long term average concentrations 
 
       Some air quality criteria or evaluation of exposure during episodes require 
evaluation of concentration averaged over short periods, for example a few minutes to a 
few hours.  Some air quality criteria use long term average concentrations e.g. annual 
average concentrations.  Comparison of the different geographical locations with respect  
to air quality is best done by using monthly or annual average concentrations.   It will be 
clear later that the long term average concentrations cannot be obtained by the simple 
arithmetical averaging process because nature does it differently.   Because of this, The 
evaluation of long term average concentrations is required to be done using a different 
set of expressions than those for short term average concentrations, The former are 
derived from the latter.  In the following we give the working expressions for the two 
cases.  

 
3.19 Short term average Concentrations  

 
The Gaussian expressions given in Sec.3.7 are basic expressions under steady state 

conditions.  In the following sections working expressions for computing short term and 
long term average concentrations are given.  These are based purely on geometrical 
considerations without reference to any particular dispersion model.  One can choose a 
dispersion model and use the relations between the plume spread parameter functions 
to compute the concentrations.  

 
3.19.1 Expressions for Short-term concentrations 

 
The basic double Gaussian expression (3.1) refers to a co-ordinate system with 

centre at the source, the x-axis in the mean downwind direction, y-axis in the crosswind 



  

direction and z-axis in the vertical.   Now, the source height for a stack release is the 
effective stack height h which equals the sum of the physical stack height and the plume 
rise.  Since the latter depends upon meteorological conditions which change with time, 
the source height and hence the origin of the co-ordinate system would also change with 
time.  This would be a very inconvenient co-ordinate system indeed.   It is more 
convenient to use a co-ordinate system with a fixed origin.  The obvious choice of the 
location is the base of the stack.  Transferring the origin to the base of the stack with the 
orientation of the axes remaining unchanged the concentration at height z above the 
ground at a downwind distance x and crosswind distance y in the new co-ordinate 
system is given by  
                                 Q′                    y2      
            X(x, y, z) = ———— exp ( - [ —— ] ).   
                              2uσyσz             2σy2       

         
                                             (z-h)2                (z+h)2            
                                 [exp - { ———} + exp - { ——— } ]          .........(3.16) 
                                              2σz2                        2σz2 

    
where h is the effective stack height given by Eq. (3.14). The second exponential term in 
the square bracket has been introduced to account for the reflection of the plume at the 
ground which is assumed to be impervious to the material in the plume.  The reflected 
plume gives an additional concentration which is equal to the concentration from a 
virtual source at a depth hs below the ground.  The vertical distance of the point P from 
the virtual source is (z+h) with σz unchanged (See Fig 3.12).  Hence the additional term 
implies that the plume is reflected at the ground.  

 
     For a ground level release, e.g. those due to vaporisation of spills there is 

generally no plume rise.  The effective release height is therefore zero and the expression 
simplifies to 

  
                                      Q′                      y2         z2   
                 X(x, y, z) = ———— exp ( - [ ——  + —— ] )            ....(3.17) 
                                    uσyσz               2σy2       2σz2     

           
Wind speed u  The wind speed u in the above dispersion equation is to be considered 
as its value at the source height i.e. the plume centreline height.  In practice wind is 
measured at some convenient height.  The standard height for the synoptic 
measurements in the national meteorological network is 10 m above ground, however 
convenience of installation of the anemometer influences the actual height of 
measurement.  Since plume height changes depending upon the plume rise, and does 
not generally coincide with the height of measurement, wind profile expressions are used 
to estimate the wind speed at the desired height from the known value at the 
measurement height.  The wind profile expressions within the surface layer have been 
discussed in detail in the previous chapter.  It is convenient to use the empirical power 
law profile for scaling the wind speed.  It is recommended to use the exponent values 
given Table 2.5 (1rwin, 1983).  Most of the earlier estimates used the Sutton's exponent 
values.  This should be remembered while comparing the past estimates with new 
estimates.  
 
3.19.2 Ground level concentrations 

 
Normally one is interested in evaluating the ground level concentrations (GLC).  This 

can be obtained by putting z = 0 in the Eq. (3.16) as  



  

 
                                 Q′               y2                   h2      
           X(x, y, 0) = ——— exp (-[——  ]).exp (- [—— ])          .     .......(3.18) 
                             uσyσz           2σy2                2σz2    

              
3.19.2.1 Centreline GLC   

 
The GLC′s along the centreline of the plume are obtained by setting y = 0 in the 

above expressions.  The expressions for the centreline concentrations are respectively  
    

                                           Q′                    h2      
                      X(x, 0, 0) = ———   exp { - [ ——  ] }                  ...(3.19)  
                                        uσyσz                2σz2     

          
For a ground level release this simplifies to 

 
                                                        Q′   
                                  X(x, 0, 0) = ————                  ............(3.20)  
                                                     uσyσz  

     
The downwind variation of the Normalised Centreline GLC (Xu/Q′) for a typical effective 
stack height of 100 m is shown graphically for the six Pasquill stability classes in Fig 
3.13. 

 
3.19.2.2 Maximum GLC  

 
For ground level release the GLC decreases with distance from the source.  However, 

as would be seen from Fig 3.13, in case of elevated release the ground level 
concentration first increases with distance, passes through a maximum and then 
decreases with distance.  The maximum ground level concentration occurs at a 
downwind distance xmax where  

 
                                         σz     dσy/dx   
                        h2 = σz2{1 + —— [————] }      
                                            σy     dσz/dx   
 

The maximum concentration Xmax is given approximately by 
 

                               2Q′        σz 
                 Xmax = ————  (——)             ..........(3.21)   
                              euh2         σy 
 
and the distance xmax where it occurs is given approximately as the distance where 

 
                               σz = h/√2                                      ............(3.22) 

 
For accurate estimates, evaluation of Xmax and xmax should be obtained from graph of 
GLC vs x.   



  

3.20 Time-Integrated Concentration 
 

Very often, values of exposures i.e. the time integrated concentrations are required.  
The time integrated concentration (TIC) (also called as exposure denoted by  D) may be 
expressed as  
                         t2 
                       ⌠      
             TIC  = │  X(x, y, z)dt                                       .......(3.15) 
                       ⌡ 
                      t1 
and the average concentration is TIC/(t2 - t1).  If the basic time unit used is one 
second, and the concentration is in µg/m3 then TIC is in the units of µ g-s/m3.  

    
3.21 Short term TIC 

 
For evaluation of the short term TIC, sometimes called dose or exposure, over say a 

few hours, the following procedure may be used.  Consider a general co-ordinate system 
with x-axis towards east and y-axis towards north.  Let the receptor point be P(x,y).  If 
the plume direction is such that P lies somewhere in the plume as defined by ±3σy 
limits then the receptor is exposed and TIC has to be evaluated.  If P lies beyond this 
then the concentration and therefore the TIC is taken as zero.  Let x′, y′ be the co-
ordinates of P with respect to a new co-ordinate system with the x′-axis in the downwind 

direction and y′-axis in the crosswind direction.  If 1-hr time segments are taken, then a 
plume segment has to be constructed for each of the time segments of length 3600u 
meters since u is expressed in m/s.  The movement and diffusion of the successive 
segments during the period of release is then considered and concentration at P 
evaluated.  If Xi unit/m3 be the concentration at P during the ith time segment, then the 
TIC for that segment will be 3600Xi unit-sec/m3.  Total exposure is computed as the 
sum over all time segments.  In a simple case where the release started at t = 0 and the 
stability, wind direction and the wind speed u remained constant for a time T before 
changing to a new direction with speed u2, the time integrated concentration or 
exposure Do at a point P distance x away in the downwind direction is given by  

 
    Do = 0  if  P  lies beyond a distance uT and  

          Do = X(T - x/u) for nearer points.                                 .......(3.23) 
 
where X is the concentration computed for the infinite plume.  The factor in the bracket 
takes account of the fact that the first elemental puff reaches the point P only a time 
x/u seconds after the release started and therefore the receptor point P gets exposed 
only for a time period of (T -u/x).  At the end of the period T, the point P stops getting 
exposed because of change in the wind direction.  At this point in time a new plume 
begins to form and the old plume moves laterally in the new direction while still 
diffusing.  This latter plume gives a small contribution D1 to the exposure due to the 
slant passage, where  
 
                                √(2)σy  
                     D1 =  ————— X                              ........(3.24) 
                               2u2Sinα 

 



  

where α is the angle through which the direction turned.          
 
Highly sophisticated computer models are available to compute concentrations 

under changing wind and terrain conditions.  However, the advantage of sophistication 
is lost because data, especially on wind variations in the horizontal direction are not 
available, installation of a large number of wind stations being expensive and 
operationally difficult.  Most frequently, data from a single station has to be used.  The 
finite plume approach, which also uses single station data is fairly simple to use.   

 
3.22 Long Term Average Concentrations  

 
A long term average may be obtained by first computing the time integrated 

concentration (TIC) and then dividing it by the number of time units in the averaging 
period.  An infinite plume is implicitly assumed.  

 
For reasons which will be apparent shortly,  the long term TIC cannot be computed 

merely by adding the successive values of concentrations at the given location.  If the 
source strength Q′ is constant then the best way to compute the TIC as well as the long 
term average concentration is by using a triple joint frequency distribution of stability, 
wind speed and direction for the averaging period (Triple JFD).  Let us suppose that 
average concentration is required for an averaging period of one year.  
 
3.22.1 Triple Joint Frequency Distribution 

 
While specifying wind direction, direction sectors are used.  The complete 360° 

range of horizontal wind direction is divided into 8 or 16 sectors.  In the 16 sector 
compass system, each sector is of 22.5° width while for 8-sector compass the sector 
width is 45°, with each sector centred on the direction vector.   Thus, east wind does not 
mean wind coming exactly from the east but coming anywhere from within a direction 
sector of 22.5° centred on east. 

 
The range of wind speeds is also divided into various classes based on Beaufort 

scale viz. class 0 is calm, class 1 is 1-2 km/hr, class 2 is 3-5 km/hr, class 3 is 6-11 
km/hr etc. as shown in Fig. 4.10.   

 
In the conventional analyses of wind data, each hourly data for the entire period of 

observation (one month or one year) is put into boxes as shown in Table 3.6 and the 
number of cases which fell into a given wind direction class j and speed class k are 
found.  From this table percentage frequency can also be determined.  This table is 
called the joint frequency distribution     of wind speed and wind direction and is used to 
construct a wind rose diagram (See next Chapter).  In air pollution meteorology, 
corresponding stability class is also required.  This leads to the triple joint frequency 
distribution of wind speed, direction and atmospheric stability.  Most convenient way of 
obtaining triple JFD is to make JFD of speed and direction for each stability class as 
shown in Fig. 4.10.  Note that since wind direction is specified by the direction from 
which wind comes the plume direction is opposite to it.  Thus a wind direction N will 
correspond to a plume direction S, a wind direction SSW will correspond to a plume 
direction NNE etc.  

 
Let Nijk be the number of hours in a year (or a month) during which stability class i, 

wind direction sector j and wind speed class k occurred concurrently.  Then Nijk = 0.01 
fijk x (No. of hours in 1 year) where fijk is the percentage frequency of occurrence 
corresponding to i, j, k.    
 



  

3.22.2 Sector averaging  
 
Consider a particular plume direction sector corresponding to the wind direction 

sector j.  Let fijk be the triple joint frequency and Nijk the number of hours corresponding 
to this frequency during the averaging time T.  Now, at any time, the plume centreline 
defined by the wind direction sector j may lie anywhere within the sector width.  A point 
at distance x on the centreline of the sector is therefore not always exposed to the 
maximum concentration but sometimes less.  Let p(α)dα be the probability that it lies 
between elemental sector defined by angles  α  and α+dα measured with respect to the 
centreline of the sector.  Then dT = 3600Nijkp(α)dα seconds is the time spent in this 
sector element during the total averaging period T.  Assuming an uniform probability 
distribution within a given sector, p(α)  =  fijk /  where   is the sector width.  Writing 
y′ = x α in Eq (3.18) one gets the elemental TIC during this period as 

 
         dD = X(x, 0, 0)dT = 3600 Nijk X(x, y′,0) p(α)dα   
where 
                             Q′                  Hik2               (xα)2      
      X(x, y′, 0) = ———— exp (-[ —— ) ) exp ( - [——— ] )  
                         σyσziuk                2σzi2                  2σy2         
              
The suffixes corresponding to the stability and wind speed class have been 

introduced in the equation.  Integrating the above with the limits ±/2 gives the TIC.  
For all practical purposes we may take this limit as ±∞ and write 

 
                                 3600 Q′ Nijk        Hik2 
             Dijk(x, z) =  ———————  exp[- ——  ]  .......(3.25) 
                                   ukσzi x       2σzi2 

 
It may be noted that Hik includes plume rise which depends on stability class i and wind 
speed class k while the vertical plume spread parameter σzi depends only on stability. 
 
3.22.3 Computational steps  

 
The operational steps to obtain Time Integrated Concentration or exposure Dj(x) at 

a given downwind distance  x are as follows:  
 
 (1)   For a given direction, sum over wind classes k to get 
 
                  3600 Q′        Nijk            Hik2 
   Dij(x, 0) = ———— ∑ k ——  exp[- —— ]                 .....(3.26) 
                      x           ukσzi     2σz2 
 
If, for the sake of conservatism, the plume rise is ignored, then the equation (3.26) to 

compute TIC(x) is further simplified as 
                  
                 3600 Q′        Nijk      hs2 
 Dij(x,0) =  ———— [∑ k —— exp(- —— )                    ......(3.27) 
                    x           ukσzi         2σzi2  
               



  

The term Nijk/uk can be evaluated from the triple joint frequency distribution.  Note 
that in practice there will be some missing data and the Nijk as used above are the 
values corrected for missing data.  This is done as follows: Let N1 be the total number of 
recorded and Nm the number of missing hourly readings during the period, so that N = 
N1 + Nm , where N is the total number of hours during the period.  Let N′ijk be the 
actual observed number belonging to the class (i,j,k).   Then  Nijk =  N′ijk .N/N1 which 
is to be used in the computations.  

 
 (2) The final TIC (x) is obtained by summing over the stability classes in the 

desired sector as follows. 
 

                                Dj(x, 0) = Σ iDij(x, 0)         ........(3.28) 
 
  (3) Average annual concentration may be calculated by dividing Dj(x,0) by number 

of seconds in the period of average. 
 

3.22.3.1 Correction for Calm conditions 
 
Conventionally a calm condition is defined when wind speed is less than 1.6 km/h.  

This corresponds to Beaufort wind scale of zero.  Conventional wind instruments do not 
generally respond to such low wind speeds.  Some instruments, especially the non-
recording type cup counter anemometers have starting speed of the order of 3-5 km/hr 
i.e. they may not respond even for Beaufort scale 1 wind speeds.  Therefore both these 
wind classes have sometimes to be termed as calm conditions as far as the practical 
usage is concerned.  Under calm or near calm conditions, plumes of visible effluents 
which are hot and are emitted with high efflux velocities may be observed to rise to great 
heights until they meet a layer of higher wind speeds.  For relatively cold effluents or 
effluents emitted with low efflux velocities it is observed that effluents tend to remain in 
the vicinity of the source.  Such locally accumulated pollutants during the calm 
conditions may travel as a large cloud with the onset of wind and may cause high 
transient concentrations.  During the calm conditions the wind direction indicated by 
the wind direction indicator is often erroneous since the wind force is not strong enough 
to turn the wind vane  to follow the correct wind direction.  Hence during this period the 
wind direction is not to be specified.  General treatment of situations vis-a-vis transport 
and diffusion during clam conditions is not yet possible.  A method for correcting for 
calm conditions are given below:  

 
The total calm period during the year may be equally divided into all sectors and the actual 

exposure Dj for the given sector should be multiplied by [1+{ (N0/Nj) (NjL/NL)} ] where N0 is the 
total number of hours for which calm existed and Nj is the total number of hours for which wind 
was in a given sector j, NjL is the total number of hours in the lowest measurable wind speed class 
in direction sector j and NL is the number of hours in the lowest wind speed class in all  directions.   
 
3.23 Atmospheric Stability 
 

Determination of atmospheric stability is one of the basic steps in air pollution 
meteorology.  The basic parameter related to the stability is the relative magnitude of 
energies associated with thermal and mechanical turbulence.  Hence, parameters like  
Richardson number (Ri) or Monin-Obukhov scale length (L), which involve the ratio of 
the two energies are the direct indicators of the atmospheric stability.  Evaluation of 
these parameters requires the measurements of sensible heat flux (H) and friction 
velocity (u*) or momentum flux (τ) (τ=ρ u*2; ρ - air density).  Hence, in principle, the 
stability evaluation should be done through the measurement/estimates of these directly 



  

related parameters.  Direct measurement of these fluxes is often difficult unless latest 
and expensive instruments like surface layer scintillometer or ultrasonic anemometer are 
used.  In the absence of direct measurements, these fluxes are generally estimated 
through the measurement of comparatively easily measurable quantities like vertical 
gradients of temperature and wind speed (∆T/∆z and ∆u/∆z) and relating them to 
respective fluxes through the flux profile relationships based on similarity theory.  

 
For routine applications, use of stability classification scheme based the above 

mentioned parameters is impractical mainly because the measurement of these 
parameters on routine basis is extremely difficult.  Hence for routine applications, the 
stability schemes are based on the parameters which are easy to measure on routine 
basis and are in some way related to the above mentioned parameters.  In such 
schemes, momentum flux or wind speed gradient is usually replaced by wind speed at 
some specific height (usually 10 m) and heat flux or temperature gradient is replaced 
either by net radiation or insolation and cloud cover.  

 
Extensively used Pasquill scheme is one such scheme using insolation/cloud cover 

and wind speed data. In this scheme, daytime stability can be determined from the 
criteria given in Table 3.1, using the corresponding insolation and solar angle values 
from Tables 3.2.  If insolation data are not available then it can be approximately 
estimated from solar angle and cloudiness.  Solar angle corresponding to any time and 
date can be computed using methods given in the previous chapter.  However, in 
practice cloudiness data may not be available.  This is because of the nature of the 
parameter cloudiness which cannot be recorded continuously by instruments but has to 
be visually recorded at discrete hours.  At large airports, cloudiness is recorded every 
three hours including at night.  However at most other places cloudiness is noted along 
with synoptic observations only twice daily.  Special efforts are therefore to be made to 
record cloudiness if insolation data are not available.  It has been shown in Table 3.1 
that during night time, cloudiness data is most essential to distinguish between the two 
stability regimes E and F.  Often therefore one has to interpolate between two data 
separated by few hours.  Alternately, some other parameter must be found which can be 
continuously recorded in a relatively simple and reliable manner.  One such parameter is 
net radiation.  Net radiation is used in Japan for stability indicator.  However, a net 
radiometer is a difficult instrument to be used on routine basis.  Another parameter is 
the wind direction fluctuations which is an indicator of turbulent intensity and therefore 
can, in principle, be used for determining stability.  In fact, ASME model does use the 
horizontal and vertical components of the wind direction fluctuations for determining 
even the plume spread parameters.  In some methods, temperature lapse rate has also 
been used to specify the atmospheric stability.  Recently methods based on the directly 
related stability indices such as H and u* (and hence L) with empirical relationships to 
estimate them from the routinely measured data have also been devised.  These methods 
are discussed below.     

 
3.23.1 Temperature profile  

 
In the previous chapter atmospheric stability was introduced as a parameter 

dependent on the temperature profile i.e. the lapse rate.  Lapse rate is determined by 
taking temperature measurements at two or more heights.   Lapse rate changes with  
height.  It is therefore desirable that whenever lapse rate is specified, the height at which 
temperatures were measured for obtaining the lapse rate should also be specified.  The 
accuracy with which the temperature measurements are made determines the minimum 
height difference for temperature measurements.  To illustrate, suppose the lapse rate is 
2°C/100 m and the measurement accuracy is 0.1°C.  Consider a height interval of 10m 
for which the adiabatic temperature difference itself is 0.1°C which is same as the 
measurement accuracy.  Thus up to a difference of ±0.2°C one cannot distinguish if the 
lapse rate is adiabatic or not.  For the above lapse rate the difference in the 10 m height 



  

difference is 0.2°C and therefore one cannot definitely say whether the lapse rate is 
adiabatic or nonadiabatic.  Obviously, larger height interval of say 50 m would be better.  
On the other hand since measurements are at only two points, the details of temperature 
variations in between the heights is lost.  

 
Measurement of temperatures of this type is done using either resistance 

thermometers in a bridge circuit or thermocouples in a potentiometric circuit.  These 
temperature devices require to be housed in an aspirated radiation shield to prevent 
direct heating by sun.  The aspirator assembly has a fan which causes ambient air to 
pass continuously over the device.  A drawback of this system is that the fans, being 
continuously exposed to weather elements, are prone to failure thereby interrupting the 
data.  Also, the system needs a tower with associated problems of maintenance at high 
heights.  Thermistors can also be used and perhaps are better in some respects.  
Because of their small size, simple radiation shields without forced ventilation can be 
used.  However, thermistors are prone to changes in calibration and it is necessary to 
choose only well cured thermistors in order to avoid frequent calibration.  

 
Table 3.6 gives lapse rate ranges found experimentally to correspond to the different 

stability classes.  Note that the lapse rate was measured between 10 m and 60 m height 
interval.  

 
3.23.2   Wind direction fluctuations   

 
Since wind direction is recorded continuously, σθ the standard deviation of wind 

direction fluctuations is a very useful parameter to obtain stability.  If an on-line data 
acquisition system is used, then computing σθ is quite easy.  However, if it has to 
obtained from routinely recorded charts then it is convenient to use the approximate 
relation  

 
                                    σθ  =  R/6                                      ..............(3.29) 

 
where R is the range of the wind direction fluctuations or the width of the wind direction 
trace in degrees.  

 
Relation between the σθ and the Pasquill stability class as measured by Slade is 

given in Table 3.6.  It should be noted however that such a determination cannot be 
considered universal as can be seen from the corresponding data for Tarapur.  The 
differences arise because turbulence depends on the roughness of the site in the upwind 
direction i.e. the direction from which the wind comes.  The roughness can change 
seasonally because of seasonal growth of grass and shrubs or permanently due to 
construction of structures.  In general, roughness at a site may be different in different 
directions.  Also, activities like afforestation or construction of buildings and structures 
also change the site roughness.  The calibration of σθ as an indicator of stability 
therefore should be done frequently.  

 
The calibration may be done as follows: Estimate Pasquill stability class by taking 

observations as prescribed by Table 3.1.  Simultaneously also estimate σθ.  The wind 
direction range should be determined over a 60-minute period.  If the standard deviation 
is obtained from a recorder trace, then any stray extremes of direction may be 
disregarded from the trace.  Averages with standard deviations of the data set should be 
plotted against each stability class (1 for A, 2 for B etc).  This graph can be used for 
obtaining stability for routine use.  It is cautioned however that under stable categories, 
even when there is little diffusion, the plume itself can meander (i.e. has a wavy 
appearance) .  This is reflected in the wind direction trace on the chart.  The definition of 
the range is not then just (maximum - minimum) but has to be with respect to the 



  

meandering centre of the trace.  Unless this care is taken one may find large values of σθ 
at night leading to an absurd conclusion that stability class is unstable.  Another aspect 
that should be remembered is that the calibration curve is somewhat flat in the stable 
regime.  Since accuracy of estimation of σθ is limited this can introduce inaccuracies in 
the determination of stability.  It may be preferable to use as stability indicators, the 
lapse rate at night and σθ during daytime.  

   
Mention must be made here of the vertical component of wind direction fluctuations.  

Normal wind vanes measure horizontal wind component.  The vertical wind direction 
component may also be measured using an instrument called a Bivane which measures 
both the horizontal and vertical components of wind direction.  The vertical component is 
denoted by the symbol σφ It is a very useful parameter in determining the stability, 
however bivane is a difficult instrument to operate, requiring frequent adjustments.   
 
3.23.3  Sensible heat flux (H) and friction velocity (u*)    

 
As mentioned earlier, these parameters would characterise atmospheric stability 

more realistically than the indirect parameters described earlier.  There have been 
extensive studies to evaluate these fluxes from routinely available data such as those 
used in Pasquill scheme.  In this direction, work by Smith (1972) is a major 
development.  Smith devised a practical scheme of stability evaluation based H and u* 
and in the absence of direct measurement of these parameters, he provided empirical 
relationships to estimate these parameters from the same routinely measured data as 
used in the Pasquill scheme. (i.e. insolation /cloud cover and surface level wind speed).  
The scheme is considered to be an extension of Pasquill scheme with significant 
improvements in following aspects – 

 
(1) It employed a continuous scale for the stability classes thereby removing the 

discreteness associated with the classes in the original Pasquill scheme.  
(2) Site roughness was also considered by giving correction factor to σz values 

which in the original scheme were given for standard roughness site. 
 
         Taking guidance from the numerical solution of the diffusion equation from K-
theory, Smith presented his scheme in the form of a set of nomograms to be used in a 
definite sequence for estimating σz, starting with H (or insolation/cloud cover) and u* (or 
surface level wind speed).  Atmospheric stability estimation is an intermediate step in the 
complete procedure to determine the σz.  Nomogram for the stability evaluation, is 
shown in Fig. 3.14.  From this nomogram, one can evaluate the stability index P, if one 
knows insolation/cloud cover (top axis) and wind speed (original Pasquill scheme). 
Alternatively P can also be evaluated if one knows H (bottom axis) instead of insolation/ 
cloud cover, either from direct measurements or by using empirical relationship such as 
– 
 
                                       H = 0.4 (Rs – 100) W/m2       ………….(3.29a) 
 
where Rs is the insolation in W/m2.        

 
This relationship envisages that 100 W/m2 is the upward long wave radiation flux 

and of the reminder, if any, 40 % is the sensible heat flux, which heats up the 
atmosphere.  This relationship is, in a strict sense, applicable for surface and weather 
conditions generally found in U.K. and it should be applied to other sites with caution.  

 
The stability index P in above nomogram is related to the basic parameters H and 

u* through the following relationships – 



  

 
                               P = 3.6/(1+X(µ*)) 
 
                           X(µ*) = 0.53 µ*  + 4.9 µ*2 – 2 µ*3         ………..(3.29b) 
 
                               µ* = l µ l/100 
 
µ is the Monin-Kazanski stability parameter defined as  
 
                                 µ = k u*/f L 
 
Substituting expression for L (Eq. 2.46) in the above, one gets 
 
                                 µ = [-gk/(fρCpT)] H/u*2 
 
For U.K region, (latitude Φ=51oN and T = 295 K), above expression becomes 
 
                                         µ = 3.8 x 10-2 H/u*2                    ………..(3.29c)    
 
with H in W/m2 and u* in m/s.    
 
This scheme, though an extension of the original Pasquill’s scheme, is based on 

more sound arguments and hence is now being adopted widely, especially in U.K.  
However before adopting to any other site, it would be desirable to check and modify if 
necessary, the empirical relationships involved (especially with respect to Eq. 2.29a, 
3.29b and 3.29c) for the concerned site (Daoo et al., 2001).   

 
3.23.4   Monin-Obukhov scale length (L) and stability  

 
 Golder (1972) after extensively collecting data from various sites studied in the past, 

presented nomogram (Fig. 3.15) which gave L in terms of Pasquill classes for different 
site roughnesses.  Or alternatively, if L is known, stability can be determined. Knowledge 
of L either obtained independently or through the stability classes as given by the 
nomogram, enables one to determine σy and σz directly by using established 
relationships between the sigmas and L.  

 
It may be noted that the methods based on H and u* or L are yet to find routine 

application for discrete stability classification.  However, they can be conveniently used 
to examine suitability of simpler methods (such as Pasquill scheme) for the site.  Also 
these methods differ only in the stability specification. For obtaining the plume spread 
parameters (sigmas) for respective stability classes reference has to be again made to the 
Pasquill’s curves or expressions discussed earlier. 

 
3.24 Plume Rise 

 
It was explained earlier that plume rise occurs due to the initial momentum and 

buoyancy of the stack effluents.  During the rise the plume entrains air which mixes 
with the effluent.  The rise continues until the momentum and buoyancy are dissipated  
by mixing with the entrained air.  The plume rise ∆h is added to the physical stack 
height hs to obtain the effective stack height h.  This increase results in decreasing the 
ground level concentrations.  Plume rise therefore has been always of interest in air 
pollution modelling.  In the following, the process of plume rise and methods of 
estimating it will be discussed.  



  

 
3.24.1 Buoyant plumes and jets  

 
Some effluents are discharged at near-ambient temperature.  These have little or no 

buoyancy.  Plumes with only momentum and no buoyancy are also called jets.  At the 
other extreme are the stacks attached to thermal power plants where the effluents are 
discharged at temperatures of about 150°C, i.e. much higher than the ambient.  Such 
plumes are predominantly buoyant.  Plumes from stacks attached to small and medium 
boilers fall in between.  It is customary to add the plume rise from jet component to the 
buoyant component to obtain the net plume rise.  However in the case of predominantly 
buoyant plumes the jet component may be neglected.  

 
3.24.2 Early plume rise relations 

 
More than forty plume rise relations have been proposed to date all giving different  

results.  Most of these are simple relations requiring very little input data and have been 
in wide use.  Some more frequently used plume rise relations (including the new 
relations discussed below) are given in Table 3.7.  A comparison of the plume rise 
estimates and their effect on GLC is given later. 

  
These relations based on both empirical and theoretical approaches have used data 

from wind tunnel studies as well as observations on actual plumes.  It has been pointed 
out that the observations based on visual plumes do not always give the true plume rise.  
The early formula of Holland was based on plume photographs up to 600 m.  It has now 
been established that the plume can continue to rise even at 3 km downwind.  Because 
of progressive downwind dilution the plume often becomes invisible before attaining the 
final plume rise (Briggs, 1975).  With the present day use of efficient particulate 
retention techniques such as electrostatic precipitators, the plume is virtually invisible 
even close to the stack.  Naturally, the formulae based on such data cannot be 
considered reliable unless more sophisticated remote sensing techniques are used.  

 
3.24.3 Briggs′ plume rise studies  

 
Briggs (1969) reviewed the plume rise data and relations and initiated development 

of a sound theoretical basis for the study of the plume rise phenomenon.  His review 
published under the title "Plume Rise" in the USAEC Critical Review Series, now a 
classical monograph presents a new set of plume rise expressions under different source 
and atmospheric conditions in contrast with the earlier relations most of which used 
wind speed as only atmospheric parameter.  Further investigations by Briggs (1975,  
1984) have led to development of plume rise relations under various atmospheric 
conditions and are considered to be the best available today.  

 
It must however also be noted that the simplicity of the earlier calculations has 

vanished.  In all the earlier formulae a definite final plume rise was obtained from simple 
input data.  During the period of development of plume rise theory by Briggs, concurrent 
micrometeorological research contributed considerably to our knowledge of the 
atmospheric processes in the lower atmosphere.  The considerable differences in the 
turbulence structure under neutral, unstable and stable conditions of atmosphere has 
led to a separate set of relations under each stability.  Input atmospheric parameters are 
also correspondingly different.  

 
Importance of plume rise may be seen from Table 3.9 where plume rise estimates 

and the resultant maximum GLC and distance of its occurrence are tabulated for 
comparison. 



  

 
3.24.4 Classification of rising plumes  
 

The behaviour of rising plumes, whether jets or buoyant, depends upon the 
meteorological conditions, particularly the stability and the wind speed.  Plumes may be 
classified as vertical plumes and bent over plumes depending upon the wind conditions.   

 
 Vertical plumes: These occur under calm conditions when the plume rises 

vertically until it meets a wind layer or a stable layer.  
 
Bentover plumes: When effluents are discharged into the atmosphere with wind, 

the trajectory of the plume centre appears parabolic.  This is the bentover plume.  The 
behaviour of the bentover plume depends upon atmospheric stability as follows:  

 
A. Unstable and neutral conditions: Since under these conditions vertical 

motions are accelerated, the plume continues to rise without levelling until turbulence of 
the entrained air dissipates the momentum and buoyancy leading to a final plume rise.  
The trajectory is given by "2/3 power law" i.e. the rise is proportional to 2/3 power of the 
horizontal travel distance x.  While for dispersion calculation the final plume rise is used, 
the 2/3 power law expression is useful to determine whether the plume can clear 
obstacles such as buildings or hills in its path. However, only the final plume rise 
relations are given below.  

 
B. Stable conditions: In this case a definite final plume rise is possible and 

obviously it depends upon degree of stability i.e. potential temperature lapse rate.  
   
As far as dispersion calculations are concerned the vertical plumes are of minor 

interest since the high plume rise leads to very small concentrations.  It is the bentover 
plumes which are of real interest.  

 
It has to be realised that the structure of stability layers in the atmosphere can be 

quite complex.  For example, on clear nights a ground inversion can extend up to a few 
tens of meters capped by neutral or slightly unstable layers.  During daytime when 
ground inversion is destroyed, an elevated inversion layer can continue to occur at a 
height of a few hundreds of meters.  The plume has therefore to pass through different 
stability layers as well as density jumps.  Briggs has considered some cases of this type a 
few of which, relevant to dispersion problems are discussed here.  
 
3.24.5 Input parameters for plume rise computation  

 
Computation of plume rise under given conditions requires adequate data on three 

types of parameters, viz. 
 
  (i) Source related parameters;  
  (ii) Atmospheric parameters and  
               (iii) Derived parameters computed from these.  
 
 Due to multi-disciplinary nature of the topic one has to be cautious about the 

units in which parameter values are specified.   All parameters used in the formulae 
given here use meter-kilogram-second system.  Calories are used for heat and millibars 
for atmospheric pressure.  



  

 
Source-related Parameters 

 
Physical height hs (m),  
Internal stack radius ro and diameter D (m);  
Effluent discharge velocity Wo (m/s) and temperature To (K);  
Composition and physical properties (molecular wt., density etc.) of the effluent.  
 

Atmospheric Parameters 
 
Wind speed u (m/s),  
Ambient temperature Ta (K),  
Atmospheric pressure p (millibars),  
Temperature lapse rate and  
Incoming solar radiation Rs (Cal/m2/s).   
 
Except for the last named, the rest of the parameters are ideally required to be  

measured at stack level.  However, standard levels of meteorological measurement are 
different (e.g. wind at 10 m, temperature at 1.2 m and pressure at about the same 
height).  In the case of wind, scaling laws are used to deduce the stack level wind from 
measured values (See Chapter II).  

 
Pasquill classification scheme has been used to define atmospheric stability. The 

potential temperature θ may be obtained as explained in the previous chapter, from the 
air temperature T using the relation  
 
                             θ = T(1013/p)Rm/Cp                              .............(3.30)  

                               = T(1013/p)0.286  
 

where  Rm is the gas constant for air = 68.75 Cal/kg/K or 287.65 Joules/kg/K ).  
 
In terms of ambient temperature and its profile this can be approximated as   
            

                       dθ      dT 
                      —— = ——   + 0.0098°C/m.                 ..........(3.31)   
                       dz       dz      

 
where  0.98°/100m ( = Γ )  is the reference dry adiabatic (neutral) lapse rate.  

 
Potential temperature or incoming solar radiation may not always be available.  

Since these parameters enter the calculations, their values may have to be indirectly 
deduced from available information.  

 
Derived Parameters  

 
1. Volume rate of release Vo  (m3/s)  

  
For circular stacks,        Vo = (ro2)Wo (m3/s)               .........(3.32) 



  

 
2. Heat release rate QH  
 

Let ρo be the density (kg/m3) and Cp the specific heat at constant pressure 
(Cal/kg/K) of effluent.  

 
                    QH = VoρoCp(To - Ta)    (Cal/s)                ........(3.33) 

 
The parameters ρo, To and atmospheric pressure p (mb) are related by the gas law 

which, with the units used here, is given below for the purpose of ready use as  
 

                        ρ  = 0.01205 M p / T                   ..........(3.34)             
 
where M is the molecular weight of the gas. For air we may use M = 28.9 and Cp = 240 
cal/kg/K.  

 
3. Initial Vertical Momentum Flux, Fm  

 
This is relevant for jets and also for hot effluents released with a definite initial 

momentum. By convention, a flux in the plume rise calculations is not the actual flux 
but its value divided by .  If ρa be the density (kg/m3) of the ambient air,  

 
                         Fm = (ρo/ρa)WoVo              .          ...........(3.35)  
 
 Substituting for Vo,           

 
                          Fm = (ρo/ρa)(Woro)2   (m4/s2)              ......(3.36) 

 
4.Initial Buoyancy Flux (Fb) 

 
 This is relevant for buoyant plumes. It is given by the relation      

 
                                 ⌠  ⌠      
                        Fb = │   │ g(ρo′/ρa)dVo                           .......(3. 37) 
                                 ⌡  ⌡ 
                                              
where   ρo′ =  ρo - ρa = density deficit over the ambient. Under steady state conditions,  
ρo′ is constant, therefore  

 
                         Fb =  g(ρo′/ρa)Vo                    ...............(3.38) 

 
which for a circular stack becomes  

 
                         Fb =  g (ρo′/ρa)Woro2  (m4/s3)              ...........(3.39) 

        
(Note that dimensions of Fm and  Fb are different).   For effluents mostly consisting of air 
we may write the above also as  

 
                         Fb =  g[(To - Ta)/Ta)]Woro2                    ...........(3.40) 



  

 
If QH is specified then we may use the expression  

 
                          Fb = gQH/(CpρaTa)                           ............(3.41) 
 
                              = 3.8E-5QH m4/s3 at sea level 
 
if QH is in Cal/s. For other altitudes RHS should be multiplied by (1013/p) as is 
evident from gas law..  

 
5.Other parameters 
 

Other parameters which enter the calculations or are otherwise useful are: 
     

(i) Source related parameters:  
 
Often used is the parameter R = Wo/u (dimensionless) and the entrainment 

coefficient β given by  
 

                      β = 0.6 for buoyant plumes             ..........(3.42) 
and 

                      β = 0.4 + 1.2/R for jets.            ..........(3.43) 
         

 (ii) Atmospheric parameters:  
 

Neutral Stability Conditions  
  
The plume rise formulae use the friction velocity u* as a parameter. This is obtained 

from the logarithmic wind profile relation in the surface layer,  
 

                             u*               z 
                    u =  —— ln (——)                        ............(3.44) 
                              k          zo  
 
where u is the horizontal wind speed at height z, zo is the roughness parameter and k is 
the von Karman constant usually taken = 0.4.  The friction velocity as well as the 
roughness parameter can be determined from average wind speeds measured at two 
levels.  For routine measurements wind speed at 10 m is used.  A single measurement 
does not give u* unless zo is known.  In that case  
 
                                 0.4u  
                       u* = ————                                      ..........(3.45)  
                               ln(z/zo) 

 
e.g. for z = 10 m and zo = 0.01 m,  u* = 0.058 u.   It is therefore necessary to 
determine zo regularly at a site both to estimate it and to confirm whether the value has 
not changed due to causes such as vegetation growth etc.  
 
 Unstable or convective conditions 

 
The plume rise formulae for these conditions require the value of the heat flux 

parameter H* which is characteristic of the convective conditions.  It is given by   



  

               
                         _____      gH 
        H*  = (g/T) w′ T′  = ——— (m2/s3 )               ........(3.46)   
                                      CpρT 

                                                                                                        
where H is the sensible heat flux (cal/m2/s) approximately related to the incoming solar 
radiation Rs (cal/m2/s) by the relation  

 
                 H = (0.4 ± 0.15)Rs                         .......(3.47)  
 
The quantities w′, T′ refer to the turbulent fluctuations in the vertical wind component 
and temperature respectively.  The terms T and ρ refer to the air temperature and 
density respectively.  

 
Stable conditions  

 
These conditions require the value of a stability parameter s defined by  
 

   
           s = (g/θ)(dθ/dz)                     …… .......(3.48) 
         
 
where θ is the potential temperature of air at stack level.  Both θ and its profile may be 
obtained from temperature using Esq. (3.31) and (3.32) or Table 3.7 depending upon 
data availability.   

  
3.24.6 Plume rise expressions  

 
First we shall give the plume rise expressions for bent over plumes which give the 

progressive rise of the plume with downwind distance.  As stated earlier, these are useful 
for determining whether obstacles are cleared by the plume.  In these expressions, the 
term zc will be used to denote the height of the plume centreline above the stack exit.  
The quantity x will denote the downwind distance.  

 
A general case would be of plumes having significant values of both the momentum and 
buoyancy.  
 

In a pure jet Fb = 0, while in a pure buoyant plume Fm = 0.  In a mixed plume, the 
effect of momentum will progressively decrease with height being negligible at a height of  
z′ given by  

 
                      z′ = 4Fm1/4Fb-1/2                                 .............(3.49)  

 
For plume dominated by combustion this occurs within 5 seconds i.e. within a few 
meters of the source.  

 
Jets   
                             [3Fmx]1/3    
                      zc = [ —— ]                                          .............(3.50) 
                              [β2u2 ] 

              
which can also be written as 



  

 
                                         [      RD       ]2/3 
                     zc = (3/4)1/3  [ ————— ]     x1/3             ...(3.51) 
                                         [ 0.4+1.2/R ] 

 
Transition to buoyancy (mixed plumes) 

 
    

                              [ 3Fmx3/2    Fb1/3 x2 ]1/3  
                     zc =   [  ——      +    — .  — ]                        .....(3.52) 
                              [ β2 u2    β2    u3  ]    

     
        Note that appropriate value of β (from Eq. 3.42 and 3.43) should be used in each of 
the terms in the above expression.   
       
Buoyant plumes 

       
                    zc =   1.6[Fb1/3x2/3]u                        ............(3.53) 

 
3.24.7 Plume rise estimates 

 
The plume rise estimates are the final values of plume rise to be used in dispersion 

calculations.  The formulae for different stability classes are given below.  
 

Neutral Stability 
 

(i) Jet  
                               [3Fmx ]1/7   
               ∆h = 0.93 [——   ]  (hs+∆h)1/7                      ......(3.54) 
                               [β2uu*]          

     
where u* is the friction velocity. Neglecting the effect of hs which is not significant, gives 

 
                         0.9(u/u*)1/2Fm1/2    
                ∆h = ————————                   ..........(3.55) 
                                    βu                        

 
(i) Buoyant plume 

 
                             [  Fb     ]3/5      
               ∆h  = 1.2[ ——  ] (hs + ∆h)2/5                        ....(3.56) 
                             [ uu*2 ]        

       
Since ∆h occurs on both sides of the equation, an iterative solution may be required.  
For simplicity the above expression may be approximated by, 
  
                                  [ Fb   ]2/3          
                ∆h   = 1.54 [—— ]  hs1/3                                 ....(3.57) 
                                  [uu*2 ]       
 



  

which gives a conservative estimate of effective stack height by not more than 10%  as 
long as   ∆h < 2 hs. This latter equation is not useful for gas turbines.  

 
Unstable Conditions (Convective Regime)  

 
(i)  Jet   
                                 [         1.2 ]-6/7 [ Fm ]3/7    
                ∆h = 1.23  [0.4 + ——]      [ — ]   H* -1/7           ....(3.58) 
                                 [          R   ]      [ u  ]       

    
(N.B. - This expression is wrongly printed in original Briggs reference) 
            

(ii)  Buoyant plume 
 

                              [ Fb  ]3/5                    
                ∆h  =   3 [——]  H* - 2/5                                    ........(3.59) 
                              [  u  ]         

             
 Stable Conditions 

 
(i) Jet 

 
Briggs, in his latest work does not explicitly give this case, but an equation obtained 

from a mixed case by setting Fb to zero in the limit, following relation is obtained.  
 

                                   [ Fm ]1/3   
                    ∆h = 1.7  [——]  s -1/6                       ......(3.60) 
                                   [ β2u]      

 
where β is given by Eq (2.42). This agrees with the formula given in Briggs (1969) apart 
from a constant. It should be noted that this formula lacks firm experimental 
verification.  

 
(ii) Buoyant plume 

 
                                         Fb1/3 
                        ∆h  =  2.6 (——)   ........(3.61) 
                                          us        

 
This formula is similar to the one given by Briggs earlier (Briggs 1969) apart from the 
constant.  
 
3.24.8 Stack downwash 

 
Closely related to plume rise is the stack downwash.  Stack structure acts as a bluff 

body to the wind flow giving rise to turbulent wake on the lee side.  Effluents with 
insufficient momentum or buoyancy get sucked into the wake cavity and get carried 
downwards.  This wake can often be seen with dense dark or white emissions.  The 
degree of downwash depends upon R and results in effectively a decrease of stack height 
by an amount of the order of stack diameter.  In practice it is important mainly for jets.  
For a jet issuing from a straight-sided stack Briggs suggests a rise  

 
                       ∆h = K(R - 1.5)D                    ..............(3.62) 



  

 
which is negative for R < 1.5 and therefore R > 1.5 is a criterion for preventing 
downwash.  Value of K is given as 2 but Briggs (1969) quotes another work with K = 
1.5.  The negative plume rise is of the order of stack diameter and for tall thin stacks 
may be ignored.  
 
3.24.9 Multiple stacks 

 
Many power plants have multiple units and a number of stacks.  If the stacks are 

close to one another, the plumes can merge with each other, the buoyancy of the 
combined plume becoming more than the component plumes.  Since the rise is 
proportional to Fb1/3, the rise of the combined plume will be higher than the rise either 
plume would have achieved singly.  This plume rise enhancement is therefore an 
advantage.  

 
Consider two similar plumes from sources separated by a distance ∆s have a plume 

rise ∆h1.  The combined plume rise ∆h2 from two plumes = E. ∆h1 where E is an 
enhancement factor.  If ∆s = 0 then obviously E = 21/3.  If ∆s is very large the plumes 
do not merge and E = 1.  In a practical situation with N stacks separated by a distance  
∆s, Briggs obtains  ∆hN = E. ∆h1 where E is assumed to have a form  

 
 

                     E = [(N+S)/(1+S)]1/3                          ...........(3.63) 
 
where S is a dimensionless parameter related to ∆s/∆h1. Of the three different 
expressions tried for S following gave the most consistent agreement with the data.  

 
                       S = 6[ (N-1) ∆s/N1/3∆h1]3/2               ........(3.64)  
 
3.24.10 Concluding remarks on plume rise relations 

 
Comparison of the plume rise estimates using various formulae and their effect on 

GLC given in Table 3.8 show how important plume rise is in air pollution estimates using 
dispersion models.  The differences are significant in the case of older simpler formulae.  
The plume rise values were used in Pasquill model to obtain maximum ground level 
concentrations and the distance of their occurrence.  Considering that the earlier 
formulae and even Briggs′ earlier relations were developed at a time when our knowledge 
of the micrometeorological processes was meagre it would be prudent to use the latest 
relations.  That these require additional information on atmospheric and site parameters 
is actually an indication that the new formulae do take into account the atmospheric 
processes relevant to different stability classes in greater detail, a lacuna with the older 
formulae.  Need for more detailed meteorological data also requires that a site 
meteorological unit with adequate facilities be established.  Cost of such a station is 
extremely small compared with the capital cost of the installations where such analysis 
are required.  An important aspect of the plume rise expressions is given by the Eqns 
(3.52 and 3.53) which give the trajectory of the plume enabling to decide whether it will 
clear a given obstacle or not.   There are criteria which help to decide whether the plume 
would clear the hill and follow the general wind pattern or be blocked by the hill and be 
subject to local circulation.  
 
3.25 Computing short-term concentrations 

   
Computation of concentration at a given location under a given emission scenario is 

the main purpose of the models.  However, before proceeding to do so, one should be 



  

quite clear about the nature of the concentration calculation for the particular 
application.  The applications may be broadly divided into two types (i) Application to air 
pollution control through impact evaluation (ii) Application of real time impact from 
routine and accidental releases.  

   
A typical application of the first type is the evaluation of maximum impact for 

obtaining the required efficiency of the air pollution control system.  This utilises source 
parameters based on the proposed plant system design.  For example, in a thermal 
power station the source term would depend upon the sulphur and ash content of coal 
while in a chemical factory the pollutants and their release values would depend upon 
the product, the raw materials and the process used for manufacturing the product.  The 
meteorological data would be either a data set actually collected in the past, or an 
assumed set of parameter values which, in the best judgement of the analyst, is believed 
to give maximum impact.  A typical application is computation of the stack height for a 
given release.  This would consider past meteorological data collected at or near the site 
and the source parameters would be as given by the proposed design.  Concentrations 
would be estimated for various stack heights using this combination of source and 
atmospheric parameters.  Comparison with the prescribed air quality for the given 
pollutant gives the appropriate stack height.  It may be possible that this stack height is 
too high to be feasible.  It is then necessary to explore other approaches to reduce the 
impact e.g. use of filters, cyclones or electrostatic precipitators for particulate matter and 
devices like scrubbers, absorption towers etc for gases and vapours.  The concentrations 
to be computed would naturally have to conform to the averaging periods and other 
statistical specifications prescribed in the air quality criteria.  For example, if a 3-hr 
average is prescribed then a three hour average value will have to be computed.  If an 
annual average is prescribed then an annual average will have to be calculated.  

   
The second type of applications requires real time values of concentration to 

evaluate actual impact from actual releases such as those which may occur in the case 
of an accident.  The purpose of such an analysis is to estimate the time integrated 
concentrations to which people get exposed so that the quantity of pollutant inhaled by  
the exposed persons can be evaluated.  Such an evaluation requires the changing 
meteorological parameters and emission parameters to be taken into account.  It is 
naturally essential that the data on all the input parameters are available before 
proceeding with the computations.  
 
3.25.1 Input Data Requirements   

 
These include the source data and meteorological data.  
   
The basic meteorological data requirements for the dispersion model and the plume 

rise calculations (Briggs latest relations) are:  
 
Dispersion model: 
  
  Wind direction, 
  Wind speed, 
  Atmospheric stability (Obtained through Pasquill scheme, 
       or temperature profile or σθ.) 
  Height of mixing layer 
 
Plume rise:  
    
  Wind speed,  
  Temperature (stack level),  
  Atmospheric stability 
  Insolation (unstable conditions),  



  

  Friction velocity u* 

     or  roughness parameter zo (neutral conditions),  
  Temperature and  
     temperature lapse rate (stable conditions) 
  Pressure (generally mean pressure value is sufficient). 
 
 
Most of the data above are required for the physical or effective stack height.  

However this may not always be possible and recourse has to be taken to extrapolation 
using scaling laws.  

     
The source parameters required are: 
             Source strength, 
             Stack height, 
             Stack diameter, 
             Effluent exit velocity, 
             Effluent exit temperature, 
             Physical characteristics of effluents especially density. 
 

3.25.2 Computational procedure   
 
Using the expressions given earlier one can compute concentrations for a simple 

scenario of a continuous stack release in plain terrain, by taking the following steps.  
 
1. Compute plume rise and add to the physical stack height.  This gives the effective 

stack height. 
 
2. Determine co-ordinates of the receptor or sampling point with respect to the co-

ordinate system with x-axis in the downwind direction.  In case centreline GLC is 
required then y = z = 0 and computation is much simplified. 

 
3. Compute the wind speed at plume height using scaling laws. 
 
4. Choose appropriate formula and compute concentration.  
 
5. Note that the concentration thus calculated using basic Pasquill or Briggs 

parameters gives a 10 min average concentration.  Generally, air quality criteria specify 
30 min, 1hr, 3hr, 8hr, 24 hr or an annual average concentrations.  The concentrations 
with averaging time up to a few hours may be obtained from the basic 10 min average 
concentrations using appropriate wind direction statistics and sampling time correction 
factor.  The method for doing this has been given later.  When the averaging time is more 
than 24 hrs (Typically a month or a year), a different set of expressions (derived from the 
basic expressions) to account for the fluctuations in the wind direction within a direction 
sector (Sec 3.21). 

 
6. Correct where necessary, for modifying factors such as depletion.  These aspects 

are discussed in subsequent sections.  
 

3.25.3 Consideration of special situations.  
 
There can be diverse scenarios of emission and site characteristics, as well as 

meteorological conditions.  For example, the terrain may be uneven in which case the 
effective stack height may be different in different directions.  If the site is near a coast 
then the wind characteristics of offshore wind and onshore wind can be different due to 
differences of roughness over land and the sea.  If the source-receptor distance is very 



  

large then the time taken by the plume to reach the point and subsequent changes in 
wind direction need to be considered.  

 
     There are situations when the basic relations have to be modified or correction 

factors applied appropriate to the situation.  Typical examples are the presence of a 
building wake, a capping inversion, presence of different stability layers at different 
heights and effect of physico-chemical processes like transformation to another species 
of pollutant, deposition and rainout.  

 
One of the points to be considered is whether the plume is able to penetrate the 

stable layers or not, during plume rise and diffusion.  At coastal sites, when winds come 
from sea to land, the flow is aerodynamically smooth, characteristic of the underlying 
smooth sea surface.  When the airflow reaches land, a turbulent boundary layer 
characteristic of the land roughness develops.  This can lead to complicated situations 
like fumigation which will be discussed in a later section.  Methods of taking into 
account some of the more common situations are discussed further in the chapter.  

 
It may also be necessary to use the basic double or triple Gaussian expression to 

suit the nature of the source.  Some sources are effectively line, area or volume sources.  
Some sources are mobile.  
 
3.25.3.1 Finiteness of the plume  

 
It should be noted that the double Gaussian expression describes a steady state 

infinite straight plume in the downwind direction.  It does not take into account changes 
in wind direction, speed or stability during the plume travel.  This is naturally quite 
unrealistic since none of these parameters remain unchanged for more than few hours.  
In such a case the plume has to be split up by taking time segments.  Generally, 1 hr 
may be taken as the time segment and the travel and diffusion of these hourly time 
segments of the plume be studied to obtain the total exposure.  This is very much 
essential if realistic impact assessment is required following a toxic gaseous release over 
duration of a few tens of minutes.  (See Sec 3.20 and 3.21).  In the case of the 
applications to design however the assumption of infinite plume is quite permissible 
since it gives conservatively higher impact and hence one errs on the side of safety.  
 
3.26 Sampling time correction  

     
The plume spread parameters σy and σz in a double Gaussian dispersion model 

depend upon the sampling or averaging time.  Consequently the concentration measured 
at a given location also depends upon the sampling time.  The parameters given by the 
Pasquill Model pertain to a sampling time of 10 minutes.  Standard time period for 
observations is however one hour.  Many air quality criteria are specified for exposure 
periods of 30 min to 24 hours.  For continuous release it would therefore be appropriate 
to use an averaging time of 1 hr.  

 
Fig 3.16 shows an hypothetical continuous record of a pollutant at a fixed location.  

The record clearly shows that the near instantaneous concentration can be 10 to 100 or 
more times the average concentration as measured over an hour or so.  The record also 
shows how sampling time affects the measured concentration. The fluctuations shown in 
the record may be ascribed mainly to (i) wind direction fluctuations causing the receptor 
point to get exposed to the different crosswind parts of the plume (Fig 3.17), (ii) changes 
in stability causing different downwind parts of the plume affecting the receptor, (iii) 
Changes in plume rise due to changes in wind speed.  The dependence of turbulent 
diffusion and hence concentration on sampling time arises from the nature of turbulence 
spectrum of the horizontal and vertical wind components.  In the spectrum of horizontal 
turbulence there are two major peaks and a minor peak.  A significant contribution 
comes for periods between a few seconds to about 15 minutes, 4 hours to about 24 



  

hours and for 1 day to 4 days.  There is a large gap between about 15 minutes to 4 
hours. 

 
In the case of vertical turbulence, the 10 minutes period covers most of the 

spectrum and very little contribution remains after 10 minutes.  
 
From the above considerations of spectrum of horizontal and vertical turbulence, the 

best way to introduce the sampling time correction is through the plume spread 
parameters.   Thus beyond a few minutes, only σy gets affected by the sampling time.  
Thus it would be appropriate to make the correction to only σy, treating σz as practically 
independent of sampling time variations and having values as given in the Pasquill 
curves.  By this method the sampling time correction automatically gets introduced in 
concentration.  Besides the process also gives the extent of horizontal plume spread.  

 
An empirical power law expression is used to scale the concentrations or σ′s with 

respect to sampling time viz. 
 
         σy (T1) = σy(T2){T1/T2}m                 ........(3.65) 
 
         σz (T1) = σz(T2)  for T2 ≥ 10 min                   ........(3.66) 
 

and if one decides to introduce the correction in the final stage then, for centreline 
concentration only,    

 
                                  X(T1) = X(T2) {T1/T2}-m         ......(3.67) 
 
where  X is the centreline GLC and T1 and T2 are sampling times and m is an exponent 
less than unity.  It is implicitly assumed that the mean wind direction was constant 
throughout the sampling time.  

 
Brun et al. (1973) have summarised the values of m found by various workers.  

Values for ground level release and elevated release differ and are shown separately in 
Table 3.9.  This is apparently due to the nature of turbulence near the ground and aloft.  
Differences also arise due to stability.  

 
For elevated releases and sampling times up to 8 hours, the only available data in 

this range are those for CEGB thermal station at Tilbury in UK, shown in Table 3.9 in 
column 1.  These may therefore recommended to be used for scaling up to 24 hrs.  The 
values are:  

 
     m  =  0.12  for T upto 60 min 
     m  =  0.43   for T between 60 min and 4 hrs. 
     m  =  0.86   for T between 4 hrs. and 24 hrs.                                   ...(3.68) 
 

For ground level release or low level release (below h = 30m), the values of m 
recommended are 

 
     m = 0.5   for  T up to 60 min.  
     m = 0.4   for  T from  60 min. to 4 hr.                                   ....(3.69) 
 

Application of the formula   
 
Using the above relation to obtain the correction factor for 1 hr sampling time we get  
 



  

  
     X1h,10min =  (10/60)0.12 
                                                = 0..807  = ( 1 / 1.24 ) 
 
That is σy from Pasquill graphs has to be multiplied by 1.24 or the concentration 

has to be reduced by a factor 0.807.  
 
To obtain 8 hr concentrations from 1 hr concentrations, we should remember that 

the stability, wind speed and direction can all change hour by hour.  Taking all these 
factors into account, we may determine the average 8 hr concentration at a given point.  
Even if wind direction were constant, the real 8 hr average concentration will be less 
than the above average because of the spread by large scale eddies.  This is accounted 
for by dividing the above average by a factor of C8h.  This will consist of two parts:  

 
       C8,1  =  C4,1 .C8,4 

 
where C8,1 is correction factor for 1 hr. to 8 hrs. and C4,1 is the correction factor for 1 
hr. to 4 hrs. etc.   We get 
              
                                      C8,1  =  (1/4)0.43.(4/8)0.86 

                   = 0.304  ( = 1 / 3.29)  
 
We thus see that the increase is sampling time causes substantial reductions in the 

GLC.  For example, if the concentrations were calculated from the original Pasquill 
Curves (T = 10 min) and used for computing concentrations over the basic time period 
of 1 hr; the concentration would be 1.24 times higher than what it should be.  To obtain 
8 hr concentration, one should compute hour by hour concentrations at the given 
location using the wind and stability for each hour and add them.  To account for the 
sampling time correction the value thus obtained should be divided by a factor 3.29 
which is again a substantial decrease.  It is also essential that while validating the model 
used with monitored pollution data, the sampling time correction should be used to 
obtain correct results.  

 
For example, to obtain 8 hr concentrations for elevated release, using Pasquill 

curves (10 min Sampling time), divide the concentration by a factor of C8h,10min.  This 
will consist of three parts  

 
                                C8h,10min = C1h,10min.C4,1.C8,4  
 

where C1h,10min is the correction factor for 10min to 1 hour, C8,1 is correction factor for 
1 hr to 8 hr and C4,1 is the correction factor for 1 hr to 4 hrs etc.   We get  

      
                 C8h,10min   =   (60/10)0.12 . (4/1)0.43. (8/4)0.86 
                                    =   4.08 
     
It should however be remembered that because of various factors involved e.g. 

changes in wind direction, speed, stability and the source strength together with the 
spectral structure of atmospheric turbulence, this area has very large uncertainty.  No 
final satisfactory sampling time correction procedure is available today.  

 
For practical purposes, in the absence of firm guidelines, following correction factors 

have been recommended to be used on a basic 1 hr average estimate. 



  

 
     Averaging time   Multiplying factor 
     3hr     0.9 
                             8hr     0.7 
     24hr     0.4 
 

These factors are useful from design considerations and for legal enforcement purposes, 
but if evaluation in actual episodes one has to use proper judgement in arriving at 
appropriate sampling time correction factors.  
  
3.27 Effect of building wake 

 
Releases from leaks in the building or short stacks get mixed in the turbulent wake 

created by the airflow around the building or stack structure (Fig. 3.18).  This effect gives 
rise to a volume source.  Based on the studies of experimental releases from buildings 
and on assumption of uniform mixing of the effluent in the building wake, the normal 
short-term centreline concentration is given by  

 
                                          Q 
                  X(x, 0) =  ————————                       .........(3.70) 
                                  u(σyσz + CW.A) 
 
where  A = Cross-sectional area of the building normal to the wind and 

  CW = fraction of A over which the plume is dispersed by the  
         wake or more commonly known as building shape factor,  
         conservatively estimated as 0.5 .  
 
The effect of wake is to reduce the ground level concentrations in the downwind 

direction.  However, if the corrected concentration value reduces to less than one third of 
the uncorrected value then the concentration is taken to be equal to one-third the 
uncorrected concentration.  The effect of wake becomes insignificant when CWA << σy 
σz.  

 
Virtual Source method: On the downwind side of an obstacle the release gets 

mixed-up due to turbulence created in the wake of the building.  This can be treated as 
the volume source and virtual source approach can be applied (Refer Fig. 3.8).  In this 
approach the dimensions of the building perpendicular to the wind direction are taken 
as dimension of the plume spread.  If H is the height of the building and W is the width 
of the building then  

 
         σz(vir) = H/2.14   and   σy(vir) = W/2.14          ........(3.71)  

 
and distances corresponding to these spread parameter in respective weather category 
are the virtual distances in vertical and horizontal directions.  For estimating the spread 
parameter for downwind distances these virtual distances be added to the actual 
downwind distance and the effective distance be used.  

    
3.28 Special situations 
 

There are certain special situations of site and atmospheric conditions where the 
basic dispersion relations (Eq 3.1 etc.) require considerable modification.  These include 
fumigation conditions, presence of a capping inversion layer, coastal site and low wind 
speed conditions.  Of these the coastal site conditions will be discussed in a separate 
section later. 



  

 
3.28.1 Fumigation conditions  

 
Fumigation conditions have been explained earlier in Sec 3.3.  Under these 

conditions the plume gets vertically mixed.  The amount of pollutant in a vertical column 
can be considered as uniformly mixed in the vertical layer between the inversion lid and 
the ground.  Three cases may be considered,  

 
                       (i)  lid below plume centreline, 
                      (ii)  lid above plume centreline and  
                     (iii)  lid at the centreline.  

 
The quantity in a column is obtained by integrating the expression viz.  

   
                                    Q′                  z2                   y2                 
             X(x, y, z) =  ———— exp{ -[ —— ]}.exp { -[ —— ]}     
                                2uσyσz             2σz2               2σy2            

 
      

between ground and the height of the inversion layer Hi and dividing the resulting 
expression by Hi.  In case (i) this leads to the expression, with  
 
                                   0.5 Q′                 y2                h-Hi  

         X(x, 0,  0) = ————  exp {-[ ——] } {1- erf[ —— ]} .         ......(3.72) 
                           √(2)uσyHi   2σy2               √2σz   
  
where  

                                  x 
                               2  ⌠  
                   erf(x) = — │exp(-x2)dx,       with erf(-x) = -erf x, erf(∞) = 1  
                              √ ⌡  
                                   0   

 
 The plume spread parameters of the stable regime should be used in the above 

expressions. 
 

3.28.2 Height of Mixing layer  
 
It was explained in the previous chapter that often an inversion aloft exists which 

can act as a barrier for vertical diffusion of the plume.  The air layer from ground to the 
level of the capping inversion is called mixing or mixed layer.  The height of the mixing 
layer is denoted by zi and may vary from about 500 m to about 2.5 km.  Methods of 
estimating zi have been given in the previous chapter.  

 
If the plume rise is able to penetrate the capping inversion than the pollutant will 

remain aloft for long distances since the plume is now in the stable layer.  On the other 
hand if the plume remains within the mixed layer, then for all practical purposes the 
capping inversion layer acts as an impervious lid to vertical diffusion.  Thus the part of 
the plume reaching this layer will be reflected back.  Theoretically, there would be 
several reflections of the plume between the ground and the capping inversion layer, 
resulting in a thorough mixing of the plume in the vertical direction at sufficiently long 
distances.  The distance of thorough mixing will depend upon zi.   



  

 
3.28.2.1 Computations of concentration  

 
The concentration computation within the mixing layer can be carried out using the 

same double Gaussian formulation introducing the double reflections.  The formula for 
the centreline ground level concentration will be modified as  
 

                              Q     n =  ∞ 
         X(x, 0, 0) = ——— Σ { (exp - [(h-2nzi)2/2σz2])  
                           σyσzu  n = 0 
 
    + (exp-[(h+2nzi)2/2σz2])}           .....(3.73) 
 

where n is the number of multiple reflections taking place.  For long distances the value 
of n will be very large and the vertical concentration distribution will be uniform and  
only the horizontal distribution will be Gaussian.  If one decides to perform the 
calculations using the above formulation it will be very time consuming even if one uses 
the computers.  For all practical purposes the distance range can be divided into three 
regions.  The first region is where the effect of the double reflection is negligible (i.e. 
spread of the plume is small and reflection from stable layer is negligible).  In this region 
the concentration calculations can be performed with normal concentration formula.  
This region is approximately given by the distance x1 where the σz is 0.47zi.  The 
second region is the region where the effect of double reflection is felt but the plume is 
not thoroughly mixed in the vertical direction.  In this distance range one will have to 
perform the detail calculations assuming about 4 reflection terms.  This region roughly 
extends up to a distance x2 = 2x1.  The third region is beyond the second region.  In 
this region the thorough vertically mixed plume can be assumed and the formula for 
concentration in this region is given by  
 

                                 Q     y2 
               X(x, y, z) = ————— exp(- ——)           .....(3.74)      

                           √(2)σyziu  2σy2 
 

3.28.3 Low wind speed Stable regimes  
 
Under stable regime wind direction may meander with large amplitudes giving effectively a 

large dispersion in horizontal direction than indicated by standard σy values.   Under these 
conditions it is recommended to use the split sigma method, namely, use σz for stability as 
indicated by temperature profile and σy for stability as indicated by σθ values (Table 3.6).  
 
3.28.4 Valleys, Hills and rough mountainous terrain  

 
Wind, on entering a valley, gets channelled (Fig. 3.19).  The direction within the 

valley generally takes only up- and down- valley directions irrespective of the winds in 
the region and above the valley ridges.  Once a plume enters the valley, it will naturally 
follow the valley axis.  In the valley the horizontal dispersion gets restricted by the sides 
of the valley and due to multiple reflections at the valley walls, a uniform crosswind 
distribution of concentration is obtained.  Secondly due to the obstructions just before 
the entry of the valley the turbulence level will be higher than in the free terrain, due to 
the mechanical turbulence contribution.  

 
When wind blows towards a hill or a single ridge, the wind flow pattern near the hill 

gets modified and depending on the angle of impact it will normally follow the hill face 



  

(Fig. 3.20).  The plume therefore, will take the path along the hill when it comes in 
contact with it.  If the impact of the plume is nearly perpendicular to the hill range then 
a part of the plume will disperse along the hill face while a good part of the plume will 
move up the hill and after reaching the top will move down along leeward face due to the 
down-wash and the wake effect.  Concentration calculations for distances after the hill 
should be performed using the release source as ground level release.  The 
concentrations thus computed are generally overestimates.  As in the case of 
mountainous terrain, it would be desirable to test the flow and dispersion in a hilly 
mountainous terrain by using physical modelling in a wind tunnel or a tow tank. 

 
Dispersion studies in mountainous terrain by Start et al (1975) show that measured 

concentrations matched the predicted concentrations if plume spread parameters for a 
Pasquill stability category one class more unstable were used ( i.e. when actual class is 
B, use A category plume spread parameters, when actual class is C, use B category 
plume spread parameters etc.).  It is recommended in this guide to follow this approach 
in mountainous hilly terrain.  The pollutants spreading vertically and reaching above the 
ridge heights they will travel in the direction of the free wind field present above.  In 
general it would be desirable to test the flow and dispersion in a hilly mountainous 
terrain by using physical modelling in a wind tunnel or a tow tank. 

 
3.28.5 Urban Heat Island Effect  

 
In an urban area one has lots of concrete structures apart from various industries, 

leading to higher temperature in the urban area as compared to the surrounding rural 
area.  Effect of this is to create a heat source in the open country.  These areas are 
sometimes referred to as heat islands (Fig. 3.21).  In evaluation of transport and 
diffusion of pollutants in urban areas, factors such as the effect of local wind circulation 
systems established due to urban heat island effect should be considered where 
applicable.  

 
The difference in the diurnal temperature variations in rural and urban areas 

causes the heat island to be most intense at night and least intense during the day.  The 
differential temperature distribution produces a weak two-cell circulation during weak 
winds over the urban area, an upward motion of urban air and an upper level horizontal 
divergence to the rural area.  Under fairly strong winds the circulation system is 
displaced downwind to a distance which appears to be proportional to the mean wind 
speed and heating rate.  Presence of an elevated temperature inversion over the urban 
areas has also been indicated.  This acts as a lid to vertical diffusion of pollutants in 
urban areas.  This may lead to a downward subsidence of air over urban areas causing 
the urban pollution levels to increase during day time hours.  A layer of pollutants over 
the city during daytime can inhibit solar radiation reaching and heating the urban area 
reversing the temperature differential between the urban and rural area.  

 
No simple general mathematical models are yet available to account for these 

phenomena in the calculation of concentration.  However, a knowledge of existence of 
these phenomena is useful in interpretation of data realising the limitations of the 
models and make at least approximate correction factors whenever possible using 
numerical  or wind tunnel modelling techniques.  
 
3.28.6 Coastal sites  

 
The peculiarities of a coastal site lie in two features.  First is the land and sea breeze 

system which dominates the local flows and the second is the significant change in the 
surface roughness felt by the airflow when air enters land from sea and vice versa.  The 
land and sea breeze system is basically a thermal wind system caused by the density 
gradients due to unequal heating of air above land and water bodies.  The thermal wind 
superposes itself on the gradient flow and has a periodicity.  The sea breeze on west 



  

coast has an onset time around noon and lasts up to late evening.  The land breeze has 
an onset time late at night and lasts up to early morning.  On East Coast the situation is 
a little more complex.  Since the sea lies to the east and the tendency of the gradient flow 
is westerly, and unlike the west coast, the thermal wind opposes the gradient flow during 
the sea breeze regime and sea breeze is felt only if thermal wind is stronger than the 
gradient wind.  As far as short distance dispersion is concerned, this aspect of sea and 
land breeze does not impose any problem since it is reflected in the wind records.  

 
The second aspect i.e. that of the change in the surface roughness is a more 

complicated one.  The wind coming from the sea, as soon as it crosses the shore and 
enters the land, develops an internal boundary layer, the thickness of which depends 
upon the downwind distance from the shore and the difference of potential difference 
between the sea and land surface (Fig 3.22). The aerodynamically smooth flow from the 
sea is slowly converted into a rough flow due to increased surface roughness.  The height  
of the internal boundary layer (IBL) is given by the relation  

 
                      Hi = 8.8(x/u.∆θ)1/2                                              ....(3.75) 

 
where ∆θ is the potential temperature difference between top and bottom of the initial 
stable layer (i.e. at the shore).  This value may be used in the fumigation model to obtain 
the concentration        

 
                                        Q 
                 X(x, y, z) = —————  exp(-y2/2σy2)               .....(3.76)      
                                  √(2)σyHiu 

 
where σy relevant to initial layer should be used.  
 
3.29 Mobile Sources 

 
Mobile sources are generally petrol and diesel driven vehicles.  Consider a single 

vehicle cruising at speed v and emitting a given pollutant at a rate Q′.  Let wind speed be 
u and the wind direction at an angle θ to the cruising direction (Refer Fig 3.7).  Consider 
a point P at a perpendicular distance x to the cruising line.  The release from the moving 
vehicle can be considered as a series of elemental puffs which travel due to wind and 
expose the point P until the cloud passes over it.  It is more relevant therefore to 
consider TIC at P instead of a steady air concentration.  Proceeding in a manner similar 
to obtaining the expression for a line source from the point source equation.  We get, for 
TIC at ground level,  

 
                              2(Q′/v)                  h2  
              TIC   = ——————  exp{ - [—— ]                ...(3.77) 
                         √(2)σzuSinθ              2σz2   

              
For all practical purposes h = 0 therefore  

 
                              2Q    
               TIC   = ——————                             .............(3.78) 
                         √(2)σzuSinθ 

 
In reality, the wake of the vehicle causes each elemental puff at the source to be 

effectively a volume source, which requires a virtual source approach by assuming an 



  

initial σz .  In the EPA model initial value of σz is taken as 1.5 m, i.e. the distance must 
be measured from an upwind location at a distance where σz = 1.5 m under the given 
stability conditions.  As was explained in the case of the line source expression (4.18) the 
distance used for computing σz should be x/Sinθ and not the perpendicular distance x. 

 
A number of vehicles passing along a highway constitute a continuous line source.  

It is then possible to consider a steady concentration at point P, which is given by the 
expression 

 
                                        2Q                     h2 
             X(x, 0, θ )  = —————— exp{ - [—— ]    .          .....(3.79) 
                                √(2)σzuSinθ            2σz2  

              
where, as earlier an initial σz should be assumed and the distance to be used for 
computing σz should be x/Sin θ .  

 
The California model is slightly different in that it is assumed that the initial release 

first forms a "mixing cell" with initial σz = 4 m. 
 
The line source for the highway model is related to the traffic volume and emission 

factor.  The source strength Q (g/m/s) is computed as follows:  
 
Let T be the traffic density (Number of vehicles per hour), and V be the average 

speed of the vehicle (km/hr).  The emission factors (EF) are given as g/km of vehicle 
travel.  Consider a stretch of L kilometers.  It takes L/V hours to traverse this stretch.  
The stretch will have T(L/V) vehicles in it at any given time.  The first vehicle at the 
entry end would have just started the traverse while the vehicle at the exit end would 
have completed the stretch.  The average distance traversed by the vehicles averaged 
over the number of vehicles is therefore L/2 and the total emissions will be  
T(L/V)(EF)(L/2).  Average emission rate is per km per unit time is therefore    

  
                    T(L/V)(L/2)(EF)   
             Q = ———————— =  T(EF)/2   g/km-hr         .... (3.80a) 
                           L.(L/V) 

 
Or 
 

              Q = 1.39x10-7 T(EF)      g/m-s                      ............(3.80b) 
 
 Values of EF for various auto exhaust pollutants have been tabulated by USEPA for 

certain average conditions of cruising speed for petrol and diesel vehicles obtained in 
USA.  

 
3.30 Physico-chemical processes 

 
The physical and chemical processes in the atmosphere lead to modification of the 

pollutant concentrations and can also generate new pollutants or transfer the pollution 
problem from air to other medium such as water, ground and vegetation.  

 
The effluents released from the stacks or otherwise contain mostly chemicals or 

particulate matter.  These effluents undergo various physical and chemical processes 
once they are in the atmosphere.  As a result of this they get deposited on the ground, 
the foliage or get converted due to the chemical reactions into other chemical forms.  The 



  

first process leads to depletion of the plume thus leading to effective source depletion 
and leading to problems connected with the deposited species while the second process 
is likely to lead to generation of either non-toxic material or highly toxic material.  

 
Various processes involved in this are the following: 
 
   a) Gravitational settling  
   b) Chemical reactions and decomposition  
                           c) Deposition on vegetation and other surfaces  
   d) Washout or rainout 
The role of these processes in dispersion modelling is discussed below.  
 

3.30.1 Gravitational settling  
 
This is relevant to particulate matter.  Particles which are larger than 10 microns 

are normally subjected to gravitational settling.  The settling rate depends on the particle 
size.  Particles of size smaller than 10 microns may be subjected to coagulation and 
condensation of water to form large particles which may ultimately settle by gravitation.  

 
3.30.2 Dry Deposition  

 
Small particles may impact on surfaces such as ground or vegetation while 

travelling in air.  The impact causes the particles to stick to the surface.  This process is 
called dry deposition.  Vapours also dry deposit on surfaces by the process of adsorption.  
A plume of effluents containing particulate matter or vapours gets progressively depleted 
downwind by dry deposition.  It is therefore necessary to consider this process in the 
model.  If the effluent contains toxic material, it is sometimes necessary to find out the 
extent of contamination of surfaces by the toxic material.  The dispersion model should 
be able to compute this.  

 
The depletion process for impaction or adsorption may be characterised by a 

parameter called, "deposition velocity", Vd defined as 
 
                     Rate of deposition 
        Vd = ———————————————                       …….(3.81) 
   Concentration in air near the ground  
 
It should be noted that Vd is not a real velocity in a kinematic sense but a 

dimensioned parameter having the same dimensions as velocity.  The deposition rate Dd 
is given by 

 
                              Dd(x, y) = Vd X(x, y, zr)     ............(3.82)   

 
where zr is a reference height.  Though for the purposes of measurement of Vd, zr is 
usually taken to be 1 m, for deposition calculation zr = 0 is usually used. 

 
3.30.2.1 Depletion rate and deposition correction factor  

 
In the following models to compute deposition and make deposition correction in the 

dispersion model are discussed. 
 
3.30.2.2 Source Depletion Model  

 
Source depletion model is normally used for generating depletion correction due to 

dry deposition.  In this model it is assumed that the depletion loss reduces the effective 



  

source strength.  This has a rather unrealistic implication that the loss is instantly felt 
throughout the vertical plane of the plume so that vertical Gaussian profile is 
maintained.  Advantage of this model, however, is in the ease with which it can be 
applied.  
 
3.30.2.3 Surface depletion model  

 
The surface depletion model is a later development.  In this model, the depletion loss 

is accounted for by assuming a negative source at ground level.  This distorts the vertical 
Gaussian profile as would be expected from the physical considerations.  However, the 
deposition correction is obtained through an integral equation which is more difficult to 
evaluate and lacks the ease of application through a correction factor as in the case of 
classical source depletion model.  

 
Since the difference between the source and surface depletion models can be only of 

the order of 10-20% the source depletion model would be preferred for most applications 
on account of its simplicity. 

 
3.30.2.4 Depletion Factor  

 
The depletion factor to be applied to the concentration at a downwind distance x 

from the source may be derived using the source depletion model as follows.  Let the 
original source strength be Q, and source strength at distance x due to depletion be Qx.  
If the depletion of the source due to deposition from x to x + dx is dQx, then  
        

                                           ∞ 
                                                ⌠   
                            dQx =  Vd.dx │ X(x, y, 0)dy     
                                                ⌡  
                                                -∞ 
Using Eq (3.22) for the ground level concentration due to an elevated source, we get  

 
                             2   Vd          exp - (h2/2σz2) 
               dQx =  √(—).(—).Qx. ————————dx     
                                 u                    σz                 

   
Assuming that Vd does not change through the travel distance, the above 

expression may be integrated to give the relation for deposition correction factor Fd = 
Qx/Q ,    
                                    x 
                                  ⌠        dx      - √(2/).(Vd/u)] 
                Fd  = [ exp  │ ———————  ]                          ......(3.83) 
                                  ⌡ σz exp(h2/2σz2) 
                                  0                                           

 The depletion corrected concentration is then 
 

                                     Qx                  y2              h2  
                X(x, y, 0) = ———  exp{ - [—— +    ——  ] }       .....(3.84) 
                                  σyσzu              2σy2         2σz2  

              
The deposition rate is given by  

 



  

                   Dd(x,y) = Vd X(x, y, 0) 
    

                                   Vd.Qx                 y2          h2 
                               = ———— exp{ - [—— +  —— ]             .....(3.85) 
                                   σyσzu               2σy2     2σz2   

 
It may be mentioned that Fd values should be computed by evaluating the integral 

from a distance xo where σz = 0.3 m  (since 1/ σz is ∞ at x = 0).  The assumption of the 
lower limit of integration where σz = 0.3 m is not unreasonable as an ideal point source 
is not encountered in practice.    For a given stability, distance and source height, it will 
be seen from Eq (3.75) that Fd depends only on the ratio Vd/u.  Thus if Fd is known for 
a ratio Vd/u ( = a ) , it can be used to evaluate Fd for another ratio using the relation  

  
                    Fd2 = Fd1 a2/a1  
      

where suffixes 1 and 2 indicate the known and new value respectively.   
 
The depletion over a span from distance x1 to distance x2 can be written as Fd = 

Fd2/Fd1 where Fd1 and Fd2 are the depletion correction factors for downwind distances 
x1 and x2 respectively.  

 
It should be realised that topographical/ground conditions rarely remain 

homogeneous over long travel distances.  This inhomogenity should reflect in suitable 
adjustment of the values of Vd while computing Fd.  The correction factor for such 
conditions may be computed by dividing the distance into segments over which 
homogeneity can be assumed and making the correction progressively.  

 
3.30.2.5 Deposition velocity  

 
Considerable data available on deposition velocity values for gases, vapours and 

particulate show that the values depend upon type of the surface and sometimes on 
stability conditions.  The range of deposition velocity for gases spans over four orders of 
magnitude, i.e. 0.002 to 26 cm/sec, while for particulate matter it ranges from about 
0.001 to 180 cm/sec.  Deposition velocity for iodine, an element of importance because 
of the release of its radioactive isotopes in nuclear accidents, ranges from 0.03 to 26 
cm/sec for grass surface, while for SO2 the values range from 0.04 to 7.5 cm/sec for 
various surfaces.  Table 3.10 gives some typical values of deposition velocities for some 
common pollutants.  

 
3.30.3 Depletion by precipitation 

 
Washout Precipitation (rain, snow) can deplete the plume due to scavenging of 

effluent by the raindrops or snow particles as they fall through the plume.  If the source 
also falls within the precipitation area, then the following correction factor to account for 
depletion due to precipitation may be used.  

 
                     Fp = exp (-Λ.x/u)                                ............(3.86) 

 
where Λ (s-1) is the washout coefficient  which is a function of precipitation rate, 
precipitation drop size spectrum, particle size distribution and solubility of effluent in 
rain water.  

 



  

Values of washout coefficient are based on the work of Chamberlain.  The effective 
value of Λ can be computed by integrating over the particle size distribution.  

 
Rainfall is not always wide spread.  Washout may therefore occur in some downwind 

segment of the plume, say between distances x1 and x2.  Thus up to distance x1 no 
depletion factor need be applied.  Between distance x1 and x2 depletion factor has to be 
applied as given in Eq. (3.86) and beyond a distance x2 plume will again be treated as 
undepleted but with reduced effective source term as calculated at distance x2.  

 
In the segment 0 < x < x1, the air concentration may be calculated using normal 

dispersion Eq (3.22).  Between x1 < x < x2 the concentration factor is  
 

                       Fp = exp -[ Λ (x - x1)/u]                       ......(3.87) 
 

3.30.3.1 Values of washout coefficient   
 
For particulates of radius a cm and density ρ (g/m3), Fig. 3.23 may be used to  

obtain Λ for  rainfall  rates up to 5 mm/h.  For higher rainfall rates, the curves may be 
extrapolated but with caution.  For soluble gases, the washout coefficient may be 
obtained using the following relation:  

 
               Λ =     5.9x10-4dR0.59  (s-1)                        .......(3.88) 
 

Where d = molecular diffusivity in cm2/s of the gas in air, and R = rainfall rate in 
mm/h. 

 
Depletion of concentration due to washout plays a very major role in redistribution 

of pollutants.  This depends directly on the rainfall rate and hence the facility for 
measurements of rainfall rates is very essential.  Except for widespread rains, the rainfall 
and rainfall rate vary from place to place.  It is not advisable to extrapolate a single point 
rainfall rate to large areas.  
 
3.30.3.2 Rainout  

 
A situation may arise where the release effluents reach sufficient heights where they 

are trapped in the clouds.  Especially if these clouds are rain bearing then the trapped 
effluents will come to ground when this cloud leads to rain.  In such a case it is difficult 
to estimate the concentrations on the ground due to this rainout as the effluents may 
travel over large distances before it rains and the original source will be unknown.  

 
3.31 Concluding remarks 
       
      We have thus discussed the various aspects of meteorology relevant to atmospheric 
dispersion and dispersion models which may be used under various situations.  One 
must carefully consider all the factors relevant to each situation vis-a-vis the nature of 
the source, height of release, temperature and efflux velocity, nature of the site and 
prevailing weather conditions such as wind speed and direction, cloud cover, rain etc. in 
any exercise of concentration evaluation.  In some cases, as in the case where the 
evaluation is required for design purposes and one has to arrive at the worst pollution 
situation,  one need not go into details of  every type of weather situation since a certain 
set of assumed  parameters for worst situation are only to be considered.  However need 
to evaluate concentrations with fair accuracy arises in the case of episodes where the 
any clue to the extent and area of damage can be obtained only from the application of 
the models described in this chapter.  The models require modifications to suit a 



  

particular situation, e.g. changing wind direction and stability during travel requires 
segmentwise application of the models. In the next chapter we shall discuss the 
instruments and methods of analysis of meteorological data.  
  



  

 
 
 

    
 

 
CHAPTER IV 

 
METEOROLOGICAL DATA ACQUISITION AND PROCESSING 

 
 

4.1 Meteorological variables  
 

The state of the atmosphere constantly changes with time and location.  The state 
may be described in terms of certain parameters called meteorological variables. 

 Meteorological variables can be classified into:  

 (i) Physical variables,  
 (ii) Dynamical variables,  
 (iii) Weather variables and 
 (iv) Radiation variables.  

In the following, the variables, the methods of their measurement and the units of 
measurement are briefly discussed.  Table 4.1 gives the names of the instruments used 
to measure and record these variables. 
 
4.1.1 Physical Variables 

 
These include atmospheric pressure,  air temperature and the variables related to 

the water vapour content i.e. moisture in the atmosphere.   
 
Pressure (p) Pressure is an intrinsic property of a gas.  Atmospheric pressure 

decreases with height.  It is measured by a barometer.   A standard barometer consists 
of a glass tube with a column of mercury which balances the pressure of the 
atmosphere.  Pressure may be expressed therefore as the height of the mercury column 
in millimetres.  The pressure exerted at sea level by the standard atmosphere is taken as 
760 mm of mercury.  

 
Unit of measurement for pressure in meteorology is a millibar (mb) or hectapascal 

(hPa).   A pressure of 1 Atmosphere = 760 mm of mercury column at NTP or 1013.16 mb.   
1 bar = 1000 mb = 1 million dynes/cm2 or 1.01972 E4 kg/m2.  While for local 
applications actual observed pressure is used, for plotting on surface weather maps the 
pressure is reduced to sea level by using standard tables.  

 
Temperature (T) It is a measure of the kinetic energy of the molecules moving 

randomly within the gas volume.  Atmospheric temperature can increase or decrease 
with height at any given time.  Temperature is measured by means of a thermometer. 

 
Unit of measurement of temperature is degrees centigrade(°C) which is one 

hundredth of the interval between the melting point of ice (taken as 0°C) and the boiling 
point of water at sea level pressure (taken as 100°C).  Temperature is also measured in   
Kelvin (K) where temperature in K is obtained by adding 273° to the temperature value 
in (°C).  British system uses degrees Fahrenheit (°F) where 0°C corresponds to 32°F and 
100°C corresponds to 212°F.  A large volume of old temperature data are in Fahrenheit 
units.  



  

 
Humidity (RH, q, w etc.)  It shows the amount of moisture i.e. water vapour in a 

given volume of air.  Any of the several variables given below may be used to express 
humidity.  However in routine meteorological measurements, it is the relative humidity 
(RH) that is generally measured and recorded.  The various moisture variables and their 
inter-relations are:  

 
(i) Vapour pressure  (e): Partial pressure (mb) exerted by water vapour. It has an 

upper limit depending upon temperature.  This upper limit is called saturation vapour 
pressure.  Saturation vapour pressure is denoted by es.  Table 2.4 gives the saturation 
vapour pressures at various temperatures appropriate to atmospheric range.  

 
(ii) Absolute humidity (ρv) : Density of water vapour. 
 
(iii) Mixing ratio (w) : Ratio of mass of water vapour to the mass of dry air in a given 

volume. 
                      w = ρv /ρd = 0.622 e/(p-e)             ......(2.97) 

where  0.622  is the ratio of molecular weights of water vapour (Mw = 18) and dry 
air (Md=28.9).    Expressed as gram of moisture per kg of dry air (g/Kg).  

 
(iv) Specific humidity (q): Ratio of mass of water vapour to mass of moist air. 
  
                                     q = 0.622 e/p 
 
(v) Relative Humidity (r): Ratio of mixing ratio w to saturation mixing ratio ws at 

the same temperature.  
                                      r = w/ws 
 
For all practical purposes it can be written as 100 e/es.  
 
(vi) Dew point temperature (Td): Temperature at which a given parcel of air will 

reach saturation vapour pressure.  
 
(vii) Wet bulb temperature: Temperature to which air may be cooled by evaporating 

water into it at constant pressure until saturated.  
 
4.1.2 Dynamical variables  

 
These show the state of motion of air. The variables are  
 
Wind:  Wind is flowing air. It is a vector quantity i.e. it has to specified by both 

speed and direction.  
 
It is customary to denote the wind direction by the direction FROM which wind 

comes.  It is also customary to divide 360 degrees of horizontal angular field into 8 or 16 
sectors each centred on compass directions.  These are N, NE, E, SE, S, SW, W and NW 
for a 8-sector compass and N, NNE, NE, ENE, E, ESE, SE, SSE, S, SSW, SW, WSW, W, 
WNW, NW and NNW for a 16 sector compass.  Wind direction falling in a sector is 
specified by that direction sector.  Thus a north wind does not mean true north wind but 
a wind which may have any direction falling in north sector of 45 degrees in the case of 
an 8-sector system and 22.5 degrees in the case of a 16-sector system..  

 
Wind speed is measured in units of km/h, m/s, miles/h or knot, where a knot is 1 

nautical mile per hour = 1.851 km/h.  



  

Wind speed is measured by means of an anemometer and the direction by a wind 
vane.  Often the anemometer and the vane are integrated into a single unit. 

 
It may be noted that wind is a fluctuating quantity.  An average wind speed and 

direction are therefore specified.  The period of averaging is generally 3 min for general 
observations and 60 min for air pollution related observations.  Recording type 
instrument is therefore needed for air pollution applications.  

 
Standard height of measurement of wind in surface observations is 10 m above 

ground.  Often however, anemometer is mounted at some suitable location depending 
upon local site conditions.  For special measurements as in the case of air pollution 
studies, the height most suitable to the site and situation should be used.  
 
4.1.3 Weather variables  

 
These include the precipitation phenomena like rainfall and snowfall.  
 
Precipitation: Expressed as the column of precipitated water in mm or cm.  It is 

measured by a rain gauge.  
 
Cloudiness and cloud type: Cloudiness is observed as the fraction of the sky 

covered by the clouds.  It is observed at fixed times of the day.  It is expressed in units of 
one eighth part of sky or OKTAS.  

 
Clouds are classified into three main types:  
 
 Low: Stratus and Cumulus  
 Middle: Altostratus and Altocumulus  
 High: Cirrus 
 
Standard photographs are available for classification of the clouds.  If the sky is 

obscured by fog etc. then it is recorded as obscured.  This is different from missing data.  
 
4.1.4 Radiation variables  

 
Among the radiation variables are (i) the incoming solar radiation and (ii) the net 

radiation.  
 
Incoming solar radiation consists of two components, the direct radiation coming 

from the sun and the scattered radiation i.e. the radiation scattered by the atmosphere 
reaching the measurement point.  The amount of radiation consisting of both the 
components, falling on a unit horizontal surface is called the global radiation. 

 
Net radiation is the algebraic sum of the incoming radiation and the outgoing 

radiation from the earth. The net radiative energy at any time may be going upwards or 
downwards.  For example, in daytime when incoming solar energy is much larger than 
the outgoing earth radiation the net radiation is downwards and is reckoned as negative.  
Towards late evening or at night the outgoing earth radiation predominates and is 
upwards being reckoned as positive. 

 
The unit of measurement is Langley/min (Ly/min) where 1 Ly = 1 Cal/cm2. It is also 

expressed in watts/m2.  1 Ly/min = 696.7 W/m2.  



  

4.2 Meteorological measurement network 
 

The atmospheric conditions e.g. wind, temperature, moisture content (humidity) and 
cloud cover constantly change.  Current condition of the atmosphere especially its  
temperature, humidity, wind and precipitation (rain or snowfall) is called the weather.  
Weather forecasting is very important in modern life, especially for aviation and 
agriculture, and is one of the important and specialised application of meteorology.  The 
seasonal distribution of average and extreme values of the parameters describing the 
weather conditions at a place is called the climate of that place and has an important 
application in many activities, especially for planning of habitats, design of buildings and 
plants.  

 
There is a worldwide meteorological observational network made up of the national 

network of each country which operates a number of meteorological observatories.  By 
international agreement observations are taken at fixed time the world over every three 
hours starting from 00Z (where Z stands for Greenwich mean time).  

 
There are two types of observations: (i) surface observations and (ii) upper air 

observations. Surface observations include pressure, temperature, humidity, 
precipitation, wind speed and direction, cloud cover and cloud type.  Upper air 
observations include wind speed, wind direction, pressure, temperature and humidity.  
These measurements form the basis for weather forecasting, climatology and other 
techno-economic applications throughout the world.  

 
In India there are about 500 observatories of which only about 40 stations take 

upper air observations. The rest take only surface observations.  The surface  
observations taken twice daily at 0830 hrs i.e. 0300Z and at 1730 hrs i.e. 1200Z.  
Precipitation is measured once daily.  The upper air observations are taken at 0530 hrs 
(00Z ) and 1730 hrs (1200Z).  

 
The data are sent by coded priority weather telegrams to central locations where all 

the data are collected.  Surface data are entered in a standard code on a weather map 
from which isobars (lines of equal pressure) are drawn.  These show presence of high 
and low pressure zones indicate presence of cyclones etc if any.  Upper air temperature 
data are plotted on a T-phi gram from which stable and convective layers can be seen.  
Wind data are used to make wind maps and streamlines at various pressure levels. All 
these are used for forecasting purposes.  

 
Surface data are used for various applications such as climatologically norms useful 

for many applications in planning and design where the relevant parameters depend 
upon temperature averages or extremes.  The data are also useful in agricultural 
meteorology.  Unfortunately primarily because of the discontinuous nature of 
observations and the comparatively crude instruments used the data are not useful in 
diffusion work.  However it is important to keep contact with the national weather 
network for getting warnings of adverse weather and for planning actions in case of air 
pollution episodes.  As will be seen later the pressure data can be used to supplement or 
interpolate wind information in regions where data are scarce.  
 
4.3 Meteorological instruments 

 
 A meteorological instrument consists of three basic parts.  A sensor, a transducer 

and an indicating or recording device.  The sensor senses the variable by physical, 
mechanical or electrical changes within the sensor.  The transducer transforms these 
changes to a mechanical deflection which can be read on a scale or to an electrical 
current which can be read on a meter.  The mechanical deflections or the electrical 
output can also be recorded on a paper chart for permanent record.  Such a device 



  

permits continuous recording of the variable.  With the development of electronics, the 
electrical current can be expressed in digitised form and can be fed to a computer for 
data processing and recording on magnetic devices like floppy discs. Fig 4.1 shows the 
general schematic of a meteorological measurement system.  In the following the 
principles of working of various instruments is described.  
 
4.3.1 Measurement of Pressure  

 
Basic instrument for measurement of pressure is a barometer.  There are two types 

of barometers: the mercury barometer and the aneroid barometer.  Of these the mercury 
barometer is a basic instrument.  It consists of an inverted glass tube of uniform bore 
sealed at the upper end and standing in a cistern of mercury (See Fig 4.2).  The 
atmospheric pressure exerted on the mercury surface in the cistern is balanced by the 
height of the mercury column in the tube.   The empty space above the top of the column 
in the tube is a vacuum therefore temperature changes do not give backpressure on the 
mercury column. However the temperature changes do affect the height of the column 
because of the expansion of mercury and glass with temperature.  A thermometer is 
generally attached on the body of the barometer from which temperature correction to 
the observed pressure has to be made using standard tables. 

 
Aneroid pressure sensors are evacuated and sealed bellows one end of which is fixed 

on a frame with a lever system attached to the other end.  The bellows expand or 
contract as the outside pressure changes.  The lever system mechanically amplifies the 
movement of the bellows due to the pressure changes.  In an aneroid barometer, the 
amplified movement is read with the help of an indicator needle attached to the lever 
system.  The calibration of the needle deflection in terms of pressure is made with 
reference to a standard mercury barometer.  In an aneroid barograph, a lightweight pen 
instead of the needle is used to record the deflection on a chart mounted on a drum 
which rotates by a clockwork system.  The clockwork is designed to make one full 
rotation in twenty four hours (Daily drum) or in one week (Weekly drum).  Aneroid 
pressure sensor elements attached to balloons are used in upper air measurements.  
 
4.3.2 Measurement of Temperature  

 
The classical sensor for measurement of temperature is the mercury-in-glass 

thermometer.  In very cold regions however where alcohol-in-glass thermometers are  
used.  Bimetallic elements, usually strips in helical form, are also used as thermometers.  
These have the advantage that a dial can be used to read the temperature. These are 
however not as accurate as the mercury in glass thermometers.  Bimetallic elements are 
used in thermographs which record temperature continuously on a chart.  Bimetallic 
thermometers are also used for upper air measurements.  

 
Maximum and minimum temperature attained during a calendar day are two 

important parameters.  For this purpose special type of thermometers which record the  
maximum and the minimum temperature have been devised.  

 
In a minimum thermometer, a transparent organic liquid is used.  An iron index is 

provided just below the meniscus of the column.  Falling temperature pulls the index 
down due to surface tension. When temperature rises,  the index is left in the minimum 
position.  The upper part of the index shows the minimum temperature.  The index is 
reset daily to the meniscus position by a magnet after the daily reading generally taken 
at a fixed time in the morning. 

 
The maximum thermometer is similar to a clinical thermometer where a constriction 

is provided between the mercury bulb and the capillary.  When temperature falls after 



  

reaching the maximum, the constriction breaks the column retaining the maximum 
reading.  The thermometer is reset by jerking it vigorously after taking the daily reading.  

 
For surface measurements, thermometers or thermographs are located in a 

Stevenson screen which is a white painted rectangular wooden enclosure with louvered 
walls which allow air to flow through but shield the thermometers from outside radiation 
which can disturb the temperature reading.  The temperature is measured at an 
internationally agreed height of 1.2 m above ground.  The location of the thermometer 
bulb or bimetallic element of the thermograph in the Stevenson screen is at this height.  

 
For special temperature measurements, especially in air pollution meteorology, 

resistance thermometers, thermocouples or thermostats are used.  
 
The property of a resistance changing with temperature is used in resistance 

thermometers.  Usually platinum or copper wire wound non-inductively and sealed in a 
tube is used as resistance element called resistance bulb.  The resistance thermometer is 
used in a Whetstone bridge circuit.  The temperature is obtained by balancing the 
bridge. Automatic self-balancing bridge recorders are available which continuously show 
the temperature and record it on a strip chart recorder.  A useful modification of such 
recorder permits it to be used in multipoint mode in which several resistance 
thermometers can be connected to the same recorder.  Each resistance element is 
cyclically brought into the circuit and the resistance is then marked on the continuous 
strip chart.  This system has been found to be very useful in air pollution studies where 
the thermometers mounted at different heights on a tower give the temperature profile 
and the lapse rate.  It must be noted  that long connecting lead lengths between the 
recorder and the resistance bulb can cause errors in the temperature measurements 
since the lead resistance is also comes in the resistance bulb arm of the bridge circuit.  
This problem is overcome by using a three or four wire system which permits 
cancellation of the lead resistance (See Fig 4.3).  

 
A thermocouple is also used as a temperature element.  Usually a copper-

constantan couple is used.  General construction of the thermocouple bulb is similar to 
that of the resistance bulb. The thermocouple is used in a potentiometric bridge circuit.  
Automatic potentiometric bridge recorders, similar to the resistance bridge recorders are 
used to record temperature. 

 
It must be noted that neither kind of bridge gives an electrical output since the 

temperature shown is in null balance mode.  It is necessary to use an auxiliary system to 
generate electrical output which is essential for feeding to data processing systems.  One 
such unit is a potentiometric voltage divider attached to the shaft of the balancing motor 
in the recorder. 

 
Thermistors have been widely used during the last three decades for measurement 

of temperature.  Thermistor is a semiconductor sensor.  Advantage with a thermistor is 
its fast response due to its small size and large temperature coefficient.  The change in 
the resistance is however nonlinear.  Circuits have been developed to use the thermistor 
in an off-balance bridge mode which gives a linear response in the desired temperature 
range.  In the off-balance mode an electrical output can be obtained for feeding to a data 
processing systems.  It is essential that the thermistors are well cured otherwise 
calibration can change frequently.  

 
Integrated circuit chips have recently been developed which, when connected to a 

specified voltage source,  gives the temperature directly on a micro-ammeter. 



  

 
4.3.3 Measurement of humidity  
 

There are two types of instruments in use for measurement of humidity.  The 
psychrometer is used to measure wet and dry bulb temperatures from which relative 
humidity and all other humidity parameters can be obtained.  A hygrometer gives the 
relative humidity directly. Other humidity parameters are obtained using the dry bulb 
temperature using the relations mentioned earlier. 

 
In routine surface measurements, relative humidity is measured using a 

psychrometer.  Dry bulb temperature is the actual air temperature shown by an ordinary 
thermometer.  Wet bulb temperature is obtained by another identical thermometer with 
its bulb covered by a cloth gauze dipped in distilled water and kept in an air stream.  The 
air stream makes the water in the gauze to evaporate causing it to cool.  The extent of 
decrease of the wet bulb temperature below the dry bulb temperature is called 
depression of the wet bulb and is a measure of relative humidity which can be found 
from standard tables.  Wet bulb thermometer is kept in the Stevenson screen side by 
side with the dry bulb thermometer.  At the time of taking the reading the air flow is 
created either using a small fan or by fanning the thermometer with a cardboard.  
Another version of the psychrometer is the whirling psychrometer in which the 
thermometer set together with distilled water bottle are mounted on a small wooden 
board which is mechanically rotated before taking the reading.  

 
It is most important that only distilled water is used for the wet bulb and the gauze 

be cleaned and washed periodically of the dust and salt.  This is because ordinary water 
has some salt in it and the vapour pressure of a salt solution is less than that of pure 
water. 

 
Most common hygrometers use the human hair.  Dry, degreased human hair 

changes its length depending on the relative humidity.  A bunch of human hair is 
clamped between two terminals.  At the centre, a string is tied, with its other end 
connected to a spring.  Any slack or tightening of the hair bunch results in elastic 
deformation of the spring which, by simple mechanical arrangement, is connected to a 
pointer.  This instrument is called hair hygrometer.  It must be noted that the 
measurement scale is nonlinear.  Over prolonged periods it is necessary to clean the hair 
of dust and salt deposits.  

 
For continuous recording, a double bimetallic thermometer with one element 

covered by cloth gauze dipped in a pot of distilled water is used.  Alternately hair 
hygrograph is also used for recording relative humidity.  The length of a dry degreased 
human hair depends upon relative humidity and this property is used to measure 
relative humidity directly. Once relative humidity and the air temperature are known all 
other moisture variable values can be calculated. In upper air measurements made with 
radiosonde balloons, bimetallic elements are used for wet and dry bulb measurements.  

 
Advances in electronics have resulted in development of semiconductor type 

humidity sensors which change resistance with humidity.  These can be used in a bridge 
circuit to obtain electrical output of humidity.  It is necessary here to keep the surfaces 
clean periodically. 
 
4.3.4 Measurement of wind 

 
Wind speed may be measured by using certain properties of fluid in motion.  A 

moving column of air exerts pressure on a surface perpendicular to the flow.  This 
pressure called dynamical pressure can be measured by a manometer connected to a  
horizontal tube facing the wind.  The classical Dines pressure tube anemometers which  



  

have been widely used at the meteorological observatories in the former British Empire 
were based on this principle.  The pressure tube is attached to a vane which makes it 
always face the wind.  Other end of the manometer is connected to a set of apertures at 
the vane level in order to sense the static pressure at that level.   By Bernoulli principle, 
the dynamical pressure is proportional to square of the speed.  By means of a specially 
designed arrangement of a float with lightweight pens, the speed is recorded on a chart 
drum with a linear scale.  The wind direction is also recorded by a suitable gear 
arrangement.  Many network stations in India still continue to use this instrument. It 
has a rather compressed direction scale and low chart speed.  They are not very suitable 
for air pollution applications. 

 
Cup anemometer   The most common type anemometer used today is the cup type 

of anemometer where conical or hemispherical cups are mounted on a vertical shaft (Fig. 
4.4).  The cup assembly rotates in the wind.  The rate of rotation is proportional to wind 
speed. The rate of rotation is measured in various ways .  

 
In a cup counter anemometer, a mechanical counter is attached to the shaft and 

readings are taken over a period of few minutes (generally three minutes).  
 
In a generator type of anemometer a small electrical generator is attached to the 

shaft.  The anemometer is calibrated in a wind tunnel in terms of current.  Because of 
the magnetic drag of the generator, the generator type anemometer has higher starting 
speed and is nonlinear at low speeds.  

 
Photoelectric anemometers In modern anemometers a light chopper system is used 

to translate rotational speed electronically to current.  This does not suffer from the drag 
problem of generator type of anemometer, but needs expensive electronic circuitry.  The 
response however is absolutely linear. Generator and photoelectric type anemometers 
can be connected to continuous strip chart recorders or to data processing systems.  

 
Wind Vane: Wind Direction is measured using a Wind vane attached to a vertical 

shaft.  In national network stations, wind direction sector is visually estimated by the  
observer who watches the vane for a short time.  

 
For recording purposes, if only the direction sector is required, the shaft is attached 

to electromechanical devices arranged sector wise.  For recording indication on a 
continuous scale, a selsyn system is used.  Selsyn system however does not give an 
electrical output.  Where such an electrical output is needed e.g. for input to computer 
or a recorder, low torque 360° potentiometers (actually only 354° with a 6° gap) are used.  
When connected to the shaft the potentiometer, through an electric circuitry, gives a 
current output proportional to direction in degrees (Fig. 4.5).  Electronic transducers 
which give electrical or digital output of the angle of the vane are also available now-a-
days.  These work without contacts therefore have low starting speed.  

 
Gap problem While recording wind direction on a chart or while taking average of 

digitised data, wind direction record offers a peculiar problem because a circular angle 
scale of 0-360° is linearised.  The 0° and 360° both represent north and on a linear chart 
are at the two extremes of the record.  When wind direction fluctuates around north the 
recording pen has to jump across thereby smearing the chart record.  Suppose the wind 
direction has changed from 345° (NNW and near full current) to 360° (N and full 
current)) and is still moving towards right to NNE to say 365° i.e. actually 5° to the right 
of north.  The current would be slightly more than zero.  The pen would then jump left 
smearing the recorder chart.  To avoid this the scale is extended by 180° to 540°.  As 
soon as the pen reaches full scale corresponding to 360°, an electronic circuitry adds 
current equivalent to the full scale value for the deflections between 0°-180° and stops 
doing this as soon as the value falls below 360°.  Since the chart scale is slightly 
compressed, the reading accuracy is reduced to 2/3 of the original value.  In a 



  

mechanically operated recorder e.g. Dines PT or selsyn type, a second pen comes into 
action whenever the main pen tries to cross north. 

 
Propeller type anemometer: In this type of instrument wind direction and speed 

are sensed by a single unit.  Wind is sensed by a propeller attached to a vane.  The 
propeller therefore always faces the wind.  A generator attached to the propeller shaft 
gives current which can be indicated on a meter or recorded on a recorder.  The direction 
is obtained either by a selsyn unit or potentiometer. 

 
Hot wire anemometers: For research in turbulence, fast turbulent component of 

wind has to be measured.  The response time of the instrument has therefore to be very 
small.  Hot wire anemometers have been used for this purpose.  A thin wire, usually  
platinum, is heated by current.  Airflow cools the wire changing the resistance which is 
used as an indicator of air speed.  
 
4.3.4.1 Some modern instruments  

 
Recent developments in electronics and instrumentation have given many   

sophisticated instruments for meteorological measurements. Some of these are 
discussed below.    

 
(1) SODAR (Sound Detection and Ranging) : A sound pulse is emitted upwards 

and the return signal is measured. A receiving antenna kept on the ground receives the 
sound waves backscattered by air.  Temperature discontinuities cause very strong 
backscatter of sound waves which is indicated by the signal strength received by the 
receiver.  Since the time of emission of the pulse and the time of receiving the 
backscatter pulse is known the height at which the discontinuity occurs can be 
computed. If this time lag is t seconds and velocity of sound is c m/s, then the height is 
simply ct/2 meters.  The SODAR system may be used in monostatic mode where the 
transmitting antenna, which generally is a spherical dish with the emitting source at the 
focus, also alternates as the receiving antenna.  In the bistatic mode the two antennas 
are different and separated by some distance.  It is more common to use the monostatic 
mode. The signal is recorded on a facsimile recorder which gives a qualitative pattern of 
the structure of atmosphere.   The system is capable of giving continuous data from 50 
m to about 1000 m in the vertical with a height resolution of about 50 m.  The system in 
its earlier and simplest configuration, used a single vertical trans-receiver antenna, only 
vertical component of wind vector and qualitative pattern of atmospheric structure. This 
version which is also called acoustic radar is of very limited use unless use of Doppler 
principle is made to obtain wind components. This is done in its later version called 3-D 
Doppler SODAR which is capable of giving wind and turbulent parameters upto a height 
of about a kilometer.  

 
A 3-D Doppler SODAR uses three antennas, one of then vertical and two inclined at 

an angle of about 30 degrees to vertical and oriented east and north are fixed on ground 
or a mobile trailer (Fig. 4.6).   

 
The theory of the working of a Doppler SODAR is as follows: 
 
The principle of Doppler effect is that when sound waves are transmitted through a 

moving medium the frequency of the waves as seen by the receiver changes. Let fT be the 
frequency of the transmitted pulse (generally about 2000 Hz) and fR be the frequency of 
the pulse received by the antenna. Let Vr be the radial velocity with which the sound 
pulse signal hits the backscattering air volume. Then  



  

 
                                           (1 + Vr/c) 
                                 fR = fT ————— 
                                            ( 1 - Vr/c) 

 
where c is the velocity of sound approximately = 340 m/s.  The above can be rewritten 
as 
 

                                     (1 + Vr /c)2  
                          fR  = fT —————— 
                                     1 - (Vr /c)2 
 
Since wind speeds are much smaller compared with the  speed  of sound,  the 

second order term (Vr/c)2 may be neglected and we  may write the above as  
 
                               fR  = fT ( 1 + 2Vr/c) 
 
The Doppler shift is defined as  
 
                               ∆f =  fR - fT =  2Vr fT/c 
 
and therefore 
 
                                    Vr = c∆f/2fT  
 
Thus, out of the three antennas, the value of Vr obtained from the vertical antenna 

gives w, the vertical component of  the wind speed. The antenna facing east and north 
give respectively u- and v- components from corresponding values of Vr as follows. 

 
Consider the east facing antenna inclined at an angle B to the horizontal plane.  The 

value of Vr (= Vrx)  given  by  this antenna  from the Doppler shift, is the wind 
component along  the axis of the antenna and is given by  

 
                            Vrx =  wSin B  +  uCos B 
 
                     or     u =  Vrx /Cos B  -  w tan B 
 
Similarly, from the second antenna, 
 
                             u =  Vry /Cos B  -  w Tan B        
 
Since u, v and w are known, the wind vector can be computed up to height of about 

1km. 
 
In the latest version of the system, which is called Phased Array SODAR, the three 

antennas in the conventional 3-D Doppler SODAR are replaced by an array of 
transducers in a single antenna enclosure.  Three beams in three orthogonal directions 
are independently generated. The scanning is done electronically by using single phased 
array antenna without any mechanically moving parts.  The return signals are processed  
by computer to give wind speed and wind direction at various heights, as well as 
standard deviation of wind fluctuation in the three directions.  

 



  

       A miniSODAR is a mini version of this SODAR as far as the height coverage and 
height resolution are concerned.  This system works on a slightly higher acoustic 
frequencies and is capable of giving data from 10 m to 300 m with a height resolution of 
about 10-20 m. 

 
It may be noted that the SODAR system alone is not able to give any information on 

the temperature at different height.  In the latest configuration, the acoustic and radio 
techniques are combined to obtain temperature of different layers of the atmosphere. 
Such a system is called RASS (Radio Acoustic Sounding System). 

 
The RASS involves sending acoustic pulses in the atmosphere and tracking them 

with a CW RF bi-static radar.  The enhanced backscatter of the electromagnetic energy 
owing to the Bragg matching condition contains information on sound speed which in 
turn is proportional to the temperature at that level.  The temperature information could 
be obtained from about 100 m to 1000 m height with a height resolution of about 100 m.  
The frequency of operation for RASS has to be chosen such that it satisfies Bragg 
matching condition which means that the electromagnetic wavelength (λe) should be 
twice the acoustic wavelength (λa) i.e.    
 
                                                λe = 2 λa 
 
        The basic physical quantity inferred by RASS is the atmospheric sound velocity.  
These measurements can then be used to infer the virtual temperature Tv (Eq. 2.11) 
which is related to the speed of sound c as  
 
                                        c = 20.047 √Tv  
 
where Tv is in K and c is in m/s.    
   
          These are highly sophisticated and expensive systems.  The problems in the 
conventional systems like high failure rates due to mechanical components in the 
sensors (wind vane and anemometer), maintenance of meteorological tower, limited 
range of observation points etc. are avoided to a large extent by using these systems.  
These are ground based, trailer systems and do not have any moving parts unlike 
conventional sensors.  These are capable of giving essential data from 10 m to 1000 m.   
These are generally coupled to a computer based data acquisition and processing system 
resulting into a dedicated on-line, real time system, which is useful in assessing impact 
of routine as well as accidental gaseous discharges.   
 

(2) Sonic Anemometer:  This works on the principle that propagation of a spherical 
sound wave travelling in air at a constant temperature equals the velocity of sound plus 
the velocity of air.  A pair of sound transmitters operating at 100 kHz and matching  
receivers face each other at opposite ends of a path.  Simultaneous spherical sound  
waves are generated by the transmitters at 400 times per second and the waves are 
received by the receivers.  The differential time of travel is a measure of the air speed and 
the sum is a measure of temperature.  Thus a single instrument gives both the speed 
and the temperature.  Three sets of such units mounted in three orthogonal directions 
gives the two horizontal and the vertical component of wind as well as the temperature.  
Electronic processing gives several useful turbulence parameters of interest in dispersion 
modelling e.g. the standard deviations of turbulent component and the temperature flux.  
There are no moving parts involved.    
 
        (3) Surface Layer Scintillometer: This equipment gives sensible heat flux and 
momentum flux in the surface layer along with other surface layer parameters.  The 
system uses a source of laser beam and a photodiode detector mounted at about 1 m 
height and horizontally separated by about 100 m.  The detector detects the laser beam 



  

scintillations resulting out of the fluctuations in the refractive index of the atmospheric 
path between the source and the detector.  The fluctuations in the refractive index are 
proportional to the temperature and wind speed fluctuations caused by the atmospheric 
turbulence and hence are the direct indicators of the turbulent heat and momentum flux 
in the atmosphere.  The measured structure constants and inner scales of refractive 
index fluctuations are related to structure constants of the temperature fluctuations and 
dissipation rates of turbulent kinetic energy respectively.  Then assuming Monin-
Obukhov similarity, turbulent fluxes of heat and momentum in the surface layer are 
derived.  In spite of some uncertainties in the empirical constants and the Monin-
Obukhov similarity expressions used, the method has been proved to be of great value 
for monitoring surface-layer turbulence. 
 
4.3.5 Measurement of Precipitation 

 
Basic instrument to measure rainfall is the Rain Gauge.  In its simplest form it 

consists of a funnel to collect the rainwater in a bottle. To avoid evaporation losses, the 
bottle is kept in an enclosure.  The quantity of water collected over a period divided by   
the area of the funnel gives the amount of precipitation. Standard funnel diameter is 5 
inches or 12.5 cm.  It is essential that the edges of the funnel be sharp to avoid the 
collection of rainwater from the splashing of the drops. The collecting funnel of rain 
gauge must be at standard height of 12 inches or 30 cm.  

 
In a recording rain gauge a float with a pen is used to record on  a chart drum.  The 

gauge is provided with a siphon arrangement such that as soon as 10mm rain occurs   
the vessel is emptied quickly and the pen is reset to zero.   This arrangement overcomes 
the problem overflow and loss of data.  

 
Another type  of  rain gauge which is  useful  for  obtaining rainfall as well as rainfall 

rate is the tipping bucket rain gauge.  The shape of the bucket set is as shown in Fig 4.7.  
Rain collected by the funnel falls into the bucket A. As soon as a predetermined quantity 
is collected in the bucket it tips and the second bucket comes in place.  The rain is thus 
collected alternately by the two buckets.   At each tipping a contact is closed  (using a  
mercury switch)  or  a pulse is generated by electronic device such  as  a photoelectric  
switch.  The contacts can therefore be counted and also recorded on a chart using a 
event type recorder.  Rainfall rate is obtained by dividing the rainfall per bucket divided   
by time interval between the tipping pulses.  

 
4.3.6 Measurement of Incoming solar radiation and net radiation  

 
Incoming solar radiation (Insolation): This is measured by measuring the 

temperature rise of a horizontal blackened surface exposed to sun in comparison to a 
similar white surface.  The temperature is measured by a thermopile in an electrically 
recording instrument and by a bimetallic system in a mechanically recording 
instrument.  The surfaces are covered by protective glass domes.  The instrument is 
called a pyranometer or solarimeter.  While exposing a solarimeter to sun there is no 
restriction on height but it is necessary that it should be away from shadows.  The 
solarimeter measures the sum of direct solar radiation and the diffuse radiation i.e. that 
scattered by the atmosphere and clouds. 

 
Net radiation: The instrument is called pry-radiometer or net radiometer. It 

measures the difference between the total radiation (both shortwave and long wave) 
incident on a horizontal surface from above and the sum of reflected shortwave and 
thermal (longwave) radiation from below. The sensor is a pair of temperature 
compensated thermopiles exposed upwards and downwards. The sensor is protected 
from wind and precipitation by covering it by polyethylene (material which is transparent 
to radiation from 0.3 µm to 50 µm wavelengths) hemispheric domes. To prevent internal 
condensation and to preserve the shape of the domes, a flow of dry air or Nitrogen is 



  

maintained inside the dome. Output of the thermopiles in voltage form is proportional to 
the net radiation. After proper amplification, it can be recorded on a strip-chart recorder 
or stored in a data logger.    
  
4.3.7 Measurement of atmospheric stability 
 
       Atmospheric stability estimation is the ultimate purpose in most of the 
meteorological measurement programme carried out for dispersion evaluation. An 
integrated, fully automatic, computer based system has been designed for this purpose. 
This system uses the measurements of wind speed and solar/net radiation measured by 
the conventional sensors. Atmospheric stability classification index is obtained on the 
basis of pre-determined scheme based on wind speed and solar/net radiation. Output 
can either be recorded or printed in a sequential manner for a desired time interval.    
 
4.4 Meteorological instruments in air pollution  
 
4.4.1 Basic data requirements 

 
The basic meteorological data requirements for the dispersion computations 

including the computation of plume rise model are as follows:  
 
- Wind speed and direction,  
- Atmospheric stability (from temperature profile or cloud cover + wind speed)  
 
 Computation of plume rise requires, in addition to the above, the following 

parameters:  
 
- Insolation (under unstable conditions),  
- Friction velocity or Roughness parameter (Under Neutral conditions),  
- Temperature and lapse rate (Under stable conditions) 
 
Insolation values required for stability determination and for plume rise evaluation 

in unstable conditions can be calculated from solar elevation angle and cloudiness as 
outlined in Chapter II.  Solar angle can be computed from solar declination and equation 
of time as explained in an earlier chapter. u* can be calculated from a single wind speed 
measurement at the standard height provided the roughness parameter is known.  
Roughness parameter has to be evaluated from accurate wind speed observations at two 
heights under neutral conditions using the logarithmic profile relation as explained in an 
earlier chapter.  It should be noted that roughness parameter can change with time due 
seasonal or continuing changes in vegetation cover.  Its value needs periodic re-
evaluation.  

 
Thus the basic minimum measurements required for dispersion calculations are  
 
 - wind direction,  
 - wind speed,  
 - cloudiness,  
 - temperature and  

        - roughness parameter. 
 
It should be noted that insolation measurements being preferable to computed 

values.  Also, if computations of wet deposition by rain are required then rainfall rate is 
also needed.  Data on pressure is also required for plume rise calculations, however 
generally mean pressure values are sufficient.  Under certain conditions the height of the 
mixing layer is also required, however we shall not consider that aspect here.  

 



  

In contrast with the measurements for synoptic network described earlier, the 
nature of measurements required for air pollution work are different.  Most often, the 
synoptic data network is of little use for short range dispersion computations. It is of 
better use for long range applications. 

 
The special requirements of measurements and their accuracy are discussed below. 
 

4.4.2 Specifications of Accuracy 
 
Table 4.2 gives the specifications of accuracy and related requirements for 

meteorological measurements applicable to air pollution.  
 
4.4.2.1 Desired characteristics of instruments  

 
Wind speed:  In air pollution work, mean wind speed values (generally 1 hr 

averages) are required. Hence a totalising type of anemometer which gives an electrical  
output can be conveniently used.  However, such an anemometer does not give output in 
analog or digital form and therefore its output cannot be connected to microprocessor 
based data acquisition system without prior conversion of analog to digital signal.  

 
Wind direction:  This is one of the most important instruments in air pollution 

work. Much care has to be taken in its mounting and exposure so as to show wind 
direction most representative of the plume travel.  Visual type of vanes used in synoptic 
work are therefore not of much use.  Wind vane giving electrical output proportional to 
wind direction measured from a given standard direction (usually North) is generally 
preferred.  Transducer is generally a low torque, continuous type potentiometer whose 
wiper is coupled with the shaft of the vane.  Rotation of the vane is thus related to 
resistance of the potentiometer.  The change in resistance is then used to give an 
electrical voltage or current signal as an output which is proportional to the rotation of 
the vane and hence the wind direction.  The electrical output is used to record the 
direction on a strip chart recorder or may be fed to a microprocessor. 

 
Temperature sensors: Transducers capable of giving electrical signals viz 

thermocouples, resistance thermometers, thermistors etc. are generally used.  
Temperatures at various levels may be measured by mounting sensors at those levels, 
with the output connected to an indicator or recorder.  A multichannel recorder which 
records temperatures from  successive levels cyclically is generally sufficient.  Instead of 
measuring absolute temperature, the temperature sensors may also be connected to give 
temperature difference with respect to a fixed level. Actually temperature difference is the 
parameter which is related to atmospheric stability. As mentioned earlier a bridge or 
potentiometric recorder does not give an electrical output.  It is necessary to use a 
voltage dividing potentiometer coupled to the balancing motor shaft of the recorder to 
generate electrical output usable or a data processor. 

 
The sensors shall be shielded from direct solar and ambient radiation.  Aspirated 

thermometers therefore, shall be in double walled housing and non-aspirated 
thermometers should be in louvered housing designed to reflect radiation.  A typical 
assembly for temperature measurements is shown in Fig 4.8. 

 
Solar radiation: Standard Solarimeters or pyranometers give about 50 mV output 

for maximum solar radiation.  This can be coupled to a single pen potentiometric 
recorder at chart speed of 2.5 cm/hr.  Again, for input to microprocessor electrical 
output will have to be generated as in the case of temperature recorder. 

 
For routine use, consistent with the averaging time of 1 hr for wind, the integrated 

radiation over corresponding period is required for determining stability.  While the value 



  

can be obtained from a chart, on days with considerable cumulus clouds passing over  
the record is difficult to read.  It is advantageous to use electronic integrators which give 
the total radiation received over a given period.  The data processor if connected can also 
be programmed to give this value.  

 
4.4.3 Installation of the instruments 
 
4.4.3.1 Location of sensors 

 
Since meteorological sensors are required to measure the properties of free air, it is 

very important to locate them carefully so that they are not affected by obstructions and 
other kind of disturbances.  Some guidelines for locating the sensors to obtain proper 
exposure are given below. 

 
Wind sensors: Wind flow is modified by the obstacles such as trees, buildings and  

structures.  To obtain the free flow velocity of the wind, the sensors should be mounted 
sufficiently away from the surrounding buildings as well as sufficiently above the 
surface.  Wind direction particularly is very sensitive to the presence of obstacles. A 
thumb rule is that the wind vane should be located at a distance of at least ten times the 
dimensions of the obstruction.  In no case it should be within three times the dimension 
of the obstruction as the turbulence generated in the wake of the obstacle can give 
erroneous results.  Standard height of measurement of wind as per climatological 
practice is 10 m above the ground.  This height is also the reference height for Pasquill 
Stability Categories.  However, for air pollution applications the relevant height of 
measurement is the plume height.  Except for ground level and fugitive emissions, the 10 
m height wind may be used.  It is desirable to locate the anemometer and wind vane at 
as high a level as possible, say at the top of the tallest structure or a tower.  The 
direction measurements are normally done with respect to a fixed direction (usually true 
re essential that the direction setting be done carefully and accurately to within 1 degree 
and checked at regular intervals.  

 
Temperature sensors: Temperature sensors should be shielded from direct 

radiation of the Sun or other radiating bodies or surfaces such as building surfaces. It is 
therefore essential that the temperature sensors are located either in aspirated channels 
or in louvered wooden boxes sufficiently away from interfering structures.  

 
Whenever temperature difference between two levels is measured directly by using a 

pair of temperature sensors, the levels should be chosen carefully to give meaningful 
values of the temperature difference.  For example if temperature is measured at two 
levels 10 m apart vertically, then since under neutral conditions a 0.1°C difference 
should be shown.  Sensors and the necessary system should have adequate accuracy to 
measure this difference.  It is also essential that the temperature sensors have identical 
temperature characteristics and the temperature measuring system is well calibrated.  If 
this checking and the precalibration is done with great care then one can get good 
reliable measurements of the temperature difference.  It is essential to check this 
calibration at regular intervals and while changing the sensors it is better to change both 
the sensors by another matched pair. 

 
Solarimeter: This instrument should be located such that shadows of surrounding  

trees or structures does not fall on it throughout the year.  The glass dome covering the 
sensor should be kept clean and should not collect any moisture.  It is essential to clean 
the surface at regular intervals and use moisture absorbing chemicals (e.g. silica gel) to 
keep it moisture free.  Care should also be taken against nuisance from birds sitting in 
which case the readings could be erroneous if they happen to sit on the dome or cast any 
shadow on the dome. 

 



  

Rain gauge: Rain gauge should be kept in an open area away from obstacles. The 
rim of the instrument should be about 30 cm above ground.  The measurements should 
be done at regular intervals of say a day at fixed times.  During monsoon periods if heavy 
rains are predicted the measurements should be done more frequently to avoid overflow 
of collecting jar.  In case of a recording rain gauge, the calibration should be checked 
before onset of the rainy season. 
 
4.4.3.2 Location of recorders and other interfaces 

 
Recorders for basic parameters viz. wind speed, wind direction and insolation (or 

temperature difference if measured) may be located at such a place that while their 
operation and maintenance should not cause any interference in the normal operation of 
the plant.  At the same time they should be easily accessible during routine operation as 
well as at the time of any possible accidental release.  Ideal place would be install them 
in the plant's control room where other parameters are also monitored and displayed 
continuously.  
 
4.4.3.3 Maintenance and servicing schedule 
 

Sensors: Meteorological sensors may be inspected and serviced at a frequency 
which will ensure at least 90 % data recovery and which will minimise extended periods 
of outages.  Routine maintenance and servicing may include all peripheral equipment 
like recorders, interfaces, towers, supports, cables, and power supplies as well as 
shelters, fences and buildings.  

 
Recorders: Accurate time checks and calibration marks should be made on the 

recorded charts, at least once in 24 hours.  All records may also be checked at 
prescribed time schedule as well as randomly.  All strip-chart records should be well 
documented at the beginning, at the checking times during recording and at the end of 
the charts.  

 
A log of inspection, maintenance and calibration may be maintained on the site as a 

permanent record available for review.  
 
4.4.4 Selection of meteorological observation points  

 
The number of micrometeorological stations needed at a site depends upon the site 

complexity and the distance of application from the pollutant source.  The guiding 
principle in determining the number and location of the stations is that the data 
obtained from them should give sufficiently representative information on transport and 
diffusion of the pollutants over desired distances from the source.  

 
For example, while in a plain non-urban terrain and distance corresponding to 2 to 

3 hours of plume travel(or upto about 30 km. depending upon wind speed) a single 
suitably located station may be sufficient. Data from additional stations may be needed 
for longer distances or times of travel.  In urban areas, on account of flow modification 
due to heat island effect preliminary investigations may be needed to determine the 
maximum number of stations to obtain representative data.  In complex terrain, 
depending upon the topography a large number of stations may be needed.  



  

4.5 Relevant time and space scales  
 
It has been mentioned earlier that the meteorological parameters vary in time and 

space.  The space variations are not very significant over small distances in a plain 
terrain but in the case of complex terrain these could be very severe.  In such cases one 
has to be very careful in interpreting the data. 

 
Time variation - Wind speed and wind direction show fluctuations with periods 

from fraction of a second to several hours.  Further the winds are subjected to seasonal 
variations with a pattern typical of a location.  The pattern very nearly but not exactly 
repeats itself year after year.  Here the basic period is one year.  Realisation of these time 
scales is important from the consideration of choosing proper averaging time and proper 
type of equipment.  The choice of averaging time is very much dependent on the 
application of the data.  Though general observational practice in climatology and 
forecasting is to take observations twice a day, in the field of the air pollution the choice 
of the averaging time and frequency of observations should be optimum and relevant to 
the problem on hand. 

 
Space variation - Experience has shown that in plain terrain the wind speed and 

direction do not show sharp variation in horizontal direction. In case of a complex terrain 
however, such variations are possible.  Therefore for obtaining the wind field in such 
terrain it is necessary to put more than one station in the area.  The location of the 
stations must be chosen carefully.  It is possible only to give a general guideline for to 
the choice of the station sites.  If one is using the parameters for studying the effluents 
released from the elevated sources then the instruments should measure the parameters 
at that height or as near the height as possible.  For ground level releases wind should 
be measured at 10 m height.  

 
Wind speed and wind direction change with the height also.  Whereas the studies 

made so far enable one to extrapolate winds from one level to another within the surface 
layer of approximately 50 meters above the ground in a reasonably plain terrain, such an 
extrapolation or interpolation in higher layers of atmosphere is not always possible. 

 
In air pollution studies the most relevant heights are 
  
(1) near the sampling level,  

 
(2) the level of release of the effluent or the effective source height, and  

 
(3) the entire depth in which effluents spread at given location on the earth. 
 
The relevant height for (1) above is of the order of a few meters and for (2) can be few 

tens of meters unless the effluents are thermal and have high plume rises. In case of 
thermal power stations the effective source heights could be of the order of few hundreds 
of meters.  As regards to the depth of uniform plume spread ((3) above), it will be dictated 
by the vertical plume spread parameter and hence it will depend on the downwind 
distance with the upper limit as the height of mixing layer.  
 
 
 
 
 
 
 
 



  

4.6 Processing and analysis of data  
 
A chart recording system should be considered as a primary requirement for 

recording meteorological data.  Though this data requires laborious manual analyses, 
tabulation and input to digital devices like computers storage and analysis, the 
advantages of a chart recording system are 
         

(1) It is cheap and easy to maintain. 

(2) It has the advantage of an immediate visual presentation of the incoming data. 
In case of digital data recording, the time variation of the data is not 
immediately visible.  

(3) It permits a quick detection of malfunctions and easy evaluation of sensing 
performance of the instruments.  For example, strip-chart records allow a fast 
check on the threshold and response of the anemometers and wind vanes or on 
the meaningfulness of the temperature difference measurements or on general 
behaviour of the radiation sensors.  In digital data recording system, one has to 
wait for the data to be plotted with the result that considerable amount of data 
can be lost before a faulty sensor is detected and replaced. 

 
 To avoid the time delays in manual reading and processing of chart records, 

nowadays automatic data acquisition units are often used nowadays.  A drawback of the 
data acquisition systems is that they are programmed to compute and record features 
such as time averages, extrema etc.  If in future some other analyses are required they 
cannot be made.  

 
4.6.1 Data acquisition system 

 
A data acquisition system gathers data from variety of meteorological sensors whose 

outputs are usually in the form of analog electrical signals.  Primary function of the 
system is to process the signals in a pre-specified program and record them on a 
magnetic device such as tapes, cassettes etc. and print if necessary.  

 
Loss of data from an on-line digitised data acquisition system (with facility for 

display and printing of parameters sequentially after every one hour) due to power 
failures or other malfunctions requires the backup of the strip-chart recording facility.  
 
4.6.2. Data reduction and compilation 

 
In principle, all data should be obtained at least hourly and averaging time should 

be at least 10 minutes around each hour.  In practice, hourly averages of basic 
parameters can be used for subsequent analysis.  Accordingly, wind speed, wind 
direction (and temperature or temperature difference) are obtained by averaging over a 
period of 60 minutes for each hour.  If there are marked variations with time within the 
60 minutes period, then the period may be divided into smaller intervals and suitable 
weighted averages may be taken.  For insolation, hourly totals are required and they are 
obtained by integrating the chart trace every hour.  

 
If data on standard deviation of wind direction fluctuations are used as the basis for 

classifying the atmospheric stability, hourly mean values of the standard deviations will 
also have to be obtained. As mentioned earlier this can be obtained by noting down  
range of wind direction fluctuations in the 60 minutes period and dividing it by six.  The 
range of wind direction fluctuations is obtained by noting down the difference between 
maximum and minimum value in the concerned hour.  While noting down maximum 
and minimum values care should be taken to include only meaningful fluctuations and 



  

not those be cause of any spurious signals or recorder malfunctioning, etc.    All these 
data may be entered in the tabular sheet form as shown in Fig. 4.9. 

 
From the hourly values of wind speed and insolation (during day) and cloud data 

(during night) (or standard deviation of wind direction fluctuations) hourly stability can 
be obtained from the pre-determined classification scheme (e.g. Pasquill scheme ref 
Chapter III).  This may also be entered in the same format as used for other parameters 
(i.e. Fig 4.9). 

 
Basic data on wind speed, wind direction and stability thus reduced, should be 

compiled into monthly (or seasonal) and annual joint frequency distributions of wind 
speed and direction by atmospheric stability class.  

 
Fig. 4.10 shows a typical format for data compilation and reporting.   Entries in each 

box of the table give the number of hours of occurrence of particular wind direction 
(indicated by a column) in the particular wind speed class (indicated by a row), for 
desired stability class.  The entries can also be converted to percentage frequencies of 
occurrence by dividing them by total number of hours in the period concerned and 
multiplying by 100.  It may be noted that in addition to standard 16 directions, two more 
wind direction classes namely `calm' and `var' have been defined in this table.  Calm 
condition is defined when wind direction is less than 3 Km/hr while "var" indicates that 
wind direction is variable i.e. it fluctuates so much that a single mean wind direction 
cannot be defined.  

 
Similar tables should be prepared for all other stability classes also.  As a basic 

accounting check, columns should be totalled both horizontally and vertically. 
 
4.7. Typical applications 
 
4.7.1. Preparation of diffusion climatology  

 
Data compiled in the above form gives us what is called `triple joint frequency 

distribution' of three basic parameters needed for concentration estimation i.e. wind 
speed, direction and stability. This information is useful in preparing diffusion 
climatology of the site.  A typical format for diffusion climatology table is shown in   Fig. 
4.11.  In this, the entries under column marked (i) are the number of observations for 
given direction under particular stability class irrespective of the wind speed.  Each 
observation is over a period of one hour.  Entries in column marked (ii) are the values of 
Nik the number of hours and Uik is the corresponding wind speed in km/hr or m/s for 
particular combination of wind direction and stability. Occurrences of calm conditions 
during the period concerned should be separately mentioned below the table.  

 
Application of diffusion climatology table is made for estimating long term average 

concentrations (see Chapter III). 
 
Some shortcuts are useful in the stability determination.  For example, at a given 

site one can use the insolation relations in Chapter II and the tables 3.2A & B to make 
daily master tables giving hourly values of the clear sky insolation using the four classes: 
HIGH, MODERATE, SLIGHT or NIGHT.   These values do not change from year to year 
(though a separate table may be required for leap years).   One can then use the cloud 
cover and wind speed for the hour to quickly determine the stability without  having to 
compute insolation every time.   Such a table also gives a fair idea of  what the diffusion 
climatology would be like and helps to arrive at the worst meteorological conditions at 
the given location.  

 
 



  

4.7.2. Preparation of wind rose  
 
Joint frequency distribution of wind speed and direction irrespective of stability is 

needed for preparing wind rose diagram. This can also be prepared on the similar lines 
as done for triple joint frequency distribution. A typical wind rose plot is shown in Fig. 
4.12.  

 
From wind rose plot, predominant wind directions, corresponding speeds and 

frequencies of occurrence are at once apparent.  
 
This information is useful in applications like planning of monitoring network, 

assessing maximum air pollution impact etc.  
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                                                             TABLE 2.1 
Percentage energy contribution to extra-terrestrial incoming 

solar radiation in three  wavelength ranges 
 

 AMOUNT 
Name  Wavelength range % energy W/m² Ly/min 

Ultraviolet 0.02 µ - 0.38µ 7 %  98 0.14 
Visible 0.38µ - 0.78µ 47.3% 659 0.946 
Near Infrared 0.78 µ - 4 µ 45.7% 637 0.914 
 TOTAL 1394  2.0 

Note: 1 Langley (Ly) = 1 cal/cm² 
 

TABLE 2.2 
                                                   Composition Of Dry Air 
 

 % by volume  % by mass Mol. wt. 
Nitrogen    78.09 75.51 28.02 
Oxygen     20.95 23.14 32.00 
Argon 0.93 1.3 39.94 
Carbon dioxide      ~0.03 0.05  44.01 
Other inert Gases  10-3 to 10-5   
Ozone   10-6 (variable)   

 
TABLE 2.3 

Standard atmosphere at 40°N 
 

Altitude 
(km)  

Pressure 
(mb) 

Temperature 
(°C) 

Altitude 
(km) 

Pressure 
(mb) 

Temperature 
(°C) 

0 1013.25 15.0 (10.769 (234.53) (- 55.0) 

1 898.71 8.5 11 226.19 - 55.0 

2 794.90 2.0 12 193.38 - 55.0 

3 700.99 - 4.5 13 165.33 - 55.0 

4 616.29 - 11.0 14 141.35 - 55.0 

5 540.07 - 17.5 15 120.86 - 55.0 

6 471.65 - 24.0 16 103.30 - 55.0 

7 410.46 - 30.5 17 88.34 - 55.0 

8 355.82 - 37.0 18 75.53 - 55.0 

9 307.24 - 43.5 19 64.57 - 55.0 

N.B.: The actual altitudinal variation in pressure and density of the atmosphere will 
be generally within 30 % of that corresponding to the standard atmosphere. 

 
 
                                                                  
 



  

                                                         TABLE 2.4 
Saturation vapour pressure of water 

 
Tempe-  

rature (°C) 
 

Vapour   
Pressure (mb)   
 

Tempe-  
rature °C) 

 

Vapour  
Pressure (mb)   
 

0 6.12 25 31.77 
5 8.75 30 42.56 
10 12.32 35 56.41 
15 17.10 40 74.00 
20 23.45 45 88.02 

 
            TABLE 2.5 

                     Irwin's Values of Exponent p in the  
                    wind profile expression. 

 
 

VALUE OF p 
 

 
 

STABILITY 
CLASS Urban  

Conditions 
 

Rural and other  
Conditions 

A 0.10 0.07 
B 0.15 0.07 
C 0.20 0.10 
D 0.25 0.15 
E 0.40 0.35 
F 0.60 0.55 

                                  NB. At heights above 200 m wind speed calculated at 200 m should be used. See 
Chapter III for explanation of Pasquill Stability Classes. 

 
TABLE 2.6 

Representative values of roughness length  
 

Nature of surface  Zo (cm) 
Mud flat, ice   0.001 

Lawn with 1 cm grass  0.1 

Thin grass  10 cm  0.7 

Thick grass 10 cm  2.3 

Thin grass  50 cm*  5 

Thick grass 50 cm*  9 

Fully grown root crops   14 

Woodland forest  20 

Smooth sea   0.02** 

N.B.-Long grass bends with wind. zo therefore decreases with wind speed. 
Roughness over water increases with wind speed due to wave generation. For wind  
speeds upto about 7 m/s the sea is smooth above that the roughness may be taken 
as 0.6 cm. 



  

                                                                 
                                                              TABLE 2.7 

Coefficients for determining L from stability class and zo 
 

 
1/L 

 
L (m) 

 
1/L 

 

 
L (m) 

 
Pasquill 
Class 

 
S 

 
a 

 
B 

zo =1 cm zo =10 cm 

A - 3 - 0.1135 - 0.1025 - 0.18 - 5.6 - 0.14 - 7.0 
B - 2 - 0.0385 - 0.1710 - 0.08 - 12.5 - 0.06 - 16.25 
C - 1 - 0.0081 - 0.3045 - 0.03 - 33.3 - 0.02 - 50.0 
D 0 0 - 0.5030 0 ∞ 0 ∞ 
E 1 0.0081 - 0.3045 0.03 33.3 0.02 50.0 
F 2 0.0385 - 0.1710 0.08 12.5 0.06 16.25 

 
TABLE 3.1 

Pasquill Stability Classes 
 

 Day Time Insolation Night Time Condition 

Surface 
Wind Speed 

at 10 m 
(m/s) 

Strong Moderate Slight Thin Overcast 
or  ≥ 4/8 

Cloud cover 

≤ 3/8Cloud 
cover 

< 2 A A-B B - - 

2 to 3 A-B B C E F 

3 to 5 B B-C C D E 

5 to  6 C C-D D      D D 

> 6 C D D D D 

 
                   A  - Extremely Unstable        D  -  Neutral                
     B  - Moderately Unstable      E  -  Slightly Stable       

     C  - Slightly Unstable     F  -  Moderately Stable    
 
Note 1  For (A-B) use average of A and B similarly proceed for (B-C) and (C-D). 
Note 2  Moderate insolation implies the amount of incoming solar radiation when sky is 
clear and solar elevation is between 35° and 60°.  The terms `strong′ and `slight′ 
insolation refer to solar elevations above 60° and below 35° respectively. 
Note 3  Solar elevation may be obtained for a given date, time and latitude from 
astronomical tables.  Since cloudiness reduces insolation it should be considered along 
with solar elevation in determining the Pasquill category.  Insolation that would be 
`strong′ may be expected to be reduced to `moderate′ with broken (5/8 to 7/8 cloud 
cover) middle and to `slight' with low cloud cover respectively. 
Note 4  Where data from solar radiation measuring instruments are available, the value 
of insolation corresponding to 35° and 60° on clear days may be obtained. 
Note 5  Night refers to a period from 1 hour before sunset to 1hour after sunrise. 
Note 6  Neutral class D should be assumed for overcast conditions during day or night 
and for any sky condition during the hour preceding and following night as defined 
above. 



  

 
TABLE 3.2A 

Insolation (R) and solar elevation angle (h)  
corresponding to  Pasquill stability classes 

     
Insolation class Insolation 

(langley/h) 
Solar elevation 

(Degrees) 

Strong R ≥ 50 h ≥ 60° 

Moderate 50 > R ≥ 25 60°> h ≥ 35° 

Weak 25 > R ≥ 12.5 h < 35° 

Night R < 12.5 1Hr before Sunset      
and 1Hr after Sunrise 

NB:    1 langley = 1 cal.cm-2 
     
                                       TABLE 3.2B 

Insolation values, sky cover and solar angles corresponding to  
different insolation categories 

 
Solar elevation angle h (degrees) Sky cover 

h > 60 60 ≥ h > 35 35 ≥ h > 15 

4/8 or less or any 
amount of high thin 
clouds 

Strong Moderate Slight 

5/8 to 7/8 middle 
clouds (2.1- 4.8 Km 
base) 

Moderate Slight Slight 

5/8 to 7/8 low clouds 
(< 2.1Km base)  

Slight Slight Slight 

 
Table 3.3a 

Values of  a, b, p and q  in ASME model 
 

Stability A P b q 

Very 
unstable 

0.4 0.91 0.40 0.91 

Unstable 0.36 0.86 0.33 0.86 

Neutral 0.32 0.78 0.22 0.78 

Stable 0.31 0.71 0.06 0.71 

       
   



  

 
TABLE 3.3B 

Values of  a, b, p and q  in Mcelroy model 
 

Stability σθ 
(Deg) 

RB A p b q 

Very 
Unstable 

 

24 Nega-
tive 

1.459 0.714 
 

0.00555 1.54 
 

Unstable 18– 22 Nega-
tive 

1.518 0.687 0.037 1.17 

Neutral 15- 20 Near  
adia-
batic 

1.358 0.674 0.0944 0.945 

Stable 8 – 13 Posi-
tive 

0.791 0.667 0.4 0.672 

 
Note:  These parameters are based upon experiments in urban areas and hence are 

applicable in urban areas or areas with high roughness like forested hilly terrain. 
      

TABLE 3.4 
 

Eimutis And Konicek (1972) parameters For Pasquill-Gifford σy and σz 
 

(σy =  Ay x0.9071 and σz = Az xq + R with σ’s and x in m) 
 

 
x < 100 m 100 m < x < 1 Km x > 1 Km 

 
 
 
                
STABILITY 

 
 

Ay Az q R Az q R Az q R 

A 0.3658 0.192 0.936  0 6.6E-4  1.941 9.27 2.4E-4 2.094 -9.6 

B 0.2751 0.156 0.922 0 0.038 1.149 3.3 0.055 1.098 2.0 

C 0.2089 0.116 0.905 0 0.113 0.911 0 0.113 0.911  0 

D 0.1471  0.079 0.881 0 0.222 0.725 -1.7 1.26 0.516 -13.0 

E 0.1046   0.063 0.871 0 0.211 0.678 -1.3 6.73 0.305 -34.0 

F 0.0722 0.053 0.814 0  0.086  0.74 -0.35 18.05  0.18 -48.6 

 
 



  

 
TABLE 3.5 

Formulas recommended by Briggs for σy (X) and σz (X) 
( 100 m < X < 10Km ) 

A: Open country conditions 
 

Pasquill type σy (X) m σz (X) m 

A 0.22X (1 + 0.0001X)-1/2 0.20X 

B 0.16X (1 + 0.0001X)-1/2  0.12X 

C 0.11X (1 + 0.0001X)-1/2 0.08X (1 + 0.0002X)-1/2 

D 0.08X (1 + 0.0001X)-1/2 0.06X (1 + 0.0015X)-1/2 

E 0.06X (1 + 0.0001X)-1/2 0.03X (1 + 0.0003X)-1 

F 0.04X (1 + 0.0001X)-1/2 0.016X (1 + 0.0003X)-1 

 B: Urban conditions 

Pasquill type σy (X) m σz (X) m 

A & B 0.32X (1 + 0.0004X)-1/2 0.24X (1 + 0.001X)1/2 

C 0.22X (1 + 0.0004X)-1/2 0.20X 

D 0.16X (1 + 0.0004X)-1/2  0.14X (1 + 0.0003X)-1/2 

E & F 0.11X (1 + 0.0004X)-1/2  0.08X (1 + 0.00015X)-1/2 

 
      TABLE 3.6 

Temperature lapse rate and wind direction fluctuations 
corresponding to the Pasquill stability classes. 

(Wind speed ranges for to each stability class are also shown) 
 

Pasquill Class Lapse rate   
°C/100 m 

σθ 
Slade 

σθ 
Tarapur 

Wind speed 
range( m/s) 

Extremely unstable A     
 

< - 1.9 25° 10° 0 to 3 

Moderately unstable B    
 

- 1.9 to - 1.7 20° 7° 0 to 5 

Slightly unstable   C       
 

-1.7 to - 1.5 15° 5° 2 to 6 

Neutral D  
 

- 1.5 to - 0.5 10° 3.5° > 3 

Slightly stable E  
 

- 0.5 to + 1.5 5° 2.5° 0 to 5 

Moderately stable F        
 

> + 1.5 2.5° 1.5° 0 to 3 

N.B.-Tarapur data at 120 m. Slade data at 10 m. These are centre point values. Rural 
and urban values of σθ are different. Lapse rate data between 10m and 60m. 



  

 
TABLE 3.7 

Some Commonly Used Plume Rise Relations 
(See notes for explanation of parameters) 

 
1 Bryant-Davidson 

(Devidson,1954) 
 ∆h = DR1.4 (1+ dT/T) 

2 Holland  (1953)   
 

∆h = 1.5DR + 4 E-5 (QH/u) 
∆h should be reduced/increased by 10-20% in stable and 
unstable conditions respectively. 

3 CONCAWE 
 (Briggs 1968)  

∆h = 10.66(QH 0.25/u0.75 ) 

4 Moses and  
Carson 
(Thomas et al 
1970)  

∆h = A (DR) + B (QH0.5/ u)  
Unstable: A = 3.47, B = 0.333 , Neutral: A = 0.35, B = 0.17 

Stable: A = - 1.04, B = 0.17  

5 Carpenter et al  
(1970) 

 
 

A modification of the Briggs formula, based on empirical data, 
as follows:        
∆h = [114CF 1/3]/u     where    
C = 1.58 – 41.4 (dθ/dz),    F = gWoD2(dT/4T) 
 

6 Lucas (1967)  ∆h = (12.4 + 0.09hs) (QH0.25/u) 
                       

7 Briggs  (1969)   
 
   

 

a. Unstable and neutral  

∆h = [1.6 Fb1/3/u](A2/3) where 
i) For QH < 5.106 cal/sec,  A = 3x*  
X* = distance where turbulence starts having significant effect 
on plume rise. 
 x* = 2.16Fb-2/5hs3/5            

ii) For QH > 5.0.106 cal/sec, A = 10hs 

b. Stable atmospheric conditions (all QH) 

∆h = 2.9[Fb/(us)]1/3   
 

8 Briggs (1984) 
 
  

 

A. Unstable Conditions (Convective Regime)  

 (i) Jet : ∆h = 1.23 [0.4 + 1.2/R]-6/7[Fm/u]3/7H*-1/7  

(ii) Buoyant plume: ∆h = 3[Fb/u]3/5.H*-2/5            
B.  Neutral Stability 

 (i) Jet : ∆h = 0.9(u.u*)-1/2 Fm1/2/β  

(ii) Buoyant plume: ∆h = 1.54[Fb/u u*2]2/3hs 1/3    
C. Stable Conditions 

 (i) Jet: ∆h = 1.7[Fm/β2 u]1/3.s -1/6       

(ii) Buoyant plume: ∆h = 2.6 [Fb/(us)]1/3  

 
 



  

EXPLANATIONS ON PARAMETERS: (all in mks units. Heat in Calories) 
 

1 ATMOSPHERIC PARAMETERS: Wind speed u, ambient temperature T or 
Ta(°K), atmospheric pressure p (mb), friction vel u*, incoming solar radiation 
Rs (Cal/m2-sec). Potential temperature. θ obtained from the air temperature 
T using the relation : θ = T  ( 1013/p)0.286  
Potential temp. gradient : dθ/dz = dT/dz + 0.0098 °C/m.      
Sensible heat flux : H = (0.4 ± 0.15)Rs    
Heat flux parameter: H* = gH/ρCpT (m2/s3)   
Stability parameter : s = (g/θ)(dθ/dz)      
(Wind speed u refers to stack level scaled from the measurement height z1 
by the power law u(z)/u1 = (z/z1)p where p values are: neutral: 1/7, 
unstable: 1/9 and stable: 1/3or alternately Irwin’s values. See table 2.5). 
2 SOURCE PARAMETERS: Discharge velocity Wo, stack diameter D and 
radius ro, heat release rate QH (Cal/sec).  
3 PHYSICAL PARAMETERS:  g = Accn due to gravity, ρo = effluent density, 
ρa = air density, Cp = specific heat of air at const pressure, k = von Karman 
const = 0.4 . 
4 ROUGHNESS PARAMETER:    zo 

5 DERIVED PARAMETERS: R = Wo/u,  
Initial momentum flux Fm = (ρo/ρa)(Woro)2 (m4/s2)   
Initial Buoyancy Flux Fb =  g[(To - Ta)/Ta)] Woro2 (m4/s3)  

        = 3.8E-5QH(1013/p) m4/s3  
Entrainment coeff. β = 0.6 (buoyant) and = 0.4 + 1.2/R (jets). 

 
 

                                               TABLE 3.8 
 

Comparison of plume rise estimates and the resultant 
maximum GLC's from various relations 

 
SOURCE: Coal based Thermal Power Station.   
Release parameters: Q = 1 Te/day. hs=150m,  D = 8m, To = 150 C, Wo = 15 m/s  
MET: Stab class = C,  u10 = 3 m/s, T = 27C, Rs = 1 cal/cm2/min, 
Temp Gradient = - 2C/100m (C- cat), +4C/100m (F-cat),; 
Site Roughness length = 2 cm. 

 
PLUME RISE 
RELATION 

Plume rise (m) 
Stability 

GLCmax 
(µg/m3) 

Xmax 
(Km) 

 C D F ( C-class stability ) 
Bryant-Davidson 
(Davidson, 1954) 

64 57 28 5.51 3 

Holland (1963) 228 209 125 1.76 5 
Moses-Carson 
(Thomas et al, 
1970) 

457 175 68 0.64 8.5 

Lucas (1967) 420 385 230 0.73 9 
Briggs (1969) 
(Buoyant) 

456 418 111  0.63 8 

Briggs (1984) 
(Buoyant) 

2343 2113 100 0.032 40 

 



  

 
 
 

TABLE 3.9 
 

Values of exponent 'm' in various sampling time studies 
                                        (Compiled by Bruno et al (1973) 
 

A: ELEVATED SOURCES 
VU: Very Unstable, U: Unstable, N: Neutral, S: Stable 

 
Stability        ALL 

  
VU 
 

  S  
 

  N 
 

 U 
 

  S  
 

ALL 
  

ALL 

Period          
3min- 
15min 

0.3 0.7 

15min - 1hr 

0.12 0.65 0.52   0.35    0.4 0.25 

1hr- 4hr 0.43      
0.5  

4hr - 1d         0.86        
Influence of 
Distance:
  

      Inc- 
rease 
with 
dista
nce 

Dec 
rease 
with 
dista
nce 

             
B: GROUND LEVEL SOURCE  ( All Stabilities) 

 
Reference  (3) (4) (5) 

 
(6) 

Period      
3min- 
15min 

 0.35  

15min - 
1hr 

0.2 

0.5 

1hr- 4hr  0.4 
4hr - 1d        

0.3  

 
Influence 
of 
Distance:
  

No variation Increase with 
distance 

None 
between 
200 m and 
800 m 

Slight increase 
with distance 
bet 1km and  
4 km 

 
  References : (1) Lucas (1967) (2) Hino (1968) (3) Gifford (1960) (4) Naden and Leeds 

(1972) (5) Ramsdell and Hinds (1969) (6) LeQuinio (1973) 
 
 
 
 
 
 



  

 
 
 
 

TABLE 3.10 
 

    Typical values of deposition velocity for some gaseous pollutants 
                                       (Adopted from Randerson, 1984) 
 

 
 

Gas  
 

Surface  Depositi
on 
Velocity 
cm/sec 

Gas Surface Deposition 
Velocity 
cm/sec 

Cl 2 Alfalfa 1.8 - 2.1
  

CO2 Alfalfa 0.3 

NOx Alfalfa and 
oats 

0.5 

Fluorides Forage 1.9±0.5 

HF Field 
crops 
 Alfalfa  

3.1±0.6 
1.6, 3.5 

O3 Grass 
Vegetation  
Alfalfa 
 Dry soil 
 

minus-0.9  
0.7-1.7 
1.7 
0.7-1.5 
 

H2S 
(Max 
Rates 

PAN  Alfalfa 0.8 

 

Adobe 
clay 
 Soil 
Sandy 
loam 
 Soil 
 

0.016  
 
0.015 
 

Iodine  Grass 0.03 – 6 

Methyl 
iodide 
   

Grass 10-4 – 10-

2 

NO 
 
  

Grass  
Alfalfa 

Minus - 
0.9 
0.1 
  

NO2   Alfalfa 1.9 
 

SO2 
 
 
  
 

Grass 
Cement  
sandy loam    
soil  
asphalt  
wheat  
Forest 17m    
Urban 
Water 
 (Unstable) 
 (neutral) 
 (stable) 
 
 

0.2 - 2.06 
1.6 
 
0.65 
0.04 
0.1- 0.8 
< 0.6 
3.8, 6.2 
 
4.0 
0.7-1.1, 2.2  
0.16 
 

 
 
 



  

 
 

 

 

TABLE 4.1 

Meteorological instruments for surface level measurements 
 

Instrument used for  

Para-
meter 

 

Units Measure-
ment 

Recording 

Remarks 

Pressure  Milli-bar 
(mb) 

Pascal 
(GPa) 

Barometer Barograph 
(aneroid) 

Location at a known  
height above sea level 

Tempera-
ture  

°C or  °F Thermometer 
(mercury) 

Thermograph 
(Bimetallic) 

Measured at 1.2 m  
above ground. Located 
in a Stevenson screen 
to shield from direct 
sun 

Humidity  

 

Mb, g/kg Wet & Dry 
Bulb 
Thermometer 

Wet & Dry 
bulb 
Thermograph 

Same as above. Kept in 
common screen 

Relative     
humidity 

% Hair psychro- 
meter 

Psychrograph 
(Hair element) 

Same as above 

Wind 
speed  

m/s,km/
h, mi/h, 

knots 

Anemometer Anemograph Standard sensor height 
10m above ground 

Wind 
direction  

 

8 or 16 
sector 

compass 

Wind vane Anemograph  same as above. Usually 
common recorder with 
speed 

Precipi-
tation  

mm or 
cm 

Rain gauge Recording 
rain gauge 

The top of receiving 
funnel is 30 cm above     
Ground 

Cloudi-
ness  

Oktas Visual    

Cloud 
type      

 

Low, 
Middle &   
High 

Visual 

 

 

Standard 
photographs 
for cloud 
classification 

Low: Stratus, cumulus 
Middle: Alto-stratus, 
Alto-Cumulus                
High: Cirrus 

Solar  
Radiation 

Langley/
min, 
W/m2 

Pyrano-
meter, 
 Solarimeter. 

Pyranometer 
or 
Solarimeter. 

1 Ly = 1 cal/cm2 

        =  696.7 W/m2 
  

Net  
Radiation 

-do- Net  
Radiometer 

Net 
Radiometer 

   -------do----- 

 



  

 

 

 

TABLE 4.2 

 

Accuracy and related requirements of meteorological 
measurements in air pollution 

 
 
 

PARAMETER ACCURACY 

Wind speed                           correct to 0.5 km/hr 

Wind direction  correct to 5° 
Wind direction fluctuations   correct to 1° 

WIND 

 

 

(These accuracies refer to the reading accuracy 
of a strip chart record) 

Temperature  correct to 0.5°C. TEMPERATURE 

Temperature difference   correct to 0.1°C 

INSOLATION    correct to 0.1 Ly/min  

CLOUD COVER       1/10 or oktas(1/8)of sky 

PRICIPITATION Rainfall  correct to 1 mm 

 Rainfall rate  correct to 0.1 mm/s. 

 
 
Chart speed and chart width - The width and the running speed of the 
chart on which a parameter is recorded affect the reading accuracy. For 
wind, a chart speed of 2.5 to 7.5 cm/sec is desirable with preference to 
higher value. Useful width of the chart should be at least 10 cm for the 
speed and 10 cm for the direction scale. Chart width for temperature   
recording should be such that the reading accuracies mentioned earlier 
should be met. For insolation measurements the chart widths and speeds 
of the standard voltage recorder (2.5 cm/hr) are generally sufficient.   
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APPENDIX - A 
 
 

RELIABILITY OF ESTIMATES AND VALIDATION 
 

A.1 Introduction 
 
Uncertainty in the prediction of a dispersion model arise from a number of sources, such 
as the random nature of atmospheric turbulence, the idealisations inherent in a 
mathematical model, the appropriateness of the model (with correction factors) chosen for 
a specific application and the appropriateness of the input data.  

The random nature of turbulence and the wide spectral spread, especially of the 
horizontal component (Van der Hoven, 1957) lead to dependence of the estimates on the 
averaging time or sampling time.  Present approach is purely empirical based on a few 
field studies with some understanding obtained from the spectral behaviour of 
turbulence.  The issue of the effect of sampling time on concentrations, and the 
contribution to the variation from various causes such as changes in wind direction and 
stability are still not well resolved. 

Simplification of the atmospheric processes and a number of assumptions especially 
those of uniformity and steady state, inherent in the mathematical models lead to certain 
amount of idealisation from the real life situations.  This leads to some degree of 
unreliability. 

Uncertainties also come from input data, which may be due to measurement accuracy, 
due to extrapolation of data from point of measurement to point of application, or due to 
temporal variations. 

In the following we shall consider a few of these aspects and examine the degree of 
uncertainty in concentration estimates. 

 
A.2  Uncertainty factors from various causes 
 
Table A.1 summarises the uncertainty factors due to various causes Shirvaikar and 
Kapoor (1980).  Evaluation was done first for neutral category at 10km for a stack height 
of 100 m.  The uncertainty shown refer to different input parameters being used instead 
of the correct parameters. Some of the causes are discussed below. 

Choice of the model     

Choice of a model not quite applicable to the situation can lead to an error in the 
estimates.  Table A.1 gives the extent of error that can be caused if ASME or McElroy 
model were used when Pasquill model was applicable. The values given in the  Table refer  
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to an evaluation at 10 km for neutral conditions.  The extent of error at lesser distances 
and other stabilities can be seen graphically in Fig. A1.    

Incorrect stability category 

Stability category cannot always be determined correctly.  The extent of errors in 
concentration estimates are given in last two columns of the Table.  It must also be noted 
that even when the stability class is determined correctly, since the class has certain 
width, one does not know the degree of stability within the class itself. The plume spread 
parameters are for the class centre.  The width of the class therefore gives the error 
estimate as shown in item four of the table.  The extent of this error at different downwind 
distances can be seen graphically in Fig. A2. 

 Plume rise estimate   

Several plume rise formulae are being used. GLC is very sensitive to the term H/σz and 
therefore to the plume rise estimate.  Errors shown refer to Briggs (1969) plume rise 
model. 

Wind speed 

Errors shown against wind speed refer to the reading accuracy of wind records. 

Wind direction  

Errors due to wind direction arise only if concentration is to be evaluated at a specific 
location. Changes of the direction with distance can lead to very large errors since 
situation may arise when the plume does not pass over the specified point at all. The 
errors discussed earlier do not take this aspect into account. 

Overall errors 

Errors compounded due to all the causes working in the same direction are shown in the 
last two rows of the table. This is rather an extreme situation.  Generally however some 
errors would cancel each other and the errors would not be as great as shown.  

 

A.3 Validation 
 

Conclusions of a Workshop on validation of the Gaussian models quoted by Little and 
Miller (1979) is given in Table A2.  These errors are in the same range as predicted in 
Table A.1. Little and Miller review the validation experiments in complex terrain and 
conclude that under low wind speed inversion conditions by an average factor of 3.6.  In a 
recent summary (Miller and Hively, 1987), results of the Gaussian plume model validation 
using different data sets are reviewed.  It was found that the prediction of concentration 
is within a factor of two for hourly values at highly instrumented sites or for long term 
averages within 10 km of the source.  For specific hour comparison, the predicted 
accuracy is found to be within an order of magnitude. Predictions under complex terrain 
or building downwash conditions show larger uncertainty.  A recent validation study on 
Gaussian plume model, using field data collected during SF6 tracer release experiment 
carried out at Trombay, also gives similar uncertainty factors.  The data base for 
validating the Gaussian plume model, especially its extension to non-ideal situations, is 
still not adequate to obtain statistically firm estimates of the model accuracy.   

While validation of an adopted model is desirable, it may not always be feasible.  
Reference should also be made to the comments on validation claims in the main text.  

 



AIR POLLUTION METEOROLOGY 

 
 
A.4 References 
 

1) Briggs G.A., Plume Rise, USAEC Critical Review Series, TID-25075 (1969).  
 

2) Little, C.A. and Miller C.W., Uncertainties associated with selected environmental 
transfer models, Report ORNL-5528, p. 56 (1979).  

 
3) Miller, C.W. and Hively, L.M., A recent review of validation studies for Gaussian 

plume atmospheric dispersion model, Nuclear Safety, 28, 4, pp. 522-531 (1987).  
 

4) Shirvaikar, V.V. and Kapoor, R.K., Air pollution models: an assessment 
uncertainties from user point of view, Management of Environment (Patel B. Ed.) 
Wiley, pp. 450-466 (1980).  

 
5) Van der Hoven, Power spectrum of horizontal wind speed in the frequency range 

from 0.007 to 900 cycles per hour, J. Meteorol. 14, p. 160 (1957).   
 

 

 



AIR POLLUTION METEOROLOGY 

 
Table A.1 

 
Uncertainty Factors in Concentration Estimates at 10Km  

Using Gaussian Models. 
  

Correctly 
estimated        
Category 

Category incorrectly 
estimated as 

 
 

CAUSE 
Neutral D 

 
Unstable C Stable E 

Model difference     
 

1-2.8 1-3.3 1.24 

Stability *  
 

1 1-1.63 1.71 

Plume rise **   
 

1.61 1.03 1.36 

Finite class width   
 

0.2-1.5 0.5-5.7 0.7-1.6 

Wind speed     
 

1.1 1.1 1.1 

Overall factor 
 

 

(i) Elevated release    
 

7.44 34.9 5.1 

(ii)Ground level release 
 

4.62 33.9 3.75 

(*) Considers variation of plume rise with stability 
(**) Errors correspond to 25% higher estimate of plume rise 
based on Briggs (1969) model underpredicting  the rise by 17 ± 
12%. 

  
TABLE A2 

 
        Uncertainty factors quoted by Little and Miller (1979) 

 
                   Situation Ratio of Predicted To 

Observed Concentration   
Centrline GLC within 10Km source. (Flat 
site, Highly instrumented, i.e. good met-
data)  

0.8 - 1.2 

Specific hour and receptor point within 
10Kmofa source, flat terrain constant 
atmospheric conditions. 

0.1 - 10 

Monthly to yearly average at a  
specific point within 10Km of a  source, flat 
site. 

0.5 - 2 

Monthly to yearly average at a specific point 
within 100Km of a  source, flat site. 

0.25 - 4 
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APPENDIX  B 
 

TYPICAL EXAMPLES IN AIR POLLUTION MODELLING 
 
 
In this appendix, a number of worked out examples of dispersion estimates are given for 
conventional pollution sources.  Note that these examples are only indicative and often  
approximate relations (for max GLC) are used. When computers are used these 
approximations are not always necessary. 
 

Example 1: Short and long term concentration computation 
 

An air monitoring station located at an azimuth of 203° from a cement plant at 2000 m 
from a 30 m stack. Determine 
(A) The contribution to 1 hour average SPM concentration at the monitoring station due 

to stack release from the plant under following meteorological conditions –  
                    (i)  Wind speed at 30 m = 3 m/s,  

 (ii) Wind direction: 30° from North,  
(iii) Time and season: On a clear day in summer at 1600 hrs. Category C 
may be assumed and  
 iv) Source data : Release rate = 750 lbs/hr and release height = 30 m.  

(B) The annual average concentration at the sampling station given the diffusion 
climatology (table below.) Ignore plume rise and wind speed scaling in both cases.  
 

DIFFUSION CLIMATOLOGY TABLE 
(For NNE direction) 

Stability category    wind 
speed  
class(U) 
(km/hr) 

A B C D E F 

3-5 3 1 11 5 2 0 
 

6-11   
 

4 11 61 41 25 0 

12-19   
 

6 12 40 81 79 8 

20-29   
 

3 4 18 27 47 0 

30-38   
 

0 0 1 6 11 2 

                                 (No.  of  hours  in  each  category  and in each  wind  
                                  speed class in a year when the wind direction was NNE)  
SOLUTION  
 
(A) Calculation of short term concentration contribution at the sampling station.  
 
STEP 1: Determine the location of the sampling station with respect to the wind 
direction : Wind direction is 30°  from North. Therefore the plume direction is 180o 
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opposite i.e. 210° from North. The sampling station is at 203° from North, therefore it 
does not lie along the plume centreline but on a line at an angle of 7° to it. Therefore x 
and y co-ordinates of the station with origin at the base of the stack are :  

                        x = 2000 Cos 7° = 1985 m and y = 2000 Sin 7° = 244 m  
 
STEP 2: Determine Plume rise and hence the Effective stack height.  Since plume rise is 
ignored, the effective stack height = physical stack height = 30m.  

STEP 3:  Determine σy and σz for x given above.  
σy and σz for C-category at x = 1985 m as obtained from the Pasquill curves (Fig. 3.10 
and 1.11) are - 

σy = 200 m and σz = 115 m (These can also be obtained from the expression 3.13 in  
section 3.12 of chapter III and using the parameters given in Table 3.4). 

STEP 4: Computation of wind at plume height: Since height of measurement is same as 
plume height, scaling is not necessary and u = 3 m/s as given.  

STEP 5: Computation of source strength in consistent units i.e. µg/m3.  
Source strength (Q) = 750 lbs/hr  
 
                lb    gm         µg      1hr 
     = 750 [—] x 456 [—] x 106 [—] x ———       = 9.45E7 µg/s  
       hr    lb        gm    3600 sec 
 
Using Eq. 3.18 of chapter III, one gets the GLC as  
 
      GLC = 200 µg/m3 . 
 
 This is a 3 min average concentration. Since the effective stack height is 30 m, the 
sampling time correction factor is obtained by using the expression 3.67 in section 3.26 
of chapter III.  The factor to be multiplied is 0.698. One hour average concentration is 
therefore  
    
                                                    200 x 0.698 = 140 µg/m3  
 
(B) Calculation of annual average concentration  
 
 
Calculations are done in following steps - 
 
STEP 1: Assign mean uk values to each wind speed class k given in the diffusion 
climatology table. For given classes these values work out to be as given below :  
 
                                    ---------------------------------------------------- 
                                   k         :     1       2       3       4       5       
  
             u (km/hr) :    4     8.5   15.5    24.5   34  
 
               u (m/s)   :   1.1    2.4    4.3      6.8   9.4  
                                   ----------------------------------------------------- 
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STEP 2: List the σzi values at 2000 m for different categories either from graphs 
(Figures 3.10 and 3.11) or formula (Eq. 3.13 and Table 3.4). Here we use graphs. The 
values are:  
 
                     ---------------------------------------------------------- 
                   I      :   1   2      3   4       5        6  
    
   Stab.Cat.:   A   B      C  D   E       F               
   
                         σz (m) : 1900 230   115      50    33.5   21.5  
                     ----------------------------------------------------------------------- 
 
Step 3:  The long term concentration is calculated using Eq. 3.25 in section 3.22 of 
chapter III.   
        
        3600 Q'         Nijk       Hik2  
  Dij(x,0) = ———— ∑k ———  exp[- —— ]                  
           xΘ         ukσzi       2σzi2    
              
    
 First we calculate ∑ Nijk exp[-Hik2/2σzi2]/ukσzi for x = 2000 m.  
                                 k 
 
(a) Calculate exp[- Hik2 /2σzi2 ]/ukσzi  for each i and k, using uk and  σzi using the 
values in earlier steps. Nijk are given in the example. Put Hik = 30 m (given). (Since we 
are not considering plume rise, Hik does not vary with i or with k).  
 
Tabulate these values as given below:  
 
  Values of exp[- Hik2/2σzi2 ]/ukσzi  for x = 2000 m   
   
                   --------------------------------------------------------------------------------- 
                                                                      i 
                k            --------------------------------------------------------------------- 
                                   1     2         3             4   5     6    
                   ----------------------------------------------------------------------------------   
 
          1          1.43(-3)    3.87(-3)    8.40(-2)   7.59(-2)  3.63(-2)    0.0  
          2          8.77(-4)    1.98(-2)    2.14(-1)   2.85(-1)  2.08(-1)    0.0  
          3          7.34(-4)    1.20(-2)    7.82(-2)   3.15(-2)  3.67(-1)    3.27(-2)  
          4          2.32(-4)    2.53(-2)    2.22(-2)   6.63(-2)  1.38(-1)     0.0  
          5            0.0     0.0        8.94(-4)   1.07(-2)  2.34(-2)    3.74(-4)    
                    -----------------------------------------------------------------------------------  
               Total  
               sum        3.27(-3)     3.82(-2)     3.99(-1)   4.69(-1)  7.73(-1)    3.31(-2)  
              over k  
            for each i  
                    ------------------------------------------------------------------------------------ 
    NB: (number in bracket indicates the power of 10)   
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(b) Calculate ∑ Nijk exp[-Hik2/2σzi2]/ukσzi by summing above entries columnwise  
                       k  
i.e. over k. Write down the sum in the last row as shown in the table.  
 
(c) Sum the above total over all i i.e. all stability classes. This total works out to be 
1.716.  
 
STEP 4: Multiply this by  3600 Q'/(xΘ ) where x = 2000m and Q = 9.45E7 
µg/s,  total annual TIC works out to be  137 g-s/m3. 
 
STEP 5:  Average annual concentration is calculated by dividing above value by number 
of seconds in a year i.e. 3.15E7. This works out to be 4.38 µg/m3. 
   

Example 2: Plume rise computation 
     
An effluent is released from a 90 m high stack of top diameter 1.5 m with a discharge 
velocity of 10 m/s. The effluent temperature is 120°C while that of ambient air is 20°C. 
Compute plume rise and effective stack height for following wind speeds during daytime 
using Briggs old formulae. u (m/s) = 0.5, 1, 1.5, 2, 3, 5, 10, 15. Constants: ρ = 1165 
g/m3, Cp = 0.24 cal/g.K  
 
SOLUTION: Daytime conditions imply stabilities A, B, C and D. 
 
Step 1: Calculation of heat emission rate (QH) - 
 
Referring to Eq. 3.33 of section 3.24.5 in chapter III, QH is calculated by  
 
   QH =  r2ρWoCp(Tp - Ta)  
 
Substituting, r = 0.75 m, Wo = 10 m/s, Tp = 120 + 273 = 393 K,             
  
 Ta = 20 + 273 = 293 K and using ρ = 1165 gm/m3,  
 
 Cp = 0.24 cal/gm.K, we get QH = 5 x 105 cal/s  
 
Step 2: Calculation of buoyancy parameter (Fb) (using Eq. 3.41 of section 3.24.5 in 
chapter III) - 
 

    Fb = 3.7 x 10-5.QH = (3.7 x 10-5).(5 x 105) cal/s 
 
        = 18.5 m4/s3   
        
Step 3: Calculation of plume rise (∆h) 
 
During daytime, unstable and neutral conditions generally prevail and Fb < 55 m4/s3.  
Hence we use Eq. 3.53 of section 3.24.6 in chapter III (or Table 3.7) i.e.  
 
                     ∆h   =  (1.6 Fb1/3/u)(A)2/3  
         With                    A = 3x                
        and           x (m) = 2.16Fb2/5hs3/5 = 34.2 (Fb)2/5  (For typical hs=100 m) 
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Substituting the value of Fb obtained earlier, x = 110 m. and ∆h = 202.3/u, ∆h is 
tabulated below for different values of u  
 
 ------------------------------------------------------------------------------------------------ 
 u (m/s)  =   0.5  1   1.5   2  3  5        8      10       15  
 
  ∆ h(m) =   404.6    202.3        135     101    67.4    40.5    25.3  20.2    13.3  
 ------------------------------------------------------------------------------------------------- 
 

Example 3 Wind speed extrapolation 
   
Given u = 3 m/s at 10 m height, calculate wind speed at 30 m and 100 m during 
unstable, neutral and stable conditions.  
 
SOLUTION:  Referring to section 2.17.3 of chapter II, we have -              
     
                           u2/u1 = (Z2/Z1)0.11 - for unstable  
        = (Z2/Z1)0.14 - for neutral  
                  = (Z2/Z1)0.33 - for stable  
 
 (i) Using Z1 = 10 m and Z2 = 30 m , one gets for u1  = 3 m/s  
 
          u2  = 3.38 m/s in unstable,  
      = 3.50 m/s neutral and  
      = 4.31 m/s in stable conditions.  
  
(ii) Changing Z2 to 100 m in above we get  
 
    u2   = 3.86 m/s in unstable,  
           = 4.14 m/s neutral and  
           = 6.41 m/s in stable conditions. 
 

Example 4: Effect of inversion layer 
 
A power plant burning 10 tonnes/hr of coal containing 3% sulphur releases SO2 
through a stack with effective height of  150 m. On a sunny summer day at 10 AM the  
wind speed at 10 m level was 3 m/s and with first elevated inversion layer at 1500 m. 
Compute GLC at following distances: 500m, 1 km, 2 km, 5 km, 7 km, 10 km. Plot 
concentration vs distance and determine maximum GLC and distance of its occurrence.  
 
SOLUTION:  
  
STEP 1: Calculate source strength Q - 
Every kg of sulphur (molecular weight 32) produces on complete burning 2 kg of SO2 

(Mol wt 64). Therefore  
     Q = (10 x 1000 x 0.03) x 2 = 600 kg/hr  
                          = 166.6 g/s 
    
STEP 2: Determine stability - 
From the time and season given prevailing category is `C'. (This is obtained from 
Pasquill Stability Class Table, Table 3.1, assuming ‘Moderate’ insolation.)  
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STEP 3: Wind speed scaling to release height (section 2.17.3 of chapter III) - 
 
   U150  =  U10 (150/10)0.11  
            =  3.0 x 1.35  
            =  4.0 m/s 
  
STEP 4: Downwind distance xd where the effect of inversion starts - 
(1) Mixing layer height (zi) = 1500 m (given)  
(2) Referring to section 3.28.2.1 of chapter III, the distance xd is the distance where         
 
   σz = zi/2.15 = 1500/2.15 = 698 m  
 
From reference graphs of σz versus distance (Fig. 3.11), for stability category B,  
                 
                                           xd = 2900 m    
 
STEP 5: Compute the concentrations - 
(a) For x < 2900 m, expression to be used is normal diffusion expression ( Eq. 3.19 in 
section 3.19.2.1 of chapter III)  viz 
 
     Q 
   C (x,0,0) = ——— exp (-H2/2σz2)       (1) 
           uσyσz  
 
(b) For x > 2 xd i.e. 5800 m, modified expression should be used (Eq. 3.74 (with y=0) of 
section 3.28.2.1 in chapter III) - 
 
   C (x.0,0) = (Q/√(2)uσy zi)                  (2)  
 
(c) For the intermediate distances, concentrations will be interpolated by drawing a plot 
of  concentration versus distance.  
  
Using Eq. (1) and (2) above, and using parameters obtained earlier, C is computed for 
various values of x in following table. 
 

X 
(km) 

 

U 
(m/s) 

 

σy (m) 
 

σz (m) 
 

H/σz 
 (H=150 m) 

exp[-0.5(H/ σz )2 ] 
 

C (g/m3) 
(Eq.1) 

0.3 4 50 33 4.55 3.20E-5 2.57E-7 
0.5 4 83 54 2.78 0.0210 5.92E-5 
1.0 4 160 125 1.20 0.487 3.23E-4 
2.0 4 300 350 0.43 0.912 1.15E-4 
3.0 4 420 740 0.20 0.980 4.18E-5 

   HD 
(m) 

  C’(g/m3) 
(Eq.2) 

6.0 4 780 1500   1.42E-5 
8.0 4 960 1500   1.15E-5 
10.0 4 1200 1500   9.23E-6 
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These values have been plotted on a log-log graph (Fig. B1) and intermediate values can 
be interpolated graphically. From the same graph, Cmax and xmax can also be obtained 
as  
 
                                  Cmax = 3.4E-4 g/m3 = 340 µg/m3 
 
                                  Xmax =  900 m   
 
Effect of inversion layer can also be clearly seen the graph.  It is observed that beyond 6 
km distance, the C values are about 1.5 to 2 times more than those would have been 
obtained in the absence of inversion layer.  
 

Example 5:  Required stack height and emission rate 
 

(A) A typical problem is considered below -  
     
It is required that concentration should never exceed a specified value C at certain 
downwind distance from a stack. Corresponding stack height is to be computed given 
emission rate is Q and design wind speed is u.  
 
Worst situation would occur when maximum concentration occurs at distance x.  
From Eq. 3.21 and 3.22 in section 3.19.2.2 of chapter III, maximum concentration and 
the downwind distance of its occurrence are given as  
         2Q     σz    
   Cmax = ———. —                (1) 
       euH2  σy  
xmax is the distance where 
  
                                σz = H/√2                                         (2)  
 
Using these two equations 
 
                                    Cmax = Q/[e(σyσz)u]                            (3) 
  
Calculations involve following steps:  

(1) From Eq. (1) product σyσz should be estimated. Cmax is the limiting 
concentration and xmax is the specified distance at which concentrations should 
not exceed Cmax .  

(2) Obtain stability category corresponding to xmax and the above value of σyσz. 
(For this it is suggested to prepare a reference graph of σyσz verses x similar to 
Fig. 3.10 and 3.11 and read the stability category; Fig. B2).  If the required point 
does not fall on the stability category line, it should be linearly interpolated.)   

(3) Determine σz corresponding to this stability class and xmax from Fig. 3.11.  
(4) Effective stack height H can thus be computed from (2) above.  

 
Actual stack height can be obtained by computing plume rise and subtracting it from 
H.     
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(B) Effect of stack height on maximum concentration - 
 
From expression (1) above, it is seen that maximum concentration is approximately 
inversely proportional to square of the effective stack height i.e.  
    
                                                 Cmax    1/Heff2     
 
     Thus if the effective stack height is doubled, maximum concentration should  
decrease by a factor of about 4.  
 
Thus stack height plays important role in controlling ground level concentrations. These 
aspects are illustrated in following numerical example.  
 
 (C) Numerical example -       
 
A proposed plant emitting H2S from a single stack (1000 lbs/d i.e. 5.25 g/s), requires 
that at the plant boundary i.e. at 1500 m from the stack, the concentrations should be 
below 20 ppb (2.9 x 10-5 g/m3) with design wind speed of 2 m/s. (It is assumed that for 
winds less than the design value i.e. 2 m/s, the plume rise will be quite large and the 
concentrations will be obviously lower than those obtained with winds greater than the 
design value.) Also it may be assumed that the physical and effective stack height to be 
same, which incorporates an additional safety factor. With such constraints find out -   
 
 (1) What is the effective stack height required ?  
 (2) What is the concentration at boundary if the effective stack height is doubled ?  
 (3) What is the emission rate required to maintain the same concentration limit but 
with twice the effective stack height ?        
 
SOLUTION:  
 
(1) Parameters required to find out effective stack height are:  
 
   (i) source strength Q -  given as 5.25 g/s.  
  (ii) wind speed at release level (u) - given as 2 m/s  
 (iii) value of σyσz required for above release rate and given allowable maximum 
concentration at the site boundary - 
     
Expression for Cmax (Eq. 1 above) is  
    
                                    Cmax = Q/euσyσz  
Hence,   
   σyσz  = Q/euCmax  
    = 5.25(g/s)/2.71x2(m/s) x 2.9x10-5(g/m3)  
    = 3.33 x 104 m2  
   
               (iv) To calculate stability corresponding to above value of σyσz i.e. 3.33 x 104 
m2 and x = 1500 m – 
 
     From the mentioned graph in step (2) in (A) above (Fig. B2), the corresponding 
stability category is at 0.2 fractional distance from C towards D.   
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                (v) To obtain σz for above category and for x = 1500 m - 
      
For above category and at x = 1500 m, from reference graph of σz versus x (Fig.3.11), 
one gets  
    σz =  80 m  
 
     (vi) To obtain effective stack height -  
 
Effective stack height, Heff is given by Eq. (2) above  
 
   Heff  =  √2σz     
      
For σz = 80 m,           Heff  =  113 m.  
 
Thus the effective stack height and hence the physical stack height required is about 
113 m.  
 
(2) To find out concentration at 1500 m if Heff is doubled i.e. when Heff = 226 m. 
     
          (i) For H = 226 m,   σz = Heff/√2   = 160 m  
 
         (ii) For x = 1000 m and for same stability category, from reference graph of σy 
versus x  (Fig. 3.10), the  σy is 150 m. 
 
        (iii) Using above values of σy, σz and H in Eq. (1) above, the Cmax will be 
 
                                           Cmax = 1.28 x 10-5 g/m3  
 
 Comparing this value with earlier Cmax obtained earlier i.e. 2.9x10-5 g/m3, it is seen 
that doubling the effective stack height reduces the concentrations by a factor of about 
2.7. Thus the concentration decreases as the effective height of release is increased.  
 
(3) To find out new emission rate with same limitation on the maximum concentration 
but with effective stack height = 226m - 
     
 Using original Cmax i.e. 2.9 x 10-5 g/m3 and value of σyσz as obtained in (2) above i.e. 
3.6 x 104 m2, we get new emission rate (Q') as - 
                              
                     Q' = Cmaxeuσyσz    
                = 2.9x10-5(g/m3) x 2.71 x 3.14 x 2(m/s) x 160(m) x 150(m)      
     = 11.9 g/s  
  
Thus instead of earlier emission rate of 5.25 g/s, now about 12 g/s (about 2.3 times 
more) can be released without affecting the limiting value of concentration when the 
effective stack height is doubled.  

 
Example 6: Efficiency of required control device 

 
When the computed stack height is not feasible either technically or economically and 
also as a healthy practice to minimise emissions, appropriate control devices need to be 
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installed. Since efficiency is one of the design parameters required, it may be computed 
as follows.   
 
 (B) Numerical example - 
 
Prescribed statutory limit for SO2 are: 
 
     "The plant should not contribute more than 100 µg/m3 of SO2 as 1 hour average 
concentrations.)    
 
     Given 3.47 x 109 µg/s of SO2 as plant discharge rate and the heat release rate 
associated with the plume rise (QH) as 5.0 x 105 cal/s, determine the required stack 
height and retention efficiency of controlled device if needed to meet statutory 
limitations. Assume that the plant building height is 40 m. Compute only for the 
following atmospheric conditions: Stability Class D and wind speed at release level (U) is 
8 m/s.  
 
 SOLUTION  
 
 (1) Determination of stack height  
  
(I) Determination of Heff  
   
 From Eq.3.21 in section 3.19.2.2 of Chapter III,  
           2Q        σz       
                                         Cmax = ——— .   —                                       (1) 
                  euHeff2  σy  
 
i.e.                    Heff2= (2Q/euCmax)(σz/σy)  
 
Assuming an average value for (σz/σy) i.e. 0.7 (since this is an illustrative example), for 
SO2, Heff2 is computed as below – 
 
                                   = (2x3.47x109(µg/s)/2.71x3.14x8 x 100(µg/m3)).(0.7)    
             = 713622.6 m2  
Hence,  
    Heff = 844.7 m  
            = 845 m (rounded off)   
 
(II) To calculate stack height – 
 
Physical stack height, hs is given by – 
 
                     hs = Heff  - ∆h   
 
From example 2, we find that the stack height for 8 m/s works out to be 25.3 m. Hence, 
 
                                  hs = 845  - 25.3   
                                      = 819.7  
                                                = 820 m (rounded off) 
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Construction of such a tall stack is not feasible. Thus required stack height based on 
air quality considerations does not seem to be practical. So it has to be based on some 
other considerations like two and half times rule (a thumb rule based on fluid dynamics 
principles) and further to follow the concentration limitation, emission rate has to be 
effectively reduced by using a control device. In that case, required efficiency of the 
control device will have to be determined based on air quality considerations. This is 
illustrated below.  
 
(2) To determine efficiency of control device  
 
(i) To determine stack height based on fluid dynamics principles.  
 
Based on fluid dynamics considerations the stack should be at least 2.5 times the 
height of the tallest building or structure nearby. In our example since the building 
height is 40 m and assuming that there is no other structure nearby which is taller 
than the plant building, the height of the stack should be at least 40 x 2.5 = 100 m.  
     
(ii) To find out effective stack height – 
 
  Using plume rise ∆h as obtained earlier, Heff works out to be - 
 
   Heff = 100 + 25 = 125 m  
 
ii) To determine permissible emission rate - 
 
 Using the Eq.1 above - 
 
   Cmax = (2.Q/euHeff2).( σz / σy)  
 
    Permissible release rate Q can be calculated. 
 
    Using values as obtained earlier we get  
 
     Q(µg/s)= (100(µg/m3)x2.71x3.14x8x 1252)/2(0.7)  
          = 7.62 x 107 µg/s  
 
 (iii) To determine reduction factor for the control device – 
 
   Actual release rate = Q = 3.47 x 109 µg/s (for SO2)   
  
   Hence the required reduction factor R is  
 
  R = Q/Qp = 3.47 x 109 / 7.62 x 107= 46  
 
 (v) To determine retention efficiency of the control device – 
 
 Retention efficiency E and the reduction factor R are related  by  
 
   R = 1/(1-E)  
Thus for R = 46,  
   E = 1 - (1/R)   
      = 0..978 or 97.8 %  
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Actually such calculations should be done for all possible conditions of wind speed and 
stability and the highest value of E should be chosen for design purposes.  
 

Example 7: Routine and accidental release scenario for a NPP 
 

(A) Routine release case - 
 
Suppose Argon-41 (A-41) is routinely released at a rate of 1 Bq/s from a stack of height 
100 m from a reactor located at Mumbai. Find out (1) the 1 hour average downwind, 
centerline, ground level concentration (GLC) at 1 km from the stack and (2) maximum 
GLC and downwind distance of its occurrence (GLCmax and and Xmax) on a cloudless day 
at 1500 hrs on 20th May, given that wind speed at 10 m is 4 m/s. 
 
SOLUTION 
 
GLC computation -  
 
For the given time and the day, from the example in section 2.4.1.2 in chapter II, the 
solar elevation angle works out to be 57.23o . For this solar elevation and since the sky 
is cloudless, Table 3.2B gives insolation class as ‘moderate’.   
 
For this insolation class and the given wind speed, the table 3.1 gives the stability class 
as B-C. 
 
Wind speed at 100 m is estimated from that at 10 m using the relationships from 
section 2.17.3 of chapter II i.e. 
 
                               u100 = u10 (100/10)0.11  = 4 (10)0.11 =  5.15 m/s 
 
Estimate σy and σz for X = 1000 m and for B and C categories from Fig. 3.10 and 3.11. 
one gets – 
 
                          σy = 140 m  and σz  = 110 m  for B category and 
                          σy = 100 m  and σz = 60 m for C category. 
 
Using  Q’ = 1 Bq/s, h = 100 m, u = 5.15 m/s in Eq. 3.19 of section 3.19.2.1 in chapter 
III, one gets  
 
            GLC(1000,0,0) =  2.654 E-6 Bq/m3 for B category and 
                                    =  2.568 E-6 Bq/m3 for  C category  
 
          GLC (B-C class) = Average of above two values 
                                             = 2.611 E-6 Bq/m3 
 
Applying sampling time correction (Eq. 3.68 of section 3.26 in chapter III), one gets 
 
        GLC = 2.099 E-6 Bq/m3 
 
GLCmax and Xmax computation – 
 
Xmax  computation - 
 

Xmax is the distance where  
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                          σz = h/√2 = 100/1.414 = 71 m 
 
From Fig. 3.11 and taking intermediate value between B and C, σz of 71 m occurs at 
820 m. Hence,  
 
                                 Xmax  = 820 m  
 
GLCmax computation – 
 
GLCmax is given by Eq. 3.21 in section 3.19.2.2 of Chapter III i.e. 
   
          2Q         σz       
                                    GLCmax = ——— .  —                                         
        euHeff2      σy  
 
From Fig. 3.10,  
 
                           σy  for B-C category and at 820 m is 105 m and 
                           σz  for B-C category and at 820 m is 71 m (as estimated above) 
 
Using these values of σy and σz from (a) above and u  = 5.15 m/s, Q =1 Bq/s and Heff  

=100 m one gets, 
 
                                            GLCmax = 3.08 E-6 Bq/m3  
 
Thus maximum GLC will be 3.08 E-6 Bq/m3 and will occur at 820 m downwind. 
 
As this is an illustrative example, radioactive decay correction is not applied. In actual 
case it has to be applied. 
 
Accidental release case – 
 
Suppose 1 Bq of I-131 is released at ground level from a reactor building whose cross-
sectional area is 1600 m2 . Find out downwind, centerline, GLC at 1 km downwind and 
deposited activity for the worst meteorological conditions (i.e. F - category with surface 
level wind speed of 2 m/s). 
 
SOLUTION 
 
Expression for ground level concentration from a ground level source with building 
wake effect correction is given in Eq. 3.70 of section 3.27 in Chapter III i.e. 
 
                      GLC = Q/[u(σyσz  +  Cw.A)]  
 
Using Cw as 0.5 and obtaining σy and σz corresponding to x = 1000 m for F category 
(from Fig. 3.10 and 3.11) as 38 m and 15 m respectively and using u = 2 m (since 
the release is at ground level, we use the wind speed at 10 m), Q =  1 Bq/s and A = 
1600 m2 in the above expression, one gets – 
 
                GLC = 1.93 E-4 Bq/m3 
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If the deposition velocity i.e. Vg = 0.1 m/s assumed then the deposited activity DA in 
Bq/m2 (also called as surface contamination level) will be  
 
                  DA = 0.1 x 1.93 E-4 = 1.93 E-5 Bq/m2 
 
Actually GLC should be corrected for the plume depletion due to deposition and decay 
and then used for computing the DA.    
 

 
 




	PREFACE



