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OVERVIEW
Having discussed some preventive aspects of air pollution in Unit 4, we will look into some post-preventive aspects in the present Unit (i.e., Unit 5). Air pollutants that may remain even after the preventive and other remedial measures are undertaken require dilution and transportation away from the source of generation through a stack. An understanding of the transportation and dispersion of air pollutants will help us gauge the concentrations of the air pollutants after their release from source, at different meteorological conditions. We will also be able to suggest alternate site or sites of the air pollution source and/or its height of release. However, to understand the transportation and dispersion of air pollutants, we require information on wind velocity and its direction and atmospheric stability. 

Against this background, we will begin the Unit by considering the vertical motion of air in the atmosphere, including air turbulence therein. We will also discuss vertical temperature gradient obtaining in the atmosphere, and in that context, explain the different types of lapse rates and their applications. We will then discuss atmospheric stability. We will close the Unit by explaining atmospheric winds. 

LEARNING OBJECTIVES

After completing this Unit, you should be able to: 

· calculate the adiabatic lapse rate (in the context of vertical temperature gradient) and compare it with the actual lapse rate;

· identify the atmospheric stability criterion;

· read from a wind-rose diagram the values of wind velocity and wind direction and use them appropriately.

 

5.1
METEOROLOGICAL ASPECTS OF 

         TROPOSPHERE

Meteorology is
 a study of the dynamics of the atmosphere. From the viewpoint of dispersion of air pollutants, the most widely used classification of the atmosphere is based on temperature variation vis-à-vis the height from the ground level. Thus, the atmosphere is classified into the following four layers:

(i)
Troposphere: This the layer that is closest to the ground and extends up to an altitude of 15 km over Equator and 10 km over the Poles. The temperature decreases by 6.5oC per km height and the convective currents, due to density differences, keep the air well mixed.

(ii)
Stratosphere: This extends from the top of the troposphere to about 50 km in altitude. The temperature is constant in the lower stratosphere but it increases with altitude due to absorption of short-wave radiation. At the top of the stratosphere, the temperature reaches 270( K. There is very little vertical mixing in the stratosphere.

(iii)
Mesosphere: This extends from 50 to 85 km over which the temperature continually decreases up to 175( K, i.e., the coldest point of the atmosphere.

(iv)
Thermosphere: This is the uppermost layer of the atmosphere. The molecular density of gases is very low in the thermosphere. 

The first layer of the atmosphere, i.e., the troposphere, is of interest to air pollution meteorologists primarily because the issues of local and regional pollution need an understanding of troposphere meteorology. Recent concerns on global issues such as the ozone-layer depletion and global warming have also necessitated a more detailed study of stratospheric meteorology.

Let us now discuss two meteorological aspects, i.e., turbulence and vertical temperature gradient of the troposphere in Subsections 5.1.1 and 5.1.2, respectively. 

5.1.1
Air turbulence

Turbulence is the highly irregular motion of the wind. The air atmosphere does not move very smoothly. It is characterised by random and erratic motions and swirls and eddies (i.e., (small circulating portions of air) of varying sizes. The air does not flow smoothly near the surface of the Earth either. It is generally a turbulent flow with flow components in all three directions, viz., horizontal, vertical, and lateral. Turbulence is caused by:

· temperature differences between locations; 

· movement of air past rough surfaces and obstructions.

And, the type of turbulence depends on either temperature variations or movement of the air through rough surfaces.  

Usually, however, both types of turbulences occur in any given atmospheric situation. But, in some situations one or the other may play a dominant role. Note that turbulence due to atmospheric heating is dominant on clear and sunny days with light winds and turbulence due to movement of air past rough surfaces and obstructions prevails more on windy nights. 

Turbulence leads to a mixing process whereby polluted portions of the air get mixed with the surrounding air masses. This takes place due to diffusion wherein eddies, present in the air, play an important role. Note that smaller eddies are effective only by tearing action at the edges of polluted parcel of air. Larger eddies, on the other hand will usually transport bigger chunks of air from one place to another leading to rapid mixing of polluted and non-polluted portions of air.

5.1.2
Vertical temperature gradient

In the troposphere, the temperature decreases with height up to an elevation of approximately 10 km. The ratio of the decrease in temperature and height of the atmosphere is called lapse rate. The temperature-elevation relationship is, therefore, the principal determinant of atmospheric stability. (We will study atmospheric stability later in Section 5.2.) 

The following three types of lapse rates are used to determine atmospheric stability: 

(i)
Adiabatic (isentropic) lapse rate: If a small parcel of air is lifted up, it will find itself in a low-pressure region (with height, the pressure of air decreases) and the gas in the parcel expands. If the expansion is adiabatic (i.e., without supply of heat or removal of heat), the gas cools, which gives an adiabatic lapse rate. The adiabatic lapse rate for air based on thermodynamic calculation works out to be -1oC/100 m or -10oC/km. This is a theoretical value as the actual expansion is never reversible and adiabatic as has been assumed in the above calculation.

(ii)
Actual lapse rate: The actual lapse rate or the environmental lapse rate will always be higher or lower than  -1oC/100 m. If a parcel of warm air is released into an environment where the temperature decrease with height is greater than the adiabatic lapse rate (i.e. super-adiabatic lapse rate), say -1.5oC/100 m, the parcel will rise rapidly. The atmosphere is considered unstable and the conditions for vertical mixing/dispersion highly favourable.  

(iii)
Standard lapse rate: For the purpose of calculations, meteorologists use a standard atmosphere that represents an approximate average of all observations, day and night, summer and winter, over all locations. The lapse rate in the standard atmosphere has a lapse rate of only about 65% (i.e., -0.65 deg. C/100m) of the adiabatic lapse rate indicating that the adiabatic assumption is not always strictly applicable. 

Before you read any further, note that if you place the warm parcel of air in an environment where the lapse rate approaches the adiabatic lapse rate, then, the decrease of temperature with height will be the same as the cooling rate of the parcel. The atmosphere in this condition is referred to as neutral or as stable. The parcel of air will always be warmer than the surroundings and, as a result, it will rise through the air layer. A fairly good mixing or dispersion will be achieved under this condition. On the other hand, if the warm parcel of air is released into an environment where the temperature is constant with height (i.e., isothermal condition), it will rise only until it reaches the temperature of surroundings. Under these conditions, the dispersion of pollutants becomes limited.

If you release the parcel of warm air into an environment where the temperature is inverted, known as temperature inversion, i.e. when the temperature increases with height, the parcel of air will rise until its temperature and density equal those of the surrounding atmosphere. However, if the temperature of air-parcel is lower than the surroundings, it will come down (or sink) instead of rising up. Under the conditions of temperature inversion, the atmospheric conditions are said to be highly stable i.e., it tries to resist the change. Vertical mixing and dispersion under temperature inversion conditions are very poor.

Movement of air in the vertical direction is, therefore, enhanced by vertical temperature differences. The steeper the temperature gradient, the more vigorous is the vertical mixing of the pollutants in the atmosphere. And, the larger the vertical column in which the turbulent mixing occurs, the more effective is the dispersion process.

We will discuss some aspects of atmosphere stability, next. But first, let us work through Learning Activity 5.1.


 

5.2
ATMOSPHERIC STABILITY ASPECTS 

The temperature-elevation relationship, referred to in Subsection 5.1.2, is the principal determinant of atmospheric stability. Meteorologists recognise the following three states of the atmospheric layer next to the surface of the Earth: 

(i)
Stable: When the density of the parcel of air is less than that of the environment, then the parcel is accelerated upwards (e.g., if a ball at the bottom of a dish is pushed up and released, it will roll back under gravity to its original position.)

(ii)
Neutral: When the density of the parcel of air is the same as that of the environment. Then the parcel continues at its original speed (e.g., if a ball lying on a flat table surface is displaced some distance, the gravity does not play any role and does not force it in any direction.)

(iii)
Unstable: When the density of the parcel of air is more than that of environment, the parcel is accelerated downwards (e.g., if the ball is balanced on a round surface and displaced slightly, it will keep accelerating under the action of gravity.) 

These three states of the atmospheric layer represent the reaction of a parcel of air displaced adiabatically in the vertical direction.

We can formalise these stability criteria in the form of following relationships:

· Stable
dT/dZ
> -10oC/km


· Neutral
dT/dZ
= -10oC/km

· Unstable
dT/dZ
< -10oC/km


We can find these situations, viz. stable, neutral and unstable, at the same place on any clear sunny day and at different times of the day. Figure.5.1 shows the temperature changes with elevation:

Figure 5.1

Vertical Temperature Distribution in the Atmosphere
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Temperature inversion

During the night, the ground cools down because it radiates heat to the outer space. The layer of air next to the ground also cools as also the layer above it. At dawn, the temperature increases with height up to, say, 300 m. At this point, the temperature gradient line meets the lapse rate line from the previous day. At heights below 300 m, the temperature increases with height. This behaviour, as we referred to earlier, is called temperature inversion. Note that within a temperature inversion, the air is stable against buoyant vertical motion. As a result, both horizontal and vertical dispersions of the air are hindered. There are four ways to produce a temperature inversion, and these are:

(i)
Cool a layer of air from below.

(ii)
Heat a layer of air from above.

(iii)
Flow a layer of cold air under a layer of warm air. 

(iv)
Flow a layer of warm air over a layer of cold air.

It is possible that one or the other from the above situations can occur depending upon the location and the terrain of a given place (e.g., hills, valleys, etc.) Temperature inversion occurs on clear nights, with low wind velocity. This pattern is found in all parts of the world with varying intensities. Within the inversion, the situation is stable with vertical movement of air strongly damped, and above the inversion, the standard lapse rate exists.

When the sun appears, it heats up to the ground surface, which in turn heats the air layer above it by the mechanism of conduction, convection and radiation. One hour after dawn, the ground temperature may be about 15oC and there will be a layer of warm air near the ground, wherein the lapse rate will be adiabatic lapse rate for all practical purposes. By the end of say 3 hours after the sunrise, the warmed air layer will have grown to such an extent that it will have eliminated the inversion.

Pasquill (1961) developed a very widely used stability class scheme.  Table 5.1 illustrates a modified scheme on five classes of surface wind speeds, three classes of daytime solar isolation and two classes of night-time cloudiness:

Table 5.1

Modified Stability Classes

	
	Solar Radiation

	Wind Speed, m/s
	Day time
	Night-time

	
	Strong
	Moderate
	Slight
	Thinly overcast
	Clear

	0 – 2
	A
	A-B
	B
	-
	-

	2 – 3
	A-B
	B
	C
	E
	F

	3 – 5
	B
	B-C
	C
	D
	E

	5 – 6
	C
	C-D
	D
	D
	D

	( 6
	C
	D
	D
	D
	D


In general, the stability classes A, B and C represent unstable conditions, class D represents nearly stable conditions (and should be assumed during overcast conditions during day or night) and classes E and F represent stable conditions. As it is very difficult to experimentally determine the turbulence level of air in the atmosphere, most people use the letter class depicted in Table 5.1 to evaluate dispersion coefficients that help us to predict the concentrations of pollutants at given locations. 

Before you read any further, let us say a word about fumigation, as it relates to temperature inversion. If a source of pollution is located in a region where there is a strong land-based temperature inversion, we will have a situation where the air pollutants get trapped in the inversion. They will then travel with hardly any dilution with the atmospheric air. The ground level concentration of the air pollutants will increase and remain so till the temperature inversion lasts. This phenomenon is called fumigation.

Let us now consider the mixing height aspects of the atmosphere.

Mixing height

The mixing height is the vertical height up to which the pollutants are expected to mix completely. If you refer back to Figure.5.1, you will notice that there is vigorous vertical mixing from the ground to about 2000 m and then negligible vertical mixing above 2 km. The rising air provides good vertical mixing by inducing large-scale turbulence in the atmosphere. As turbulence is three-dimensional (i.e., horizontal, vertical and lateral), it provides effective horizontal mixing also. Therefore, the pollutants that are released at the ground level will get uniformly mixed up to the mixing height. There will hardly be any mixing of pollutants above the mixing height. If you fly by an aeroplane on a clear hot day, you will notice dusty and translucent atmosphere below the mixing height. But, above the mixing height, it will be a relatively clear and blue sky. Similarly, if cloud tops are carefully observed, you will find that they correspond to the same height i.e., the mixing height.


 

5.3
ATMOSPHERIC WINDS

We all know that the surface of the ground heats up and cools down rapidly from summer to winter and morning to evening. Thus, the heating or cooling of air adjacent to the earth surface occurs faster than that of air present over the water surface (e.g., sea, lakes, etc.) As a result of this process, for example, land and sea breezes near the coastal towns and monsoon weather are noticed all over India. During the summer, air gets heated up over the land surface faster than that over seas. The hot air rises up all over the landmass causing low-pressure regions, while the moist air from the seas rushes in causing the monsoon rains. It is through a similar process that we obtain the land and sea or lake breeze. At night, more rapid cooling of the land surface results horizontal flow of air towards water. 

As the atmospheric winds carry the pollutants from one place to another, it is important to know the wind velocity and the wind direction. 

5.3.1
Wind velocity

Instruments called anemometers normally measure the wind velocity. A wind velocity of 2 m/s and less is hardly discernable. Though we may not feel the wind velocity, we can tell the direction of wind from the direction of smoke or a flag. Note that the wind less than 2 m/s is termed as calm. 

The velocity of wind, generally, increases with height in the troposphere. Due to friction offered by the ground terrain and roughness, the wind velocity gets reduced. Up to a height of about 500m above the ground, the friction of the ground and the terrain plays a significant role The layer of air corresponding to this height is called planetary boundary layer.

The exact velocity distribution of air with height depends, among other factors, on atmospheric stability. If we have an experimental measurement of wind velocity at a height Z1, the wind velocity at another height Z2 can be calculated by the following equation:

u2 = u1 (Z2/Z1)P




Equation 5.1
where
P  = wind velocity exponent;


u1 = wind velocity at height Z1; 


u2 = wind velocity at height Z2;
P can be calculated from Table 5.2:

Table 5.2

Stability Class for Rural and Urban Areas

	Stability class
	Urban Area
	Rural Area

	A

B

C

D

E

F
	0.07

0.07

0.10

0.15

0.35

0.55
	0.15

0.15

0.2

0.25

0.40

0.60


Note: The stability class can be obtained from Table 5.1.

Note that unstable atmospheres have higher ground-level wind velocities than the stable ones. Time-wise, we should expect higher ground-level winds in early afternoon than any other time of the day. It is not surprising that the sailboat racing competitions are normally held during that time. 

5.3.2 
Wind direction

Wind direction is as important as the wind velocity. Mountains, valleys and seashore lines, all influence the magnitude and direction of wind. On a cloudless night, the ground looses heat by radiation to outer space. The layer of air that is in contact with it becomes cooler and dense (i.e., the density of the air increases when temperature falls) and flows down into the valley like water. In the day, the opposite happens. That is to say, the air next to the ground becomes hot a lighter and flows up due to buoyancy. Mountains and hills act as barriers to winds. They trap air pollutants and prevent their dilution by fresh air.

Land and sea breezes exist in places situated on the seashore. In these locations, the air gets heated next to the ground in the early afternoon, gets lighter and rises over the land surface. The cold air flows in from the sea to take its place. This is the cool sea breeze that attracts people towards the beaches in hot summer afternoons. At night, the land surface cools due to radiation towards outer space while the sea-water does not cool much due to air convection adjacent to the its surface. As a result the cold air moves from land to sea causing a land breeze. During the land breeze, the air pollutants are carried away from land to sea. A similar situation occurs if a city is situated at the edge of sea, a large lake or river. The sea breeze makes it difficult for the air pollutants to be carried away from land. The Indian examples of this include Mumbai (situated on the Arabian Sea), Delhi (situated at the edge of river Yamuna) and Hyderabad (Hussain Lake). 

In addition, seasonal differences in heating and cooling of land and water surfaces cause temperature inversions adjacent to sea, lake or river, resulting in reduced vertical mixing and pollutant dispersion. However, when the warm air moves towards the land, the inversion is replaced by lapse rate conditions that are favourable to the dispersion of air pollutants.

Towns and heavy industries have historically been located on riverbanks mainly because of the availability of water. However, due to the terrain effects on the local meteorology and the intensity of air pollution, the river valleys always suffer from severe air pollution problems.

5.3.3
Wind-rose diagram

Pollutant dispersion is significantly affected by the changes in the wind speed and direction. If the wind direction is relatively constant, then the same area will be continuously exposed to air pollution. On the contrary, if the wind direction shifts continuously, the air pollutants get dispersed over a larger area and the concentrations over any given exposed area will be lower. Large changes in wind direction may also occur over short periods of time. For example, a change in wind direction by 30o or so over a period of 1 hour is quite common. Over a period of 24 hours, the wind direction can shift by as much as 180o. Similarly, seasonal changes may result in wind direction changes by as much as 360o.

Constructing a wind-rose diagram as shown in Figure 5.2 below can summarise wind direction frequency and the wind velocity for a given period of time: 

Figure 5.2

A Typical Wind-Rose Diagram
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Source:  De Nevers, 1995

Meteorological services regularly prepare the types of plots shown in Figure 5.2. 

The data on direction frequency and wind velocity in a Wind-rose diagram are, generally, given for eight primary and eight secondary directions of the compass. Wind velocity is divided into wind classes as shown in Figure 5.2.  The length of spokes indicates the direction frequency. Starting from the centre that represents the frequency of calm periods (defined as occurrence frequency when the wind velocity is less than 1 m/s); each circular segment represents the frequency of average wind velocity or its range. One representative item (i.e., the central spoke coming out from the centre towards North) on the wind-rose diagram (see Figure 5.2) indicates the following:

· The wind blows from North to South for about 12% of the time.

· It blows from North to South at a velocity of more than 10.82 m/s for about 0.33% of the time.

· It blows for about 4.5% of the time from North with velocities between 5.41 and 8.5 m/s.

Similar indications can be made for other spoke lengths and directions on the wind-rose diagram.


SUMMARY

We began this Unit by discussing the meteorological aspects of troposphere and in that context discussed how vertical movement of the air takes place in the atmosphere due to turbulent motion and the temperature gradient. We then discussed adiabatic and actual lapse rates, highlighting the stability aspects of the atmosphere. We also identified stability classes based on wind velocity and solar insolation. Subsequently, we explained wind velocity and wind direction data and wind-rose diagram with illustrations. We closed the Unit by touching upon temperature inversion and fumigation. 
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Unit 5


Model Answers to Learning Activities
LEARNING ACTIVITY 5.1
The actual lapse rate is - 2oC/100m. 

The adiabatic lapse rate is - 1oC/100m.

As the actual lapse rate is higher than the adiabatic lapse rate, it represents an unstable condition of the atmosphere. Therefore, we expect a favourable mixing in the present case.

LEARNING ACTIVITY 5.2
If we refer to Table 5.1, the data given in the Learning Activity 5.2 falls in the first row (0 – 2 m/s), under daytime, slight solar radiation, category B of the stability class. Therefore, the data given represents stability class B.

LEARNING ACTIVITY 5.3
We will make use of Equation 5.1.  Under cloudy conditions, night/day, we assume stability class D. The exponent P for the urban area from Table 5.2 is obtained as 0.15.

Here, 

u1 = 5 m/s; 

z1 = 10 m;

z2 = 30 m;

( From Equation 5.1, 

u2 = 5 (30/10)0.15

= 5.9 m/s


Therefore, the wind velocity at a height of 30 m/s is 5.9 m/s. 













































































































(LEARNING ACTIVITY 5.3





Suppose the wind velocity, in an urban atmosphere at an altitude of 10m is found to be 5 m/s. Determine the velocity at an altitude of 30 m in the daytime when it is cloudy.





Note:


a)	Write your answer in the space given below.


b)	Check your answer with the one given at the end of this Unit.














(LEARNING ACTIVITY 5.2





Identify the stability class as per the following information:  Wind speed = 1 m/s;  Time ( Day-time; Solar Radiation ( Slight.





Note:


a)	Write your answer in the space given below.


b)	Check your answer with the one given at the end of this Unit.














(LEARNING ACTIVITY 5.1





If the actual environmental lapse rate is found to be   -2oC / 100 m height, would the vertical mixing of air pollutants be favourable or unfavourable?  Why?





Note:


a)	Write your answer in the space given below.


b)	Check your answer with the one given at the end of this Unit.
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