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Gaussian Dispersion Model for Point Source

Hello friends, you may recall, last time we discussed air quality modeling related issues. Within
that, this question dispersion model, we just touched its definition, what kind of dispersion
model it is. Today we will have detailed discussion on Gaussian Dispersion Model for Point
Source, because it can be applied for other sources also. But points for this personal model of

Gaussian nature is very important and very interesting.

So, in this particular lecture. First of all, we will see very preliminary info on Gaussian Plume
model for the point source, different parameters which affect the concentration of air pollutants,
when it is discharged from point source. Then it goes to the air and disperse. Then we will see
the derivation of Gaussian plume model, because simplified version of mathematical
expressions of the dispersion in Gaussian form is approximation, but it is very fast, very quick

and very simple. So, it is very popular.

Then we will see different equations of the Gaussian plume dispersion for different cases, like
when certain height is there of the this source of the emissions or the concentration of the
pollutant need to be calculated at the ground level, central line or away from the central line at
XYZ, something like that.
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Then we will see the simplifications of these Gaussian dispersion models, so that we can see if
there is no stack height. If the plume or the dispersion of the pollutant is occurring from the
ground level source, then what will happen? Those kinds of simplifications we will see. Then
this Pasquill Gifford distributive classification again we will discuss. Earlier we have discussed
it.

But we will see in particular for the change of the wind velocity with respect to the height and
with respect to different terrains. Then we will have one estimation of ground level
concentration as an example, as a demonstration and at last we will see certain advantages and

limitations of Gaussian Plume model and then we will conclude it.
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Introduction: Gaussian Plume Model for Point source

. s q | A stack emitting plume of contaminated

concentration S air. Through the stack passes the three

axes.

X axis is the wind direction,

3 Y axis transverse to the wind (crosswind)

y / Z axis passes vertically upward through
the stack.

Source: (R. Bhattacharya , AERB)

So, this is very important figure for introducing this Gaussian plume model from the point
source. So, here point source is the stack. You can see this stack is having stack height hs, small
hs. This H is the effective stack height. Because hs is added with the Ah. Ah is the plume rise
and plume rise happens, as | repeated earlier also that because of buoyancy.

Because of buoyancy due to difference in the temperature of the exhaust gases, which are very
high temperature and it is much higher than the ambient air temperature. So, it has buoyancy,
it has tendency to go up right. And then the momentum, because with high speed, it is coming
out of the stack. So, it has certain momentum. So, both these parameters momentum and

buoyancy decides the plume rise.

It goes up then it disperses along with the wind direction, way in which direction wind is

blowing in that direction it goes away. So, this the plume height, physical plume height and



this plume rise Ah added and then this H is the effectively stack height which is determined by
that, which is used for this Gaussian dispersion modeling. Then there are these coordinates X

Y and Z. X is this wind blowing direction.

The wind is flowing in a certain direction which we take as the X direction, then perpendicular
to it, we have this Y direction, traversing to the wind crosswind direction you can see and
vertical direction is the Z direction. So, X, Y, Z, three coordinates can be seen like here, this is

X minus Y, Z minus Y because we have direction, sense of direction.

So, this direction we have taken minus on that direction it is plus. Then the central line, if it is
at ground level then X, 0, 0 means certain distance away from the stack point source X. And if
it is the ground level point at the central line, then Y is 0 and Z is 0, otherwise it can be X, Y,
Z. Similarly, if it is away from the central line, but at the ground level then Z is 0. So X minus

Y, 0 this is the coordinate.

So, that kind of coordinate, we can have at any coordinate we can determine the concentration
of the pollutant and very simplification this conical shape and the distribution of pollutant from
the centerline away, so it reduces because of diffusion. So, diffusion occurs in Y direction and
Z direction right, Y direction and Z direction, so, away from the centerline, maximum

concentration here is at the centerline.

Then as we go away from the centerline Y direction or in the Z direction, then it reduces. So,
you can see here, the maximum concentration, then we go away so, it reduces, it reduces.
Similarly, in vertical direction maximum at the centerline when we go away then it reduces.
So, this kind of variation is there. So, this is the normal distribution curve, basically, that is

why we call it Gaussian normal distribution or Gaussian Plume model.
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Parameters affecting concentration of Air Pollutant from
Point Source (1/4) S

» Wind Direction

* Initial direction of transport of pollutants from their
origin is determined by the wind direction at the
source height.

+ Total concentration of air pollutant is inversely
proportional to the increase of wind angle
direction with respect to receptor. (studied by
experiments).

+ The direction of plume transport is very important
in source impact assessment where there are
sensitive receptors or two or more sources.
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Source: Daniel Vallero - Fundamentals of air pollution-Elsevier Image: http://stream1.cmatc.cn/

Now, if we see other parameters like, for example, wind direction, so, the wind direction
changes from point to point in the time period. Basically, wind is not static it changes direction;
it changes its value or absolute value. So, we have to have the direction as well as the value,
so, wind speed and wind velocity you can say. For example, at this site, if the wind direction
is in that direction, so, plume will go away in that direction, at lower height wind is blowing in
this direction, then plume will blow in that direction after this plume rise, certain plume rise

and then dispersion takes place.
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Parameters affecting concentration of Air Pollutant from
Point Source (2/4)

» Wind Speed

* Wind speed generally increases with the height.

* Wind speed affects the travel time from source to
receptor; halving of the wind speed will double the
travel time.

¢ For buoyant sources, plume rise is affected by wind
speed; the stronger the wind, the lower the plume
rise.

Source: Daniel Vallero - Fundamentals of air pollution-Elsevier Image: (R. Bhattacharya , AERB)

Now, if we see this wind speed, so, it has like it affects the travel time from source to the
receptor and having the wind speed like half of the wind speed, then it can double the travel



time. Those kinds of thing happens. That is very simple relationship. Then there are like for
buoyant sources, plume rise is affected by wind speed because it takes away from the source
point. And the stronger the wind the lower the plume rise because it will not rise full to the

maximum possible, the wind will take it away from the point source.
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Parameters affecting concentration of Air Pollutant from

Point Source (3/4) ,
* Wind speed dilutes continuously
Emission rate = 6 utss~! the released pollutants at the point
g o ' of emission. Whether a source is at
0|l0|O0|0O0|0O|O the surface or elevated, this dilution

| takes place in the direction of
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Figure: Dilution by wind speed

Source: Daniel Vallero - Fundamentals of air pollution-Elsevier

When we look at the air pollution concentration for the point source. So, wind dilutes it
continuously, it dilutes continuously. So, it depends on the wind speed. If wind speed is slower
than the dispersion is slow. You can see here, this is 2 meter per second; this is 6 meter per
second, right. So, you can see this is pictorial representation. The concentration is high here;

here concentration is low because dispersion has happened very quickly and very efficiently.
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Parameters affecting concentration of Air Pollutant from

Point Source (4/4)
» Turbulence
* Turbulence is another factor which affects the wind
direction and hence the concentration of air
pollutant.

¢ Itis highly irregular motion of the wind.

* The atmosphere does not flow smoothly but has
seemingly random, rapidly varying erratic motions.

Source: Daniel Vallero - Fundamentals of air pollution-Elsevier Image: http://irina.eas gatech.edu/

Then the turbulence. Turbulence is the parameter like normal direction is there in which wind
is flowing. But turbulence is within that wind, pockets of the wind, they have different
direction, away or other than the main direction, like these the eddies, it goes up, it comes
down, a lot of turbulence occurs in the fluid motion, whether it is here or water something like
that.

So, if itis going, this is the advection by wind, horizontal movement, convection in the vertical
direction because of temperature gradient and this the turbulence, the eddy mixing, because
this air goes like this, then it comes down, that kind of churning occurs. So, that also adds into

dispersion and diffusion of the pollutants and dilution of the pollutant.
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Gaussian Plume Model Assumptions (1/2)

» Assumptions

* Plume spread results primarily by Molecular Diffusion.

+ Time required for the pollutant to travel to the receptor is
neglected i.e steady state is assumed.

+ Normal distribution of horizontal and vertical pollutant
concentrations in the plume.

¢ There is No diffusion in x direction.

¢ Uniform continuous emission rate

Source: https://www.uap-bd.edu/




Then there are certain assumptions, basically, because this Gaussian dispersion model is not
the true representation of, what is happening in the atmosphere with the pollutants. Because
pollutants have several things. For example, it may mix, it can react with each other, it can act

or it can react with atmospheric constituents.

So, like SOz conversion to SOs or H.SOgs, those kinds of things. But, for the sake of
simplification, because otherwise complexity will increase and given so much uncertainty in
monitoring and modeling, maybe we don’t have those great benefits, if we make it more
complex. So, for simplification, we assume certain things, which are not true, but still we

assume, because of simplification.

So, first, like we assume this plume is spread like by molecular diffusion. So, whether then this
wind velocity at least in Y direction and Z direction, diffusion is the most predominant
phenomena. Otherwise, in X direction, in a transportation of plume is taken by the wind. Then
we look at like a steady state concentration means the uniform concentration is achieved at

certain point of time, so, it does not change with respect to the time.

The normal distribution is there, whether in horizontal Y direction or in the vertical direction.
So, at the centerline maximum concentration as you go away, the concentration lowers down.
Then there is no diffusion in X, direction only diffusion in Y and Z direction. And uniform
continuous emission rate we assume, like from the stack, whatever emission is coming out then
it is coming with the constant speed, which is again not true in real sense, but still we assume.

We have some average value.

(Refer Slide Time: 10:33)

Gaussian Plume Model Assumptions (2/2)

» Assumptions

* Wind speed is constant.

¢ Terrain is flat.

* Pollutant dispersion follows normal statistical
distribution

+ Shape of the plume is conical

* The pollutants are non-reactive gases or aerosol.

* The plume is reflected at the surface with no
deposition or reaction with the surface.

Source: https://www.uap-bd.edu/




Similarly, like wind speed, we assume as constant, otherwise wind changes from minute to
minute, but still we assume, we take some average wind speed. And we assume that the terrain
is flat where the dispersion is occurring, otherwise undulation may be there. There may be
certain buildings of different heights or undulations of the trop, this topography may also be

there, but we assume that terrain is flat.

Then we also assume that this pollutant dispersion follows the normal statistical distribution,
as we have seen, maximum at certain point and then decreases like with cthat is the dispersion
coefficient. And shape of the plume is conical. So, like funnel kind of thing it takes otherwise,

like, if it is coming out of a stack, it can go like this and disperse.

So, we assume like conical shape. So, even if there is no concentration we assume here some
uniform concentration is there such conical shape is there. Then we also see like non-reactive
pollutants we assume. As | said SO2 NOx etc. They can react with the moisture, but we do not

assume here any reaction.

We assume whatever pollutant is coming, it is there in the same form, they are non-reactive,
right. So, those kinds of assumptions are there. Also like if pollutant is coming to the surface,
then it bounces back, it is reflected, it is not like dry deposition, where deposition occurs in real
sense, but that we do not consider, we assume that whatever pollution is coming to the ground,
it is coming back and giving the complete contribution to the point, where we are estimating

the air pollution concentration.
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Gaussian Plume Model Derivation (1/10)

Normal distribution of
concentration of

" pollutant emitted by
point source (stack)

Source: https://web.iitd.ac.in/



So, here as | said, this is the this physically stack height, this is the plume rise Ah and the total
of these two is effective stack height, here this plume is going like that maybe unstable
atmosphere, but we assume that this is following this kind of funnel or conical shape, and their
normal distribution because at the central line, it is maximum. Then as you go away this

dispersion occurs and normal distribution occurs a statistically, that is there.
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Gaussian Plume Model Derivation (2/10)
Quantity Symbol Unit

Concentration C gm? or pg/m?
Emission rate Q gs?

Wind speed u ms?

Standard deviation of horizontal distribution of plume a, m

Standard deviation of vertical distribution of plume concentration o, m

Physical stack height h m

Effective height of emission H m

Downwind distance X m

Crosswind distance y m

Receptor height above ground 7 m

Table: Daniel Vallero - Fundamentals of air pollution-Elsevier

Now, if we want to derive the equation the basic equation of Gaussian plume dispersion model
then there are certain nomenclatures we follow. For example, concentration we represent it,
see, although in different books you will find different nomenclature does not mind. The
concept is same; there is concentration of the pollutant which can be represented as microgram

per cubic meter or gram per cubic meter, means mass per unit of volume.

Then emission rate which is coming out of the stack or point source that is the Q which is like
a mass per unit of time, gram per second, kilogram per hour, whatever unit you are taking.
Then the wind speed like u, average wind speed that we are taking at the stack height. Normally
the wind speed is measured at ground level. Ground level means 10 meter above the ground.

Then we convert that wind speed at the stack height.

So, there is equation for that we will see later on and that average wind speed we include in the
model that is meter per second right. Then there are oy and o, which are dispersion coefficient.
Horizontal dispersion coefficient oy for the plume and vertical dispersion coefficient ¢,. These
are in meter. Then physical stack height as | have shown and effective stack height, physical
stack height plus Ah that is the plume rise.



Then the crosswind distance that is the Y and this receptor height above the ground that is Z.
So, XY Z, that kind of coordinate system is there. X is the distance in the downwind direction,

right.
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Gaussian Plume Model Derivation (3/10)

¢ Inorder to derive an equation describing the
distribution of mass within the plume, consider

the transport of mass within a small control '%
volume —

* Transport of mass in x Z> g dr
direction depends on the dy '
average horizontal wind (l' d:
* Transport of mass in the y S i
and z directions depends on / 2 >x
turbulent motions v y ‘,'
&

Source: http://courses.washington.edu/

Now, we will see like, we want to derive the Gaussian Plume model. So, there are certain
things. For example, you have to assume certain, this box of very small size like dx dy and dz.
dx is in the direction of wind velocity X direction, Z is vertical direction; Y is crosswind
direction, right. So, this box can be assumed in that sense. dx, that parcel or that kind of dx, dy

and dz.
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Gaussian Plume Model Derivation (4/10) e
Changes in X - Direction: \ 4
Net rate of change of mass flow = v ’.,

(Mass flow rate in) - (Mass flow rate out)

V = Volume = dx.dy.dz

+ Mass Flow Rate in =wl {[ug/m?] [m/s] [m2]} ;: :;::

5 A, = dx.dz
* Mass Flow Rateout=CUA, + x (CuA,)dx

0 0
* Net Rate of change = - 7% (CUA,)dx=- % (Cu )V/ ....
e —

Source: http://courses.washington.edu/




Now, if you see like mass flow rate, so, mass flow rate is nothing but concentration multiplied
by the u that wind velocity and then the area. So, area into wind velocity u, that will give certain
value and then if we multiply with dx that distance, so, this area into the short distance will be

the volume.

So, that is why this mass flow rate C U Ay,. Ay; is this one, this one Ay; Ay Az. So, this is the
A yz surface area, vertical to the wind flowing direction. And then mass flow rate out, this is
the mass flow rate in, C U A;, mass flow rate out C U Ay; plus 8Y 6X of CUAy; into dx, means
if some direction dx is there, so, how much change is there. So, that mass flow out rate is

calculated like this. Then the net rate of the change.

3 2
* Mass Flow Rate in=C UAyz {[ug/m ][m/s] [m ]}

0

* Mass Flow Rateout=CUA +7——(CuA )dx
yz ax yz

0 0
* NetRate of change=-"—"(CUA )dx=-—"(CU)V
ox yz 0x

So, you can convert it into like this. Multiply by dx, so, dx and Ay, will be V and this will be

dY 06X and C U, minus means the change of that reduction of the concentration.

(Refer Slide Time: 16:21)

Gaussian Plume Model Derivation (5/10) |, 4~
'/;" d
Changes in Z Direction via “ Turbulent Diffusion”: 1 -1
0 ‘// : P4 X
¢ Mass Flow Rate in=- A, E(DI'C) [m?)m?)[ugm?3][m?sect] ||, bt v
&
0.0 V=Volume= dx.dx.dz
* Net Rate of Change = E[E(DI'C) IV .. Eq2 A, = dxdy
A, = dy.dz
Changes in Y Direction via “ Turbulent Diffusion”: A, = dx.dz

* Mass Flow Rate in= - A,,%(DV.C) [m?)(m*](ugm?][m?sect]

0.0
* Net Rate of Change = d—y]a(ov.c) IV .. Ee3

Source: http://courses.washington.edu/

Mass flow rate and similarly in Z direction and Y direction is calculated and the similar

equations are brought.
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Gaussian Plume Model Derivation (6/10)

An overall expression in terms of x, y and z iso/bta'med using Equation 1, 2 and 3.

Ebi(cu)\;_:;[é{gyy_d}g[@] ..... Eq. 4

o ox
Where;
X = along- wind coordinate measured in wind direction from the source
y = cross-wind coordinate direction
b = vertical coordinate measured from the ground

C(x,y,2) = mean concentration of diffusing substance at a point (x,y,z) [kg/m3]
Dy,Dz = mass diffusivity in the direction of the y- and z- axes [m2/s]
U = mean wind velocity along the x-axis [m/s)

Source: (R, Bhattacharya , AERB)

Then we do the summation of those. So, the concentration that overall expression of the
concentration variation with respect to the time 3C by &t is like & by 6X into C U minus
terminology plus these dy and dz, these are the mass diffusivity coefficients, which are in the
Y direction and Z direction, they are taken into account along with this concentration. So, the

summation of these three components give us the concentration with respect to time.

ac_ d c i(a(l)_yC)_l_i(a(DzC)

R A AN N AR AN
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Gaussian Plume Model Derivation (6/10)

An overall expression in terms of x, y and z isymed using Equation 1, 2 and 3.

§=—£(CU)+%[$)+§[¥] ..... Eq. 4

o ox
Where;
X = along- wind coordinate measured in wind direction from the source
y = cross-wind coordinate direction
b = vertical coordinate measured from the ground

C(x,y,2) = mean concentration of diffusing substance at a point (x,y,z) [kg/m3]
Dy,Dz = mass diffusivity in the direction of the y- and z- axes [m2/s]
U = mean wind velocity along the x-axis [m/s)

Source: (R, Bhattacharya , AERB)




I @400 |
Gaussian Plume Model Derivation (7/10)

» The Gaussian plume equation is a particular solution to this
more general equation under the following assumptions

+ Steady state conditions %g =0

+ Constant wind speed at particular height = u

+ Constant eddy diffusivity (D does not depend on y or z)

U(E) = D){az—cj + D:{a:—c] (/ £q.5
%) \ot) &

Source: (R. Bhattacharya , AERB)

Now, you see further you can have this steady state condition that means with respect to the
time concentration is not changing, change rate is zero. So, this when we put then that particular

equation give this kind of relationship.
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Gaussian Plume Model Derivation (8/10)

The general solution to this second-order partial differential equation (Eq 5) is

conlfiel] -

The rate of transfer of pollutant through any vertical plane downwind from the source is a
constant in steady state, and this constant must equal the emission rate of the source, Q

0= L

tr U
= [ (K el <[ a2 | lyde - Ea.7
0 ” > CXP[ (Dy Dz]4x]y

-0

Source: (R. Bhattacharya , AERB)

And then next we can further solve it like second order partial differential equation. So, you
can have this expression ultimately Q equals this summation or integration of KUx to the power
minus 1 exponents of Y square upon Dy plus Z square Dz, those kinds of expression.

cmrrenl-[(2)+ ()]

(Refer Slide Time: 17:37)
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Gaussian Plume Model Derivation(9/10)

» After integrating

= 0 Where K is an arbitrary constant whose value is
47[(DyDz)”2 determined by the boundary conditions

» Putting in Equation 6, we get

Source: (R. Bhattacharya , AERB)

Gaussian Plume Model Derivation(10/10)

The general equation to calculate the steady state concentration of an air contaminant
in the ambient air resulting from a point source is given by:

el

20,0,

C(x,y,2) = mean concentration of diffusing substance at a point (x,y,2) [kg/m* |
= downwind distance [m},
= crosswind distance [m),
= vertical distance above ground [m)],

= contaminant emission rate [mass/s]

= lateral dispersion coefficient function [m),

= vertical dispersion coefficient function m],
= mean wind velocity in downwind direction [m/s],
= effective stack height [m)].

C(x,y,2)=

CXp -

Where;

Tco o p~< x

Source: (R. Bhattacharya , AERB)

Ultimately, we get this relationship where oV is this terminology. So, the final equation of the
Gaussian dispersion model is in this form, where Q is this emission rate divided by 2z into U.
U is the average wind velocity at the stack height, effective stack height. oy, oz, those
components which are related to diffusivity coefficient X Y U is terminology is there. So, oy
and oz, they also incorporate these values x.

Sometimes, when looking at this equation people get confused that we are calculating
concentration at the X distance and there is no X in this equation, but X is there which is
included in oy and oz that we have to remember. Now, this H is effective stack height. This
terminology because of reflection. We assume that whatever concentration of the pollutant
went to the ground, it has come back to that point.



0 2 —(z — H)? (z+H)
=g oo~ (2o ) e[

So, summation is there and then this is the crosswind and this is the vertical wind, you can have
this equation. So, this is the final equation of the Gaussian plume model dispersion. C(x, Y, z)
means concentration at the coordinate X, Y, Z, in the downward direction X distance, Y means

from the centerline, Y away, Z is in the like hanging at certain point above the ground level.

So, these nomenclatures are there for every terminology or you can see. So, there are some

simplified cases in the sense because this was the total overall C(x, y, z) at the XY Z coordinate.
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Simplifications of Gaussian Plume Equation under
various conditions(1/4)

* Concentration at ground level (z = 0) (with ground
reflection): ¢ (x@ 0) (particles, nitric acid vapor)

et g expHOS() 2)[exn(-05())

+ Concentration at ground level (z = 0) on centerline (y=0)
(with ground reflection): ¢ (x, 0, 0) (CO, SO, , NO,)

Clxy) = nugy s exp(-0.5( oi])z)

A

Source: https://www.uap-bd.edu/
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Gaussian Plume Model Derivation(10/10)

The general equation to calculate the steady state concentration of an air contaminant
in the ambient air resulting from a point source is given by:

0 ¥
Clx,y,2)= - =
(x,,2) a0, &Xp 20”2

Where;
C(x,y,2) = mean concentration of diffusing substance at a point (x,y,2) [kg/m* |
x = downwind distance [m],
y = crosswind distance [m)],
2= vertical distance above ground [m],
Q = contaminant emission rate [mass/s]
0, = lateral dispersion coefficient function [m],
0, = vertical dispersion coefficient function [m),
U = mean wind velocity in downwind direction [m/s),
H = effective stack height [m).

Source: (R. Bhattacharya , AERB)

Now, there are some special cases, for example, we want to calculate concentration at the

ground level. So, ground level means Z = 0, height coordinate is not there, Z = 0. And with



ground level reflection that reflection is here. So we can have this simplified version. So, C(x,
Yy, 2), basically, this Z = 0. So Z terminology has been removed here. So we can call it C(x, y,
0).

C(xy.z) =

0 2 H 2
o exp(—O.S (Gly) ) [exp(—O.S (E) ]
Similarly, concentration at ground level on the central line, Y = 0, here Y term is there. Here

Yisalsothe 0, Y =0, Z=0. So, in that case C(x, 0, 0). So, this form will be, it is derived from
the original form. You can put those values and you will get these values.

i [ewcos ()]
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Simplifications of Gaussian Plume Equation under

various conditions(2/4)

W

+ Concentration at ground level (z=0,y =0, h = 0)(with
ground reflection): ¢ (x, 0, 0), h = 0 (Source at G.L.)

C(xy.z) =

Q
nuo, o,

Clx§) =

Source: https://www.uap-bd.edu/

Similarly, if we go for like even stack height is 0 means like some heap of the leaves is built.
So, how this person will occur? What would be the concentration at certain distance? So, in
that case Z =0, Y =0 and H = 0. Stack is not there. At the ground level only something you
are burning and emission is occurring. So, in that case, this becomes very simple. So, C (x, 0,

0) and H = 0. In that case this kind of relationship we use.

Q

UGG,

Clxy.2) =

There are other special relationships also, | am not taking into account, but for the sake of this
introductory lecture of Gaussian plume dispersion model, this much is enough for you to

understand.
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Simplifications of Gaussian Plume Equation under
various conditions(3/4)

Maximum
Concentration

a, and o, are functions of x

Image: https://www.uap-bd.edu/

Then now, if we look at this maximum concentration, where will be the maximum
concentration? One concept says that at the central line maximum concentration will be there,

but how far away? At what distance maybe the maximum concentration?

(Refer Slide Time: 21:19)

Simplifications of Gaussian Plume Equation under

various conditions(4/4)
¢ Maximum ground level centerline ‘/6_ 200E
concentration from elevated source o 0, OH)= e o,

—e——

* The distance to maximum concentration is at the
distance where g, = H/(2)°*. This equation is
strictly correct only if the oz/oy ratio is constant
with distance.

Source: Daniel Vallero - Fundamentals of air pollution-Elsevier

For that, we go for these kind of relationships, there are some empirical relationships which
have been derived, this is X component is there, effective stack height and at the ground level
at the centerline, so, Y = 0 and Z = 0. This is the relationship you can have. The maximum

ground level concentration from elevated source is given by this formula.

ZQGZ

nmueH?oy

C(x, 0, O,H) =



0. = HI(2)°®

And the distance to maximum concentration is at the distance where o, equals H divided by 2
the power 0.5. So, this equation is strictly correct only if the o, divided by oy ratio is constant
with the distance. So, those kinds of limitations are there, within those limitations with these

within those terms and conditions, we can calculate certain concentration values.

(Refer Slide Time: 22:11)
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Pasquill-Gifford Stability Classification

+ Stability class can be known as ‘

P —

Daytime

Surface Wind m:.

low clouds | low clouds

AB

8 3
AB B ¢ E F
] 8-C C D £
(¢ (€] D D 1]
C D D D ]

Stability class should be known for determination/Estimation
of Different parameters of Gaussian Plume Equation

Source: (Camuffo, D, 2019)
Now, we see like Pasquill-Gifford stability classification, which we have earlier also seen. So,
this is the surface wind meter per second at 10 meter, that is the ground level, less than 2, 2 to

3, 3to 5, those kinds of. A strong insolation, so, daytime insolation related dependencies there.

Strong insolation means lot of sunshine is there, moderate insolation may be there, slight
insolation may be there. And the nighttime, it depends upon the cloud cover. So, how much
part of the sky is covered by the cloud. Accordingly this A B C D E that stability classification,
which we discussed accordingly these classifications exist.



(Refer Slide Time: 22:54)

A
Determination/Estimation of Different parameters of

Gaussian Plume Equation (1/9)
Mean wind speed at plume height (u(z))

Z

U(Z)-Uo(z—o)p
where
* U (z) =wind speed at plume height, z
* U, =wind speed at instrument height
+ 7 =effective stack height (m)
* 7, =instrument height (m)
* p  =Afactor which depends on stability

condition of atmosphere

Source: https://www.uap-bd.edu/

They will influence, basically, this wind velocity, because when we want to calculate wind at
different heights, we use this particular formula, where p is this constant value effector with
dependence upon the stability conditions of the atmosphere. So, u = 0 is at the Z = 0 height and
u (Z) is at the Z height and this component (Z /Zo) power of p. So, this equation has to be used.

And where this p is derived?

u(z) = UO(%)p

(Refer Slide Time: 23:22)

Determination/Estimation of Different parameters of
Gaussian Plume Equation(2/9)

+ Determining exponent p using stability class
Stability Exponent, p g P g Y
Class (For Rough Terrain)

- Z P

Urban Rural u—u0(7—) = el
Veryunstable  0.15 L/ 0.07 ./ .
ﬁ“n‘lfféff" Lo 00 ./ I For smooth terrain, multiply p WO.Gb
Slightly 020 0.10 T
unstable
Neutral 0.25 0.15
Slightly stable 0,40 035
Stable 060 055

Source: Peterson(1978) and https://web.iitd.ac.in/

From this particular table, which is as we said dependent upon the stability classification, very
unstable then urban and rural areas and this is the rough terrain related values. 0.15, 0.07, 0.15,
0.07, like that. And, if you want to calculate this value for a smooth terrain, this is for rough



terrain, so, then you have to multiply it by 0.6. Whatever value is coming then we can multiply
it by 0.6. So, if there is a smooth terrain then this equation gives the value but 0.6 factor

multiplication must be there.
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Determination/Estimation of Different parameters of
Gaussian Plume Equation(3/9)

* Determining 0,and g,

Horizontal Dispersion Vertical Dispersion
? TTTY LA B e Ry

Pasquill-Gifford: (a) o, and (b) 0,.

a) R
TRETTITT R TTTT 100 Ll P
10 10° 10' 1. 107" 10° 10' 107
x, Distance downwind (km) x, Distance downwind (km)

S,

|

Source: (Harold F. Hemond, Elizabeth J. Fechner, 2015)

Now, like oy 62, how to determine? A rill or also we see these kinds of curves which have been
developed by these researchers, this can be used. A B C D E F, these are related to a stability
classification. Then oy value is there. This X distance downwind distance is there in kilometer.

This is in meter.

Similarly, and the o, value you can see in meter in this direction, X direction, distance in
kilometer. And A B C D are there. So, whatever distance of the horizontal, where you want to
calculate concentration, you go to that point, you go up and up to that classification of the
stability and go horizontally to read the value of oy or 6. So, that dispersion coefficient values
we can get from these charts. There are certain empirical relationships also which we have

already seen, again we will see.
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Determination/Estimation of Different parameters of
Gaussian Plume Equation(4/9)

+ The valge of ov'and o, for 'SQ(Industria] source model) can also be ISC is Gaussian plume
determined using the following equations

model which can be used

»  Vertical distribution: to assess pollutant
concentrations from a
e o wide variety of sources
xis in kilometers, o, is inmeters.and-d; b depend on x Y

associated with an
»  Cross wind distribution industrial complex.

0, = 465.11628x(tan6)

6 =0.017453293(c - d In(x

xis in kilometres, o, is in meters and 6 is in radians

* For determining the unknown parameters in the equations,
Pasquill Stability Category is used.

Source: http://courses.washington.edu/

These kind of o, equals ax®. a into X to the power b. Those values a and b are to be taken from
other table. Similarly oy is like 465.11628 tan theta and this theta is by this, where ¢ and d again

some constant value, right.
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Determination/Estimation of Different parameters of
Gaussian Plume Equation(5/9)

<10

122.800 0.94470
0.10-0.15 158.080 1.05420

If the calculated value of o, exceed
5000 m, o, is set to 5000 m.

0.16-020  170.220 1.0320

0.21-0.25 179.520 1.12620
0.26-030  217.410 1.26440
0.31-0-40 25'&890 1.40940
041050  346.750 1.72830
>3.11 453.850 2.11660

Source: (http://lib.unipune.ac.in:8080/jspui/bitstream/123456789/231/8/08_chapter’%204.pdf

So, these are the a b depending upon the X direction. And this also depend upon the stability

classification. For a it will be different.
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Determination/Estimation of Different parameters of
Gaussian Plume Equation(6/9)

= ayb
= 0,=aX

90.673 093198

021040 98483 098332
T S T If the calculated value of o, exceed

- Al T T 5000 m, g, is set to 5000 m.

<0.30 34.459 0.86974

0.31-1.00 32,093 0.81066
1.01-3.00 32093 0.64403
3.01-10.00 33.504 0.60486
10.01-30.00  36.650 0.56589
>30.00 44.053 051179

Source: http://lib.unipune.ac.in:8080/jspui/bitstream/123456789/231/8/08_chapter’204.pdf

And for B C D, it will be different. And it is given one condition that the calculated value in

case the o, exceed the 5000 meter then o; is set to 5000, which do not take more than 5000

meter that is the maximum value we have to take.
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Determination/Estimation of Different parameters of
Gaussian Plume Equation(7/9)

<10

24,260 0.83660 0,= axP

0.10-0.30 23.331 0.81956
0.31-1.00 21,628 0.75660
1.01-2.00 21.628 0.63077
2.01-4.00 22.534 0.57154
4.01-10.00 24.703 0.50527
10.01-20.00 26.970 0.46713
20.01-40..00 35.420 0.37615
>40.00 47618 0.29592

Source: (http://lib.unipune.ac.in:8080/jspui/bitstream/123456789/231/8/08 chapter’204.pdf

Similarly, we can calculate the o, that was for E that was for B C D.
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Determination/Estimation of Different parameters of
Gaussian Plume Equation(8/9)

<20

15.209 0.81558

021070 14457 0.78407 = ayb
0,=aX

0.71-1.00 13953 0.68465
1.01-2.00 13.953 0.63227

2.01-3.00 14.823 0.54503
3.01-7.00 16.187 0.46490

7.01-15.00 17.836 0.41507
15.01-30..00 22,651 0.32681

30.01-60.00 21.074 0.27436

>60.00 34.219 0.21716
Source: http://lib.unipune.ac.in:8080/jspui/bitstream/123456789/231/8/08_chapter’204.pdf

Determination/Estimation of Different parameters of
Gaussian Plume Equation(9/9) /

0, = 465.11628x(tand)
8= 0.017453293,(:}gn(x))

24.1670 25334
18.3330 1.8096
12.5000 1.0857
8.3330 0.72382
6.2500 0.54287

4.1667 0.36191

Source: http://lib.unipune.ac.in:8080/jspui/bitstream/123456789/231/8/08_chapter’204.pdf

And next is for F, right. Then oy calculation can be taken from this empirical relationship.
Again, the C and D values are there, here, we use in this particular relationship. So, you take ¢

and d value from this A B C D E F dependent on the classification of the atmospheric stability.

(Refer Slide Time: 26:12)
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Example: Estimation of ground level concentration

A stack in an urban area is emitting 80 g/s of NO. It
has an effective stack height of 100 m. The wind
speed is 4 m/s at 10 m. It is a clear summer day with
the sun nearly overhead.

Estimate the ground level concentration at:

a) 2 km downwind on the centerline and

b) 2 km downwind, 0.1 km off the centerline.

Source: https://web.iitd ac.in/

Now, if you want to give some example, how to estimate the ground level concentration. So,
this is one very small example you can try like a stack in an urban area is emitting 80 gram per
second of nitric oxide. It has an effective stack height of 100 meter. So, the effective stack

height is given.

So, you do not need to calculate plume rise, otherwise plume rise value needed to calculate
effective stack height if physical height is given, but directly effective stack height is given, so,
we do not need to calculate it. Then the wind speed is 4 meter at 10 meter. So, that means, we

have to calculate wind speed at the 100 meter by using that power relationship of the P.

It is clear summer day. Clear summer day means very hot day. So, solar insolation is very high.
So, from that table we can see, what is the stability classification and sun is nearly overhead.
So, it is known and very hot day you can. Then you have to estimate the ground level
concentration at 2 kilometer downwind on the central line means Y =0 and Z = 0. And second
point 2 kilometer downwind, but 0.1 kilometer of the centerline means Y value is given 0.1

kilometer. So, for that oy value we will need.
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Solution: Estimation of ground level concentration(1/5)

*  Determine stability class

Assume wind speedt ground surface. Description

suggests strong solar radiation. So its Stability class B
~/

Surface Wind Daytime
Speed Strong Moderate Slight
(LTS UM Insolatio Insolation Insolation

<2

Source: https://web.iitd.ac.in/ Table: (Camuffo, ., 2019)

Now you can determine the stability class. So, for 4 meter per second in this table, 4 meter per

second will be in this 3 to 5 and the strong solar radiation. So, strong solar radiation is this
particular column. So, here this one. So, B is the stability class.

(Refer Slide Time: 27:50)

Solution: Estimation of ground level concentration(2/5)

* Determine o, and o&om Paswy(}ifford curves.

0, =290, 0, =220

T T T T TR ET T TATTIm T
¢ / S ]

/

3
;\\\\\
RARDTRANS

Ui 4ol 100 ol vl g
107! 10° 10 12 10! 10° 10' 10?
x, Distance downwind (km) x, Distance downwind (km)

Image: From Gifford(12]




Example: Estimation of ground level concentration

A stack in an urban area is emitting 80 g/s of NO. It
has an effective stack height of 100 m. The wind
speed is 4 m/s at 10 m. It is a clear summer day with
the sun nearly overhead.

Estimate the ground level concentration at:

a) 2 km downwind on the centerline and

b) 2 km downwind, 0.1 km off the centerline.

Source: https://web.iitd ac.in/

So, this will determine those oy, o, values, if you use the empirical relationship, otherwise,
directly you can calculate from these charts, right. So, oy 290 o is 220, with this point and 2

kilometer is given. Basically, you can have this 2 kilometer away.

(Refer Slide Time: 28:12)
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Solution: Estimation of ground level concentration(3/5)

* Estimate the wind speed at the effective
stack height

A Very unstable  0.15 0.07

Z\P 8 Moderately  ( 0.15 007
U= Uy 7_ unstable
4

U= (e

U=5.65m/s

Source: https://web.iitd.ac.in/

Well next, this is the u the wind velocity at the 100 meter that is the effective stack height,

because 10 meter height wind velocity is given. So, we can use this 100, that is effective stack
height z. Zo is 10. 0.15 why? Because, this is 0.15 for B. This 0.15 for the B and urban area it
is urban area, so, 0.15 we have taken.

v (2

U=4 (%)0.15



U=5.65m/s
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Solution: Estimation of ground level concentration(4/5)

+ Determine Concentration

(a)
x=2000,y=0 /

c(x,y)=ﬁexp(-o.s%v)znexp(-o.ﬂoﬁl)Z)

100

€(2000,0) = 7

5('23'6)'(%5)(T€)'e"°('°~5%)’)lexp(-0.5(

€(2000, 0)= 6.43 x 10°g/my=64.3 pg/m?

Source: https://web.iitd.ac.in/

Well, now, we determine this concentration by putting those values. So, Q value is given 80
gram per second. And the Y value is 0 because at the central line, we are having H effective
stack height is given. So, ultimately 64.3 micrograms per cubic meter concentration is obtained
at that 2000 meter that is 2 kilometer.

(Refer Slide Time: 29:02)
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Solution: Estimation of ground level concentration(5/5)

(b)
x=2000, y=0.1km=100 m

=—% exp(-0.5(2)2)expl-05(12
Cley) = 0,0, exp( 0.5(0v) leml=05(=)

€(2000,100) = mexp(-o.ﬂ%y)hxpws( %)2)

€(2000, 100)= 6.06 x 10°5g/m{=60.6 pig/m?

Source: https://web.iitd.ac.in/




I @4
Solution: Estimation of ground level concentration(4/5)

* Determine Concentration

(a)
x=2000,y=0 /

Clxy) = %exp(-O.S(ol)z)[exp(-ols(oﬂ)Z)
Yyt Y ;7

0(20000) * e e*P0 Stz lexpl-03 735))

€(2000, 0)= 6.43 x 10°%g/m{ =

Source: https://web.iitd.ac.in/

And when we go away from the centerline, 0.1 kilometer, 100 meter away from the centerline,
then the estimated concentration is 60.6. So, you can see, it was 64 and now it is 60. That means
the concentration is decreasing when we go away from the central line. So, very simple to
understand that particular concept, that as we go away from the centerline concentration

decreases.

(Refer Slide Time: 29:18)
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Advantages of Gaussian Plume Model

* Produce results that match closely with experimental data
* Incorporate turbulence in an ad-hoc manner

+ They are extremely fast, almost immediate response time
* Simple in their mathematics

* Quicker than numerical models

* Do not require super computers

* Their calculation is based only on solving a single formula for
every receptor point.

* Cost effective compared to High performance computers

Source: (R. Bhattacharya , AERB)

Now, we see these advantages of Gaussian plume model are many, like it gives the quickest
results and very closely to whatever we are observing, although, there are so much uncertainty
that even 50 percent deviation, we do not mind, in corporate turbulence in ad hoc manner. It is
not very precise or something like that. And they are extremely fast almost immediate response

time. So very quick to calculate simple in their mathematics which we have seen.



Quicker than numerical models. Numerical models are quite complex. It requires
computational time, much more than this Gaussian dispersion model. It does not require
supercomputer because simple calculations can be done by a simple desktop computer, even
on your laptop. Their calculation is based on solving a single formula as we have seen, at the
receptor point. And the cost effective compared to high performance computers, the very

simple thing.

(Refer Slide Time: 30:20)

[
Limitations of Gaussian Plume Model

* Do not take into account the time required for the pollutant
to travel to the receptor.

* Not well suited for regional modeling of particulates, mostly
due to their simplified treatment of secondary aerosol
formation.

* Not able to calculate recirculation effects caused by
multiples of buildings or at intersections.
* Unable to predict concentrations beyond radius of

approximatel

* For greater distances, wind variations, mixing depths and
temporal variations become predominant.

St A ot Heth and vionmentalipacts- 8 . G &L Batachrs AGR)
®swe

Then there are certain limitations because it does not take into account the time required for

pollutant to travel to the receptor. So, that is the limitation. But, again as for rough estimation

it is fine. It is not suited for regional modeling, because the distance for which we can use it,

limited like 20 kilometer or so, beyond that results are not much reliable.

And then there are like we are assuming non-reactive that means, the secondary aerosols, etc.
we cannot take into account of this particular, in this particular model based calculations. So,
for larger distances, this is not much applicable and for reactive pollutants or for secondary

pollutants, if you want to estimate, then it is not going to help us.
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A
Conclusions

¢ The simplicity of Gaussian plume models makes their use
widespread, despite several limitations.

* Parameters such as wind direction, wind speed and
turbulence affects pollutant concentration emitted from
point source.

* Gaussian plume model assumes several assumptions like
steady state to predict concentration of pollutant.

* Parameters in Gaussian plume model can be determined by
using Pasquill-Gifford Stability Classification

* Gaussian plume models are very widely used to estimate
local pollution levels. They are based on analytical formulas
of plume distribution

Anyway, so, this was the introduction for the Gaussian dispersion model for point source.
Otherwise, line source modeling is also there, area source modeling is also there. We will
discuss them later on. So, in conclusion, we can say that this the simplicity of the Gaussian
model makes it very popular and widespread use is there, despite, there are certain several
limitations, but still atmospheric scientist or environmental engineers are very fond of using

these for policy related calculations or simple estimations.

Then the parameters, for example, wind direction, wind speed, turbulence, they affect the
pollutant concentration emitted from the point source. So, they are included in this. Then
Gaussian plume model assumes several assumptions which we have discussed like a steady

state condition of the concentration of the pollutant, uniform kind of concentration.

Then there are certain stability classifications which we have used accordingly we have used
the p value for determining the wind speed at certain heights. And this model is very popular
because it gives very quick results and analytical formula are very simple to understand and
use. So, this is all for today for Gaussian dispersion model or Gaussian plume model from the

point source.
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in the next lecture. Thanks again.



