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Abstract

The transport and dispersion of pollutants becomes weak under low wind conditions resulting in large ground level
concentrations (g.l.c.'s). Largest mean g.l.c.'s due to elevated sources are typically found under daytime convective
conditions with moderate to weak winds in the earlier studies. Similar cases have been studied here by using three
different dispersion models, i.e. Gaussian plume model (GPM) and two low wind models (LWM1 and LWM2) at few
vulnerable places in Delhi.

The models compute the hourly g.l.c.'s of SO2 due to industrial and power plant sources. The performance of these
models has been compared against observed data to identify one of the model, appropriate for dispersion of pollutants
in low wind convective conditions, which are frequently occurring meteorological conditions in Delhi and also in urban
cities of India. This evaluation has been performed at four receptors by using three different methods: (i) comparison of
hourly concentrations of the models against observed data, (ii) Q-Q-plots (Quantile-Quantile) and (iii) statistical
measures.

On the basis of the results and discussion of above methods, it has been concluded that GPM is always overpredicting
and LWM2 is consistently underpredicting the concentrations, whereas, LWM1 is performing better than GPM and
LWM2. Thus LWM1 may be recommended for studying dispersion of pollutants from elevated point sources in low
wind convective conditions.
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1. Introduction

The deterioration of air quality in urban areas due to
the continuous growth of industries and the day to day
increase in vehicular traffic has provided the impetus for
comprehensive monitoring/modeling of air quality. It is
not always feasible to monitor/measure the concentra-
tions of species at various vulnerable points of a city due
to high cost and the experimental difficulties involved.
However, an insight in this regard could be achieved
with the help of suitable mathematical models.

Low winds pose a particular problem in Gaussian
models, since concentration is inversely proportional to
wind speed, resulting in overprediction of concentration
when wind speed approaches zero. The wind is defined
as low wind when the surface wind at 10 m level is
<2ms"1 (Sagendorf and Dickson, 1974; Cirrilo and
Poli, 1992; Arya, 1995). The lack of reliable wind data
itself creates problems because most conventional
anemometers cease to function below the threshold
wind speed. Other difficulties include both the inade-
quacy of the classical methods for modeling the
transport and dispersion as the wind approaches zero
and in describing the spatial and temporal character of
the low winds in a stably stratified boundary layer. This
latter problem requires special attention for very low
level sources, because under these conditions, large
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ground level concentrations (g.l.c.'s) are likely to be
experienced. Large pollutant concentrations might occur
under convective low wind conditions due to elevated
point sources (Moore, 1969; Deardorff, 1984). The study
on the dispersion of air pollutants under convective low
wind conditions assumes significance as these occur
frequently in Indian environment.

Several studies (Goyal et al., 1994; Arya, 1995; Sharan
and Yadav, 1998) have investigated the dispersion of air
pollutants in low wind conditions. Some of these studies
have shown that the standard steady-state Gaussian
plume models (GPMs) generally overpredict ground
level pollutant concentrations in low wind conditions.
The limitations of GPMs are discussed in literature
(Arya, 1999; Zannetti, 1990; Seinfield, 1986). The model
produces unreasonable results when applied to diffusion
in low wind cases (Bass et al., 1979; Zannetti, 1986)
because (1) downwind diffusion is neglected in compar-
ison to the advection (2) the concentration is inversely
proportional to wind speed and therefore, the concen-
tration approaches infinity as the wind tends to zero and
(3) the average concentrations are stationary (Anfossi
et al., 1990). In addition the assumption of constant
diffusivities seems reasonable in the far field and become
questionable for describing near-source dispersion
(Batchelor, 1949; Taylor, 1959; Csanady, 1973; Sharan
et al., 1996). A study of Okamoto and Shiozawa (1978)
for ground level sources showed that high g.l.c.'s might
occur due to weak horizontal dispersion.

The structure of the boundary layer is not yet
sufficiently known under the low wind conditions. The
classical conventional models such as Gaussian plume or
based on K-theory with suitable assumptions, are
known to work reasonable under most of the mete-
orological regimes except the weak wind conditions.
Thus it becomes important to study the dispersion
of pollutant under such conditions. In the present
study we propose to fill up some of these gaps
through modeling of dispersion in low wind convective
conditions.

Delhi, one of the most polluted capital cities of the
world, has been considered for the case study. Major
sources of air pollutants in Delhi are vehicles, industries,
power plants, and domestic coal burning. An estimated
3000 metric tones of air pollutants are emitted daily
(MOEF, 1997). Sulphur dioxide (SO2) is recognized as
one of the major pollutant from elevated sources of
industries and power plants in Delhi. These sources are
known to produce high concentrations under low wind
conditions.

Thus, the objective of the present study is to study the
dispersion of air pollutants emitting from elevated point
sources in Delhi under convective low winds by using
different models in order to identify a suitable model for
dispersion of pollutants under same conditions. A GPM
and two different models for treating low winds in

convective conditions have been used for estimating the
g.l.c.'s. The models' description is given in Section 2.
The emissions and meteorological data and the compu-
tational methodology are given in the following Sections
3 and 4, respectively. The results and conclusions are
discussed in the subsequent sections.

2. Models' description

2.1. Gaussian plume model (GPM)

The g.l.c.'s of the pollutants due to elevated point
source (Wark et al., 1998) is given by

Cðx; y; 0Þ = exp - exp [- (1)

where Q is the source strength (g s l), u is the mean wind
speed (ms^1), sy; sz are the horizontal and vertical
dispersion parameters (m) respectively, y is the cross
wind distance (m), H is the effective stack height (m)
which is given as H — hs þ Dh; where, Dh is the plume
rise (m) and hs is the physical stack height (m). The wind
profile law (Wark et al., 1998) has been used to estimate
the wind speed at the stack level.

Briggs (1969, 1975) plume rise formulae for hot
plumes are used for evaluating the concentrations of
SO2 from elevated point sources. These plume rise
formulae are summarized below:

For unstable or neutral atmospheric conditions, the
downwind distance of final plume rise is Xf — 3:5 X*,
where X* = 14F5=8 for F < 5 5 m V 3 and X* = 13F2=5

fo rF>55m 4 s~ 3 .
The effective stack height under these conditions is

H — hs þ [l.6F1/3(3.5X*)2/3u(h)], ð2Þ

where, F is the buoyancy flux parameter (m4 s~3), uðhÞ is
the wind speed at the top of the stack (ms^1), Xf is the
distance to the final rise (m) and X* is the distance at
which atmospheric turbulence begins to dominate
entrainment (m).

The dispersion parameters sy and sz were estimated
through the Briggs (1973) formulae for urban areas.

2.2. Low wind model 1 (LWM1)

This model, incorporating series of puffs to simulate
dispersion pattern under low wind conditions, is based
on Deardorff’s work (Deardorff, 1984).

Estimation of the g.l.c.'s is made for a point source, by
puff diffusion in a thoroughly mixed convective bound-
ary layer, under low winds ( u ^ m s " 1 ) . This study
incorporates a series of mean circular puffs emanating
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from a point source, with each spreading puff having a
standard deviation of spread sr represented by Eq. (3) as
given below and travel time t:

OR~ \Zi) ~ (1+27*
(3)

where SR0 is the initial spread of the puff at t — 0
and T — wt=zi; where w is the convective velocity
scale and zi is the boundary layer height. This model
assumes a Gaussian distribution radially within each
mean puff and, hence, does not treat concentration
fluctuations.

Now consider a single puff spreading outwards from
a nearly point source in accordance with Eq. (3) and
well mixed in the region 0ozozi: Thus, the mean
incremental concentration dC, a function of time t0 is
given by

exp (4)

where dM is the mass of net contaminant.
The mean concentration C for a continuous succes-

sion of puffs can be obtained by integrating Eq. (4) over
time t:

C(0= 2ps2
rðt0ÞZi

exp dt0
; ð5Þ

where dM=dt0 — Q is the source emission rate, assumed
constant after emissions commence at time t — 0:

Using the mixed layer scaling with w as the only
velocity scale, the concentration can be written as

where

SA±fl^ and r =
z2 z2

w
t0

Finally, the effect of finite mean wind of speed u along x
is to cause x in (6) to be replaced by x — ut0

 : Eq. (6) then
becomes

2n Jo a2
R(V)

: exp

r
þ2

2a2
R(T)

dT0
:

(7)

The integral in Eq. (7) is solved numerically for a
period of 1 h.

2.3. Low wind model 2 (LWM2)

LWM2 assumes that the source material is released
from the source in the form of a series of puffs with a
drift velocity (u; v) to carry the source material from the
source to the receptor. The puff released at a time t will
have a standard deviation of s and centroid at (ut; vt).
All the variables are normalized by the mixed layer
scaling parameters, w and zi:

The g.l.c.'s of the pollutants under low wind
convective conditions may be estimated by

C(x, T) =

when

C(x, T) =

exP \-^3 (8)

, where t — zi=w ; the convective time scale.
T 2Q

exp
o /2/r3 - ^ M' (9)

when t o t :

In the above equations, Q is the pollutant source
strength and d is the distance from the centroid of the
puff to the receptor which is given by d — [(x — utÞ2 þ
y2]'-1^, where h is source height. The diffusion is
assumed to be isotropic (same in all directions).
The standard deviation is given by Batchelor's formula,
s2 — et3 þ S20 (Hanna et al., 1982), where e is the
eddy dissipation rate (m s~ ) and S0 is the initial
spread. Eqs. (8) and (9) are applicable for short and
intermediate travel times of the puff.

3. Emissions and meteorological data

The following input data are required for all the
models considered in the present study. The location of
various industrial and power plant sources and receptor
points are shown on the map of Delhi (Fig. 1). Source
characteristics include stack's height, diameter, exit
velocity, temperature and emission rates as given in
Table 1.

The meteorological data of hourly wind speed, wind
direction, surface temperature and atmospheric stability
of year 1992 has been obtained from India Meteoro-
logical Department (IMD), Delhi. Atmospheric stabi-
lities (Pasquill's classification of six stabilities, A-F)
are compiled from the hourly wind speeds, cloud
cover and solar insolation following Turner's (1969)
table.

The hourly values of model parameters i.e. wind
speed, mixing height and stabilities have been substi-
tuted in models formulae to obtain g.l.c.'s But in view of
a brief graphical presentation, the variation of hourly
wind speed and mixing height averaged over the month
has been shown in Fig. 2a and b. The variability of wind
data during 1100-1800 h have been shown through error
bars in Fig. 2a which are representative of deviation
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Fig. 1. Study area (26 x 24 km2) of Delhi city. Receptors K; Point sources m.

from the mean values of wind. The boundary layer
height is assumed to be the same as the mixing height
(Arya, 1988), which starts building up at 11a.m.
attaining a maximum at 1 p.m. and decreasing thereafter
till 6 p.m. (Fig. 2b).

4. Computational methodology

4.1. Model parameters

The model parameters w t and e are calculated by
using the similarity theory with the hourly meteorolo-
gical data such as wind speed (U) at 10 m, temperature at
ground (T0) and temperature at 10 m (T1). The surface
temperatures are obtained by extrapolating 10 m level
temperature to ground using the relation T0 = T1 þ Gz;

where G is the dry adiabatic lapse rate and z is the height
(10 m).

The convective velocity scale is given by

~9zi a
^ 0 ð10Þ

where u is the surface friction velocity, y is friction
temperature scale, g is the acceleration due to gravity, y
is the mean temperature between ground and 10 m level
and zi is the mixed layer height.

The surface layer parameters u and y „ are calculated
by

ku

- T0Þ

where k is the Von Karman constant, Z0 is the
surface roughness length, cm and ch are the
stability functions (Businger et al., 1971) which are
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Table 1
Source strengths and stacks characteristics of the point sources

Source (m)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23

Q (gs~b

16.6
11.53
19.5
9.23
7.39
50.1
37.1
24.82
20.7
20.7
30.0
37.1
26.0
10.23
24.6
25.4
28.0
90.0
82.0
20.0
79.0
5.0
12.7

) Hs (m)

15
25
25
25
25
50
25
25
25
25
25
50
20
20
25
20
61
61
61
160
50
25
25

D(m)

0.3
0.6
0.6
0.6
0.6
0.4
0.6
0.6
0.6
0.6
0.6
0.4
0.35
0.4
0.4
0.4
3.28
3.96
3.96
3.3
0.4
0.6
0.6

Vs (ins"
1)

18.9
4.32
4.32
4.32
4.32
5.75
18.9
4.32
4.32
4.32
4.32
5.75
1.37
2.94
1.37
2.94
7.3
14.5
13.7
20.0
5.75
4.32
4.32

Ts(K)

548
523
523
523
523
473
523
523
523
523
523
473
523
523
523
523
423
383
398
403
523
523
523

11 12 13 14 15 16 17 18

600

(b)

11 12 13 14 15 16 17 18

Time (LST)

Fig. 2. Variation of hourly (a) wind speed (ms ') and (b)
mixing height (m) in January 1992 at Delhi.

given by

1 + O.lAcp

where jm = (1 - 15Q"1/4 and jh = (1 - 9Q~1/2 in
which z — z=L; is the nondimensional stability para-
meter, L is the Monin-Obukhov length which is given
by L = yu2=kgy:

The parameters ut,0t and L are calculated by using
an iterative method with the stability functions and the
wind speed and temperatures at the ground and 10m's
level. The eddy dissipation rate (e) is calculated by

The model parameters, as defined above, have been
used for computing the hourly concentrations.

4.2. Computation of concentrations

The dispersion of the pollutants have been studied
through GPM, LWM1 and LWM2 on hourly basis
during 1100-1800 h in the month of January as
representative of winter season. Out of the total 31
days, 6 days were selected on the basis of frequent
occurrence of low wind convective conditions, which
means 48 h during convective conditions, which include
low and moderate winds.

The models' concentrations are obtained for each
hour individually by using the hourly meteorological
data for 48 h in the month. Finally, the hourly
concentrations, averaged over the days of the month
have been obtained for 1100-1800 h.

4.3. Statistical errors

A quantitative evaluation of models performance has
been studied through various statistical measures as
follows:

(a) Root mean square error (RMSE)
The RMSE is given by

where Cp and Co are the computed and observed
concentrations respectively and n is the total number of
samples.

(b) Fractional bias (FB)
The fractional bias is given by

C — C %

CV + C%o

where C%p and C%0 are the averages of the computed and
observed concentrations which are given by
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(c) Index of agreement (IOA)
The IOA is given by

IOA = 1 - P
- CoiÞ

where Cpj = Cpi - C%o and COt = Coi - C%o; Cpi; Coi are
the computed and observed concentrations of each
sample (i), Cp , Co. are the deviations of computed and
observed concentrations of each sample (i), from the
mean observed concentrations ðC%oÞ:

(d) Normalized mean square error (NMSE)
The NMSE is given by

NMSE =
ð C o - CpÞ

where ðCo — CpÞ2 is the average of the square of the
deviations of the computed concentrations from the
observed concentrations.

(e) Correlation coefficient (r)
The correlation coefficient is given by

-£?=i(CP-Cp)(Co-Co)

5. Results and discussion

The performance of the models were evaluated by
using three different methods (i) comparison of hourly
concentrations obtained from GPM, LWM1 and
LWM2 at four receptors in the month of January
during 1100-1800 h with observed data of SO2 concen-
trations monitored at same time and same places, (ii) Q-
Q (Quantile-Quantile) plots and (iii) statistical mea-
sures.

The first method of evaluation is presented through
Figs. 3a^b. It is worth noting that SO2 concentrations
obtained from LWM2 are consistently underpredicted
as compared to observed concentrations. This is possibly
due to mixing height parameter, lying in the denomi-
nator of the model's formulation. This can be ascer-
tained by the variation of concentrations of LWM2,
follow the same trend as that of the mixing height, as
shown in Fig. 2b.

On the other hand, the concentrations of GPM were
overpredicted compared to the observed values at all
receptors. But, deviation from the observed concentra-
tions of the above models, are always within acceptable
limits quoted by Hanna et al. (1982). Their correlation
for assessing model performance is that natural varia-
bility of computed deviation must be within a factor of
2-3 times the actual values. Although computed values
from both the models (GPM and LWM2) are higher and
lower than the corresponding observations, they remain

12

(a)

13 14 15 16

Time (LST)

17 18

11

(b)

13 14 15 16

Time (LST)

17 18

Fig. 3. Comparison of hourly computed and observed SO2

concentrations (^gm~3) at (a) Darya Ganj and (b) Maharani
Bagh in Delhi. GPM -E-E-E- ; LWM1 - ’ - ’ - ’ - ; LWM2-
m-m-m-; Observed -K-K-K-.

within a factor of two. In broad sense, LWM1 is
performing better than other two models but not
following a regular pattern at all the receptors. Thus it
is difficult to arrive at any conclusion. Therefore, it is
essential to assess the performance of these models
further.

The performance of the models have been examined
with the help of Q-Q plots in Fig. 5a-c. These figures
plot ranked model predictions against ranked observa-
tions, if the distributions of model predictions and
observations were identical, the points would lie on the
one-to-one line (Venkataram, 1999). It is observed that
many of the concentrations of GPM (Fig. 5a) are
scattered and lie far from the one-to-one line, which
are showing the overpredictions of the model. However,
the concentrations of LWM1 (Fig. 5b) are closer to the
one-to-one line and showing slightly overprediction
whereas the LWM2 values (Fig. 5c) though close to
the one-to-one line showing both underprediction and
overprediction, which reflects the fact, that LWM1 and
LWM2 are performing better than GPM.

To determine if one model is significantly better than
another, it is necessary to use performance measures.
Performance measures estimate the discrepancy between
computations and observations and provide the means
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Fig. 4. Comparison of hourly computed and observed SO2

concentrations (mg m~ ) at (a) Parliament Street and (b) Pahar
Ganj in Delhi. GPM - E - E - E - ; LWM1 - ’ - ’ - ’ - ; LWM2
-m-m-m-; Observed - K - K - K - .

for comparing the models performance. According to
the desired values of the statistical measures for a good
model, the LWM1 ranks better than the GPM and
LWM2 for three out of five measures (Table 2).

The above discussion based on different methods of
evaluation of models performance provides that LWM1
is performing better compared to GPM and LWM2.

6. Conclusions

The main objective of this study is to determine the
dispersion of pollutants under low wind convective
conditions. Two models have been developed for
treating the low wind under convective conditions. The
three models including GPM and two LWM have been
used to predict the g.l.c.'s of SO2 due to point sources in
Delhi.

The low wind conditions occur very frequently in
urban cities like Delhi in India. With low winds
(<2ms" 1 ) , it is difficult to predict the concentrations
under these conditions from Gaussian models. In the
present study, attention has been given to low wind
convective conditions.

(a)

50 100

Calculated

150

150

(b)

50 100

Calculated

150

150

100 -

(c)

50 100

Calculated

150

Fig. 5. Q-Q plots of (a) GPM, (b) LWM1 and (c) LWM2 with
respect to observed values.

A comparison of the results of three models with
observed concentrations has been made at few vulner-
able places in Delhi. Based on the above section of
results and discussion, it can be concluded that GPM is
always overpredicting. LWM2 is consistently under-
predicting, but LWM1 is performing better than GPM
and LWM2 under low wind convective conditions.

The analysis of the relevant statistical parameters
(Table 2) shows that the performance of LWM1 against
observations is better than the GPM and LWM2. Thus,
on the basis of the present study and present available
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Table 2
Statistical error analysis of different models

Error

RMSE
FB
IOA
NMSE
r

GPM

3.58
1.03
0.302

106.4
0.6

LWM1

3.0
0.86
0.64

55.9
0.6

LWM2

3.74
-0.062

0.54
28.8

0.3

Ideal

0
0
1
Least value
1

data, one can say that LWM1 may be used for studying
the dispersion of air pollutants in low wind convective
conditions.

It may be mentioned here that in Delhi, major sources
of SO2 are industries and power plants. The steady
increase of industries has resulted in increase of SO2

emissions. Hence, new strategies should be undertaken
to reduce emission of SO2 from industries and power
plants to a safe and accepted level. In addition to
emissions, the meteorological conditions, e.g., low wind
convective conditions increases the g.l.c.'s which
requires an appropriate model to give an assessment of
actual situation of ambient air quality. In these regards,
the above study may provide a useful tool in the form of
model to predict SO2 concentrations under low wind
convective conditions.

However, more scientific studies are required with
more observed data to find out best fit model for
studying the dispersion of pollutants in urban cities like
Delhi.
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