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Abstract—Two numerical models were coupled in this study; a three-dimensional mesoscale meteorologi-
cal model and a three-dimensional Monte Carlo dispersion model. The dispersion of methyl isocyanate gas
from the Bhopal accident was examined using the coupled models. A series of numerical experiments were
performed to investigate the possible role of the surface induced mesoscale circulations and various
environmental parameters on this industrial gas episode. The temporal and spatial variations of the wind
and turbulence fields were simulated by the mesoscale model. The dispersion of the accidentally released
methyl isocyanate gas was then evaluated by the Monte Carlo model using these wind and turbulence
fields. The numerical experiments suggest that the reported complex dispersion of the gas at Bhopal could
have resulted from the interaction of thermally forced mesoscale circulations. Results especially point to the
effect of the Bhopal urban heat island which dominated the local circulation and trapped the gas over
Bhopal city. The calm ambient winds, clear skies, and stable nocturnal atmospheric conditions that
prevailed during the accident are consistent with the formation of an urban heat island effect over Bhopal.

Key word index: Mesoscale modeling, air pollution, Lagrangian particle dispersion, Monte Carlo tech-
nique, urban heat island, coupled model, Bhopal gas accident.

1. INTRODUCTION

Over the past decade, there has been increasing inter-
est in evaluating air pollution episodes associated
with accidental toxic gas and radioactive releases.
These releases can cause serious health hazards and
even fatalities, such as the ones that occurred with the
chemical release in Bhopal, India, the radioactive
emissions from the Chernobyl nuclear power station
in the former Soviet Union, and recently the smoke
plumes from the Kuwaiti oil well fires. Undoubtédly,
the role of meteorology in all air pollution episodes is
of pivotal importance, since the movement of pollut-
ants in the atmosphere is governed by atmospheric
motion. It is, therefore, essential to use detailed me-
teorological information in the dispersion models
to improve our understanding of the transport and
diffusion of air pollutants. Such detailed meteorolo-
gical information can be obtained either from interpo-
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lated meteorological observations or meteorological
models.

Until recently, observations have been used to ob-
tain necessary meteorological information for disper-
sion models (e.g. Pack et al., 1978; Artz et al., 1985).
These studies, however, have demonstrated that the
observations are too coarse in both time and space to
accurately depict local circulations. Small scale fea-
tures of the wind and turbulence fields are neglected in
these models. This loss of resolution is especially seri-
ous where the temporal and spatial inhomogeneities
of the wind and turbulence fields are significant.

One approach to overcome the limitation of the
existing meteorological observations is to use the in-
formation predicted by meteorological models. For
example, Bornstein et al. (1987a, b) coupled a meso-
scale meteorological model with an Eulerian gridded
dispersion model in order to study the urban bound-
ary layer structure of New York City. Theé meteoro-
logical model provided the velocity and vertical
diffusivity fields. Results demonstrated that the
coupled models could simulate most of the features of
the polluted urban boundary layer during sea breeze
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conditions. One limitation in their study, however,
was the treatment of near stack dispersion using point
sources. This is a general problem for all Eulerian
dispersion models due to the homogeneous grid cells.
The problem results from the limited spatial resolu-
tion of such models. In many cases, plumes or puffs
initially occupy a volume smaller than the size of one
dispersion model grid cell, and do not expand to fill
a cell until far downwind.

The characteristics of localized emissions can be
simulated better by coupling meteorological models
with Lagrangian dispersion models. Such coupling
does not suffer from numerical problems associated
with the grid size resolution. Transport terms, whose
correct numerical treatment of subgrid scale plumes
or puffs is very difficult with Eulerian gridded models,
are handled in a straightforward manner in the Lag-
rangian models. For example, one such coupling was
accomplished by McNider et al. (1988), who studied
the influence of diurnal variation and inertial bound-
ary-layer oscillations on long-range dispersion. An-
other coupling was made by Pitts and Lyons (1992)
with an application to the urban area of Perth, Aus-
tralia. Their model results satisfactorily reproduced
the magnitudes and spread of the plume. These and
other studies have demonstrated that Lagrangian
particle dispersion models can successfully simulate
turbulent fluid dynamics in a wide spectrum of ap-
plications.

In this study two numerical models were coupled.
One is a three-dimensional mesoscale meteorological
model that provides detailed meteorological informa-
tion. The other is a three-dimensional Monte Carlo
dispersion model that simulates dispersion of pollut-
ant emissions through the use of the wind and turbu-
lence fields obtained from the mesoscale model fields.
The dispersion of methyl isocyanate gas from the
Bhopal accident was then examined using the coupled
models. The primary objective of this study is to
investigate the possible role of the surface induced
mesoscale circulations and various environmental
parameters on the dispersion of the accidentally re-
leased methyl isocyanate gas.

2. METHODOLOGY

Methodology of the study and description of the coupled
models are summarized below.

2.1. Mesoscale meteorological model

The mesoscale model used in this study is described in
detail by Huang and Raman (1990, 1991) and similar to that
used in Boybeyi and Raman (1992a, b). Thus, only a brief
description of the model is given here. The model is hydro-
static and anelastic in a terrain-following coordinate system.
The governing equations for the mean variables are
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where the terrain-following coordinate is defined as
:—E
= =, 9
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using the maximum height of the model domain, H, and the
terrain height, E. Equations (1) and (2) are the horizontal
momentum (u and v) equations for east-west and
north—south directions, respectively. Equation (3) is the ther-
modynamic energy equation for the potential temperature
(). Equations (4)—(6) are the conservation equations for
water vapor (g), cloud water (g.) and rain water (g:), res-
pectively. Equation (7) is the anelastic equation for fluid
continuity. Equation (8) is the hydrostatic equation.

The scaled pressure, 7, from the Exner function is defined

P\ R
n= c,,(——> , K=—, (10)
Poo Cp

where p is pressure with the reference pressure, Poo, set to
1000 mb. The virtual potential temperature, 6., is defined as

0, =0(1 +061qg—q.— q) (11)

The vertical velocity in the g-coordinate, W, is related to
vertical velocity in the z-coordinate, w, by

as

w=w(H—E)—(c— 1)(u€—E+u§£>. (12
cx dy

The sink or source terms in equations (3)—(6) are described in
detail by Huang and Raman (1990).

The atmospheric planetary boundary layer is treated in
two parts as the surface layer and the transition layer. The
surface layer turbulent transport is based upon the similarity
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stability functions given by Businger et al. (1971). The equa-
tions for friction velocity (u,), flux temperature (0,), and flux
moisture (q,) are given by

uy = kV/[In(z/20) — Yu(z/L)], (13)
04 = k(0 — 0,,)/[0.74(In(z/20) — Yu(z/L))],  (19)
s = k(g = 4,)/[0.74(In(z/20) — Yu(z/L))],  (15)

where V is horizontal velocity, z/ L a non-dimensional stabil-
ity parameter, k the von Karman’s constant, and 0., and q,,
the values of 6 and g at surface roughness height, z, (Zilitn-
kevich, 1970). The Monin—-Obukhov stability length, L, is
defined as

_ 0w

kgb, ’

where 0 is the average air temperature near the surface. The
surface roughness length, z,, is specified over land surface,

while it is calculated over water surface using Charnock’s
relationship (Clarke, 1970)

(16)

uZ
zo = 0.018=%, (17
g
with’a minimum value of 0.0015 cm imposed on the z,.
Above the surface layer, a one-and-half order (E — ¢) tur-
bulence closure scheme, using two prognostic equations for
the turbulent kinetic energy (E) and the turbulent energy
dissipation (g), is incorporated with the level 2.5 scheme of
Mellor and Yamada (1982) to account for turbulent trans-
port in the transition layer. The prognostic equations for the
turbulent kinetic energy, E, and its dissipation, ¢
(Duynkerke and Driedonks, 1987) are given as (in the z-
coordinate)

force-restore method (Bhumralkar, 1975; Deardorff, 1978).
Relative humidity for the land surface remains unchanged,
but the air in contact with the water surface is assumed to be
saturated. The hydrostatic equation is used to obtain the
surface pressure from the known upper level pressure. At the
upper boundary, a radiation boundary condition (Klemp
and Durran, 1983) is used to determine the upper perturba-
tion pressure. Prognostic variables (u, v, 6, g, g., and q.) are
computed by the prediction equations using the forward-
upstream differencing scheme except for the vertical advec-
tion terms. For the prognostic variables (E and &), zero
gradient is used, since no turbulence flux is assumed at the
upper boundary. At the lateral boundaries, Orlanski’s radi-
ation condition (Orlanski, 1976) with forward-upstream
scheme (Miller and Thorpe, 1981) is applied i< the prognos-
tic variables (, v, 6, g, q., and g,). For the other variables,
E and ¢, zero gradient boundary condition is used at lateral
boundaries.

2.2. Monte Carlo dispersion model

The Monte Carlo model used in study was originally
developed by Zannetti (1981, 1984, 1986). The model simu-
lates the dispersion of buoyant and dynamically passive
pollutants in the atmosphere by means of a large ensemble of
Lagrangian particles moving with pseudo-velocities. These
pseudo-velocities simulate the effects of the two basic disper-
sion components: (1) transport due to the mean wind, and
(2) diffusion due to the turbulent velocity fluctuations. The
Monte Carlo model assigns a horizontal wind aligned local
coordinate system for each particle at each time step based
on the horizontal mean wind direction at the particle loca-
tion. In this local coordinate system, the x-axis is chosen to
coincide with the mean wind direction. The choice of x-axis
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where A is the advection term, S the shear production term,
B the buoyancy term, T the turbulent transport term and
D the dissipation term for turbulent kinetic energy and
energy dissipation. The level 2.5 closure of Mellor and
Yamada (1982) contains the same prognostic turbulent kin-
etic energy equation [equation (18)]. After considerable alge-
braic reduction, the final forms of eddy diffusivities for mo-
mentum, heat, and moisture in the level 2.5 formulation are
expressed as

Ky = csl(QE)V2S,,, 20)
Ko =K, = csl (2E)'?S,, (21

where the non-dimensional functions S, and S are reported
by Mellor and Yamada, 1982. Eddy mixing length, ¢, is
parameterized for different stability conditions in terms of the
known variables (Huang and Raman, 1991). Similar formu-
lations for £ were also used by many investigators (e.g. Andre
et al., 1978; Mellor and Yamada, 1982). In the above equa-
tions, ¢, ¢,, 3, and c, are closure constants.

To account for advection effects, a modified version of the
Warming-Kutler-Lomax advection scheme (Warming et
al., 1973) is used in the horizontal and the quadratic up-
stream interpolation in the vertical, while all vertical diffu-
sion terms are computed by a time-implicit scheme. At the
lower boundary, a no-slip condition is imposed for the wind.
The water surface temperature is fixed and the land surface
temperature is computed during the integration using the

in the mean wind direction simplifies the treatment of the
cross correlation terms, since in this local reference system

it can be assumed that only the cross correlation u'w’ is
non-zero. Particle positions are then computed from the
following relations:

x(t + At) = x(t) + [a(t) + u'(¢)]At,

y(t + At) = y(t) + [v'(t)]Ae, (22)
z(t + At) = z(t) + [w(t) + w'(t)]At,

where & and W represent the horizontal mean and vertical
velocity components obtained from the mesoscale model
resolved east-west, north—south, and vertical velocity com-
ponents, while u’, v’ and w’ are the subgrid scale semi-
random turbulent velocity fluctuations (in each of the three
directions) whose statistics were derived from the mesoscale
model predicted boundary layer parameters. Since the grid-
scale meteorological variables are defined only on the meso-
scale model grid mesh, a linear interpolation scheme is used
to estimate their values at each particle location.

The semi-random turbulent velocity fluctuations are gen-
erated by the following Monte Carlo scheme:

't + At)= ¢ u'(t) + u”(t + Ao,
v'(t + At) = ¢,v'(t) + v"(t + Ad), (23)
Wt + At) = gaw'(t) + au'(t + At) + w'(t + Ad),
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where u”, v and w" are purely random, independent, and
uncorrelated turbulent velocity fluctuations (i.e. “white
noise”). These random fluctuations are taken to be Gaussian
with zero mean and the following variances:

2. =02(1-¢?,
63'(1 - ¢;)9
02, =02.(1 —¢2) — d202 —2¢,¢304R,.,,0,0,.,

where ¢,., 6. and o are the turbulent velocity standard
deviations. The use of Monte Carlo technique in particle
models is particularly important, since it allows every par-
ticle to move independently. This provides a computational
algorithm generally faster than deterministic computations,
since no interacung forces need to be computed. The para-
meters @,, ¢,, @3, and ¢, in equations (23) and (24) are
computed using the following algebraic manipulations (see
for more information Zannetti, 1990)

o

SN

(24

N

¢ =R,.,
¢, =R,,
R, — R, RZ,,
§y = oy 25)
R,.,.0,(1—R,R,.)
¢s T
o, (1 —R2R2, )

where R ., R,. and R, are auto-correlation coeflicients that
are assumed to be exponential.

R,.(At)=exp(— At/T}),
R, .(At)=exp(— At/T'[’_'),
R,.(At) = exp (— At/T™),

where T}, TV  and T} are Lagrangian integral time scales.

(26)

The one required cross correlation coefficient, R . ., is given
by the following equation:
u? z—z
R, =—-——" (1 - °), @7
6,0, h; — zq

where z is the height under consideration, u_ friction velo-
city, zo surface roughness length, and h; mixed layer height.

The Lagrangian turbulent statistics in each of the three
local component directions need to be determined. Several
different methods have been proposed for defining Lagran-
gian statistics, but none of them has been found totally
satisfactory. The Monte Carlo model uses the following
formulations suggested by Hanna (1982).

Unstable conditions:
Standard deviations:

h \1/3
Oy =0, =u, |12 +05— ) (28
(2 v0s) )
3z L\
O, = 0.96w*<7 — h_> for z < 0.03h;, 29)
3z L\!/3 2 \0-175
w' = in| 096 — —— ) ; 0.763| —
a Wy mm[ (h; hi) (hi) ]
for 0.03h; < z < 0.4h;, (30)
2 \0.207
Oy = 0,722w*(1 - h_> for 0.4h; <z < 096h;, (31)
o, =037w, for 0.96h; <z <h; (32)
Lagrangian time scales:
u’ ‘ hi
L =T = 0.150— (33)
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T = 0.1 x z/aw, [0.55 +038 :O):'
L

for z <0.1h; and (z — z9) > — L, 34)
z
Ty =0.59— forz<O0.1h; and (z — zp) < — L. (35)
g .
. hi N 5
T =0.15—[1 —exp(—h—z>] for z > 0.1 h;. (36)
Stable conditions:
Standard deviations:
20 (1 z) 37)
o, =20u -—1,
u * h (
z
6,.=0, = 1.3u*(1 —h—) (38)
Lagrangian time scales:
hy (z\%*
TY =0.15— (——) (39)
O'", hi
h z 0.5
T =0.07— (—) (40)
o, \h;
h z 0.8
Ty =01—‘<—> (41)
0. \h;
Neutral conditions:
Standard deviations:
3fz
o, =20u_exp| —— |, (42)
u
*
2fz
6,=0, = 1.3u*exp<—i). (43)
u*
Lagrangian time scales:
, , 05z 15z
T =T =TV =—[[1+ : (44)
a u

w’ *
where fis Coriolis parameter, u_ friction velocity, w, convec-
tive velocity, h; mixed layer height, L Monin-Obukhov
length, and z, surface roughness length. All these boundary
layer parameters (u,, w,, L, and z) are obtained from the
mesoscale model, while the time variation of the mixed layer
height (h;) is determined from the time variation of the
mesoscale model predicted turbulent kinetic energy (E).
The turbulent velocity standard deviations are determined
using the following relationships for heights greater than the
mixed layer height (Etling et al., 1986):

6, =0, =091E'?, (45)

o,=052E"2, (46)
while the Lagrangian time scales are set to 600 and 30 s for
the horizontal and vertical components, respectively (Gry-

ning et al., 1987). In the above equations, the mean turbulent
kinetic energy (E) is obtained from the mesoscale model.

3. A BRIEF DESCRIPTION OF THE ACCIDENT

The Bhopal gas accident was one of the world’s
deadliest industrial disasters. The Union Carbide
plant was licensed to manufacture phosgene, mono-
methyl amine, methyl isocyanate, and carbaryl. The
plant is located due north of the Bhopal urban area.
In the southwestern part of the plant, a relatively large
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water body of Upper Lake is located. The accident
occurred with the leakage of the methyl isocyanate
gas from a nozzle at about 33 m height above the
ground. The gas leak started around 0030 IST in the
early hours of 3 December 1984, and continued for
about 90 min until 0200 IST. The methyl isocyanate
gas is twice as heavy as air and a reactive, toxic,
flammable compound. The gas is known to attack the
respiratory system, eyes, and skin. Investigative re-
ports indicated that about 40 tons of the methyl
isocyanate gas escaped into the atmosphere and
affected all living beings and vegetation.

On the night of the episode, there were no recorded
meteorological observations. According to the avail-
able reports and local residents, the episode occurred
under stable atmospheric conditions. Night hours
were marked by substantial suppression of turbulent
diffusion. The ambient winds that night were near
calm and mostly northwesterly and subsequently
northerly. The other important parameter, mixed
layer height was estimated as 200 m based on the
mixed layer height values for New Delhi (Singh and
Ghosh, 1985).

The only concentration-related observation was
obtained by mapping the degree of damage to trees,
crops and vegetables in different parts of the city. This

483

was the best integrated concentration monitor avail-
able at that time. Several scientists from various or-
ganizations (mainly the Indian Agricultural Research
Institute and the Central Board for the Prevention
and Control of Water Pollution) tracked the path of
the gas cloud and gauged the comparative exposure
levels encountered. The extent of the vegetation dam-
age obtained from this study is shown in Fig. 1 in
terms of area in the affected zones. It was observed
that all types of vegetation (from the top of the big
trees to the ground level vegetation) were mostly affec-
ted in the eastern, southeastern and southern direc-
tions of the plant. The worst affected area was located
southeast of the plant (J.P. Nagar colony). It was also
observed that with increasing downwind travel dis-
tance from the Union Carbide plant, the damaging
affect on the vegetation decreased considerably.
Since the methyl isocyanate gas is denser than air,
one would expect that gravity slumping was import-
ant. However, according to Singh and Ghosh (1985),
the conditions of the release, the chemical nature of
the gas, and the observations on the damaged vegeta-
tion affected by the gas conclusively suggested that
the gravity slumping was not at all important. For
example, if the gravity slumping was important, the
Union Carbide plant and its immediate vicinity would

Union Carbide
— N,

Road

Railway line

Drain

Lake

2] Severly affected (5.5 km?)
Badly affected (10 km?)
[ii] Moderately affected (6 km?)
273 Mildly affected (5 km?)

.

BN

Upper Lake

Fig. 1. Zones of influence of methyl isocyanate gas on vegetation, based on the average scores of damage to each
species (after Singh and Ghosh, 1985).
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Table 1. Description of the numerical experiments

Case description Ambient flow (ms™1!) Plume rise Remarks

B1 Northwesterly winds Ug=07 Vy= —07 No

B2 Northerly winds U,=00 V= —10 No

B3 Influence of Upper Lake U, =07 Vg= —-07 No Upper Lake is removed
B4 Influence of Bhopal city U, =07 Vg= —07 No The urban area is removed
B5 Influence of plume rise U,=07 V= —07 Yes

have been the worst affected. However, this was not
observed. Chemical scorching effects on the vegeta-
tion were only observed several hundred meters away
from the plant. Methyl isocyanate gas is also tho-
roughly miscible in the air. It was reported that this
property of the gas led to a rapid initial dilution of the
gas. Therefore, the gravity slumping phase was missed
altogether.

4. NUMERICAL EXPERIMENTS AND MODEL
PARAMETERS

The numerical experiments were designed to
investigate the role of the surface induced mesoscale
circulations and various environmental parameters
on the dispersion of methyl isocyanate gas. Due to
unavailability of the meteorological observations on
the night of the accident, the experiments were con-
ducted based on mean climatological data. Topo-
graphical features were not considered, since Bhopal
is surrounded by fairly flat terrain. Gravity slumping
was neglected, since the initial dilution of the gas was
so rapid that the gas cloud was carried away by the
prevailing wind without showing any symptoms of
gravity slumping. The numerical experiments include
the influence of two observed ambient wind directions
(northwesterly and northerly), Upper Lake, Bhopal’s
urban area, and plume rise. A complete description of
the numerical experiments is given in Table 1.

Table 2 shows the mesoscale model parameters for
the Bhopal simulations. The mesoscale model domain
contains 14 non-uniform grid levels in the vertical and
35x 30 grid points in the horizontal with a uniform
grid interval of 1 km (Fig. 2). The use of a 1 km grid
interval in the mesoscale model should not violate the
hydrostatic assumption, since the stable night hours
substantially suppressed the magnitude of the vertical
acceleration. The model is integrated for 11 h after
sunset (1800 IST) on 2 December 1984. Nocturnal
boundary layers tend to be highly stable in the Bhopal
region with relatively dry conditions associated with
the northeasterly monsoon flow. Wind speeds tend to
be low during this period. According to reports and
local residents, the wind was nearly calm and the
atmosphere was very stable on the night of the acci-
dent. An ambient flow of about 1 ms™' and a vertical
potential temperature gradient of 6°C km~! are ad-
opted for all simulations. The initial surface temper-

Table 2. The mesoscale meteorological model parameters
for the Bhopal simulations

Quantity Value
Model start time 1800 IST
Day of year 2 December
Mean latitude 23°N
Model run time 11h

Time step 15s

Rural area surface temperature 16°C

Upper Lake surface temperature 20°C
Urban center surface temperature 22°C

Soil thermal diffusivity 0.0018 cm2s~!

Geostrophic wind speed Ims™!

Potential temperature gradient 6°Ckm ™!

Relative humidity 50%

Horizontal grid spacing (Ax, Ay) 1km

Grid domain size (x, y, z) 35x30x 14

Rural area surface roughness 4cm

Suburban area surface roughness 7 cm

Urban center surface roughness 12cm

Model top 1 km

Vertical levels 0, 3, 33, 65, 100,
150, 200, 250, 300,
350, 400, 600, 800,
1000 m

atures are based on climatological observations. It
was assumed that the surface temperature is 16°C
over the rural area, while the temperature over the
Bhopal urban area increases gradually to a maximum
value of 22°C at the urban center. The Upper Lake
surface temperature is assumed as 20°C and kept
constant during the integration. Bhopal city is well
built up towards the city center. The surface rough-
ness values are assumed to be 12 cm over the urban
center, decreasing to 7 cm towards the suburban area
and 4 cm over the rural area.

Computationally, the mesoscale model provided
three-dimensional wind and turbulence fields at 4 min
intervals, and then the Monte Carlo model simulated
the dispersion of methyl isocyanate gas using these
wind and turbulence fields. The Monte Carlo model
simulation began at 0030 IST and continued 4.5 h
until 0500 IST on 3 December 1984. The pollution
concentration is estimated based on the spatial distri-
bution of the particles by simply counting the number
of particles in a concentration calculation grid (Fig. 2).
This estimate of concentration depends on the total
number of particles and size of the grid cells. To
obtain a statistically steady concentration field, it is
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Fig. 2. Map of Bhopal area showing the location of Union Carbide

plant, Bhopal city and Upper Lake. Tick marks (1-35 and 1-30) on the

boundary show the mesoscale meteorological model grids and the marks

(1-140 and 1-120) show the Monte Carlo dispersion model concentra-

tion calculation grids. The solid horizontal line marks the location of the
vertical cross sections shown in Fig. 6.

Table 3. The Monte Carlo dispersion model parameters for
the Bhopal simulations

Quantity Value
Model start time 0030 IST
Day of year 3 December
Model run time 45h

Time step 20s
Emission start time 0030 IST
Emission stop time 0200 IST
Horizontal grid spacing (Ax, Ay) 250 m

Grid size (x, y, z) 140 x 120 x 17
Model top 400 m
Source height 33m
Emission rate Tkgs™!
Total number of particles released 35,000

usually necessary to release a large number of par-
ticles of the order of several thousands. A total of
35,000 particles were released between 0030 IST and
0200 IST. Each released particle represents a discrete
quantity of the total pollutant mass. Table 3 shows
the Monte Carlo model parameters for the Bhopal
simulations.

5. DISCUSSION OF RESULTS

5.1. Case B1: influence of northwesterly winds

The mesoscale model predicted horizontal poten-
tial temperature fields are shown in Fig. 3 at the
source height 33 m after 2 and 7h of simulation.
Bhopal’s urban area has different surface temper-

atures from those of the surrounding non-urban en-
virons. Early at night (by the second hour), the closed
isotherms over the city separate this area from the
surrounding areas with a maximum value at the ur-
ban center and a large temperature gradient at the
urban edge associated with the urban heat island. The
spatial distribution of the isotherms over the Upper
Lake area also indicates the development of a land
breeze circulation. At night, the land surface and the
air in contact with it cool off more rapidly than the
lake water surface. This differential cooling generates
a mesoscale circulation known as land breeze circula-
tion.

Later at night (by the seventh hour), the north-
westerly ambient winds advect the warm urban and
lake air over relatively cooler rural areas along the
downwind side of the city and the lake, thereby re-
ducing the thermal gradient. Along the upwind side
of the city and the lake, the ambient winds advect
cooler rural air over relatively warmer urban and lake
areas, causing a tighter gradient. As a result of the
advection of the thermal gradient and the radiative
cooling at night, the urban heat island intensity de-
creases. In contrast, land breeze circulation intensity
slightly increases due to the differential cooling be-
tween the lake and the surrounding rural areas.

The mesoscale model predicted horizontal wind
vector fields are shown in Fig. 4 at the source height
33m after 2 and 7 h of simulation. Bhopal’s urban
area produces changes in the surface and atmospheric
characteristics. For example, the urban heat island
causes deformation of the pressure field over the city,
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Fig. 3. The mesoscale meteorological model predicted horizontal potential temperature fields, 0 (K), at source height 33 m
after 2 and 7 h of simulation for the northwesterly wind case.
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Fig. 4. The mesoscale meteorological model predicted horizontal wind vector fields, u and v(m s~ 1), at source height 33 m
after 2 and 7 h of simulation for the northwesterly wind case.

creating a lower pressure region. The rougher urban
surface increases the frictional drag on the flow. Air
traversing the area encounters these changes. Early at
night, the horizontal winds converge southeast of the
city and increase in speed due to the acceleration of
the air toward the lower pressure region. This conver-
gence region is later advected further downwind by
the ambient winds. The advection of the convergence
region is strongly controlled by the magnitude of the
ambient wind and the intensity of the total heat input
to the air. Additionally, Upper Lake causes its own
mesoscale circulation because of its size. The horizon-
tal winds tend to change their direction south of the

lake associated with the land breeze circulation. How-
ever, this is not clear in the figure. Relatively strong
urban heat island circulation must be suppressing
strong development of the land breeze circulation.
The interaction between these local circulations will
be examined more closely in Cases B3 and B4.
Figure 5 shows the mesoscale model predicted ver-
tical velocity fields at the source height 33 m after
2 and 7 h of simulation. In the figure, upward motion
is represented by solid lines, while downward motion
is represented by dashed lines. Their extremes are
indicated by the letters H (High) and L (Low), res-
pectively. Early at night, the thermally induced urban
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Fig. 5. The mesoscale meteorological model predicted vertical velocity fields, w (cm s~ ?), at source height 33 m height after
2 and 7 h of simulation for the northwesterly wind case.
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heat island circulation is evidenced by an u;;ward
motion region over the city and downward motion
regions surrounding the city in the general direction
of the ambient wind. This circulation develops as the
warm air over the city rises and expands. As the air
expands, it cools and flows back toward the city at the
edges of the urban area and thereby establishes
a self-contained circulatory system. A similar circula-
tion pattern associated with the land breeze circula-
tion is also seen on the southern shore of Upper Lake.
Later at night as the radiative cooling progresses, the
intensity of both the upward and downward motions
over the city decreases, while the intensity of the

upward motion on the southern shore of the lake
slightly increases.

Figure 6 shows the vertical sections of the meso-
scale model predicted wind and potential temperature
fields from another perspective. Early at night, the
thermal structure shows the existence of a nocturnal
stable atmosphere over non-urban areas. In moving
over the urban area, the combination of the increased
temperatures and the increased surface roughness
produces major alterations. A well-defined urban
boundary layer forms over the city and is capped by
an elevated urban inversion layer aloft. The urban
boundary layer and the inversion layer aloft result
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from mechanical turbulence associated with the
rougher urban surface, plus thermal turbulence asso-
ciated with the relatively less stable atmosphere of the
urban area. Both the mechanical turbulence and the
thermal turbulence cause upward motion over the city
and consequently downward motion surrounding the
city. The urban boundary layer attains a depth of
about 250 m by this hour and becomes more shallow
further away from the city center.

Later at night, the urban heat island intensity de-
creases and strong stability suppresses turbulent mix-
ing in the vertical direction. As a result, the boundary
layer shrinks to a depth of about 200 m. Note that the
predicted urban boundary layer height is in good
agreement with the mixed layer height for Bhopal
estimated by Singh and Ghosh (1985). A different

Z. BOYBEYI et al.

behavior of the boundary layer structure over the
Upper Lake area is also seen from the cross sections.
Early at night, a shallow and stable marine boundary
layer forms over the lake. This stable boundary layer
is later deepened as the radiative cooling progresses
at night.

The Monte Carlo model simulated dispersion of
methyl isocyanate gas are shown in Figs 7 and 8 after
90, 150, 210 and 270 min of release. The results are
presented in horizontal planes at the source height
33 m and near the surface, respectively. Advective and
diffusive growth of the gas reflects the dramatic
change in wind direction associated with the urban
heat island circulation. The gas dispersion dominates
southeast of the Union Carbide plant, where the worst
effects of the accident were felt. Concentration values
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sion model predicted source height concentration fields, C (103 ugm™3), superimposed on
del predicted wind vector fields after 90, 150, 210 and 270 min of travel with northwesterly
Union Carbide plant is indicated by a dot.
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Fig. 8. The Monte Carlo dispersion model predicted near surface concentration fields, SC (103 ugm™3), after 90, 150, 210
and 270 min of travel with northwesterly wind.

both at the source height and near the surface de-
crease with increasing downwind travel distance as
the gas cloud continues to expand and disperse over
a larger area.

After 90 min of release, gas emission stops and the
gas cloud moves towards the urban center with little
mixing occurring. Concentration values near the sur-
face directly beneath the moving gas cloud are thus
lower than those at the source height. After 150 min
of release, the results show that the circulation and
thermodynamic structure of the Bhopal urban area
significantly affects the gas dispersion. The gas cloud
diffuses within the urban area due to the turbulent
mixing caused by the weaker stability and higher
surface roughness elements of the city. Fumigation
resulting from the weaker stability of the urban area
leads to significant increases in the computed concen-

tration values near the surface. After 210 and 270 min
of release (3.5 and 4.5 h after initial release), the influ-
ence of the urban heat island on the gas dispersion is
more pronounced. The gas cloud both at the source
height and near the surface is trapped over the city by
the return flow of the urban heat island circulation,
instead of being advected farther downwind. The
rapid decrease in the magnitude of the concentrations
from 90 to 150 min is also slowed down by the up-
ward mass diffusion via turbulent mixing.

Figure 9 shows vertical cross sections of the gas
dispersion in an east—west plane constructed through
the locations of high concentration regions (Y-
GRID = 77, 69, 56 and S5 of Fig. 7(a)—(d), respective-
ly). The cross sections show weak vertical mixing after
90 min of release. High concentrations are therefore
seen within a relatively shallow layer near the surface.
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Fig. 9. The Monte Carlo dispersion model predicted vertical cross sections of the concentration fields, V'C (10% ugm™?), after
90, 150, 210 and 270 min of travel with northwesterly wind.

After 150 min of release, the gas cloud is mixed up-
ward within the urban area via turbulent mixing.
Upward dispersion of the gas is retarded at the top of
the urban boundary layer by the elevated urban inver-
sion layer. The gas cloud is thus confined to the first
250 m depth above the surface. Later (after 210 min of
release), the gas cloud axis is curved and tilted down-
stream, resulting in a different advection rate of the
gas cloud at the top of the urban boundary layer.‘

The results of this case study suggest that the re-
ported complex dispersion of the gas at Bhopal could
have resulted from the interaction of thermally forced
mesoscale circulations and that the impact of the
accidentally released methyl isocyanate gas occurred
within a small area southeast of the Union Carbide
plant. In this area, the gas cloud is confined over
Bhopal city by the return flow of the urban heat island
circulation for a significant time period (at least until
sunrise). The results also suggest that the concentra-
tion values decrease with increasing travel distance,
thereby indicating that the effect of the gas diminishes
with increasing distance.

The reported and observed dispersion pattern of
the gas generally seems to support these findings. For
example, Singh and Ghosh (1985, 1987) reported that
the worst affected area was located southeast of the
plant (J. P. Nagar colony). This colony was engulfed
with copious dense white fumes having a bitter sweet
smell. The gas concentration was so high that visibil-
ity was very poor. The gas cloud lingered over the J. P.
Nagar colony for an unusually long time (about 5h
after the start of the release), resulting in a large
number of casualties by the time the smoky pall was
cleared at about 0530 IST. It was also observed that
with increasing downwind travel distance from the
Union Carbide plant, the damaging effect of the gas
on the vegetation decreased considerably.

5.2. Case B2: influence of northerly winds

This case study examines the influence of the other
observed wind direction on the gas dispersion. All
prescribed model parameters are the same as those of
Case B1, except that wind direction is now from the
north.
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Fig. 13. Same as in Fig. 7, except that Upper Lake is removed from simulation domain.
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Fig. 12. Same as in Fig. 10, except for the northwesterly wind case with Upper Lake removed from simulation domai
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Fig. 13. Same as in Fig. 7, except that Upper Lake is removed from simulation domain.
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Figure 10 shows the horizontal wind vector field
and vertical velocity field at the source height 33 m
after 7 h of simulation. In contrast to Case B1, the
horizontal winds converge south of Bhopal city.
A comparison of vertical velocity field with that from
Case B1 shows that the upward motion regions over
both the city and the lake appear to merge under the
northerly winds and that the magnitude of the vertical
velocities are less than those of Case Bl. It appears
that the shift in wind direction from northwest to
north increases the interaction between the local cir-
culations (the urban heat island and the land breeze).
Advective and diffusive growth of the gas responds to
the change in the wind direction. The change causes
a general shift in the orientation of the gas cloud
(Fig. 11). The gas cloud is now advected over the
suburban and lake areas and trapped south of the
city. The northerly flow direction also causes a general
narrowing of the released gas cloud and a strengthen-
ing of the concentration gradient.

5.3. Case B3: influence of Upper Lake

Upper Lake is the most prominent geographical
feature in the Bhopal area. At night, the land surface
and the air in contact with it cool off more rapidly
than the lake water surface, and this differential cool-
ing generates a land breeze circulation. In particular
during the winter season, land breeze circulation
reaches its maximum development. This case study
examines the influence of Upper Lake on the gas
dispersion. All prescribed parameters are kept identi-
cal to those of Case BI1, except that Upper Lake is
removed from the calculation domain.

Figure 12 shows horizontal wind vector field and
vertical velocity field after 7 h of simulation. In con-
trast to Case B1, horizontal winds do not change their
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directions south of the lake. The vertical velocity field
indicates that the extent and intensity of the urban
heat island circulation seem to be modified slightly in
the absence of Upper Lake from the calculation do-
main. As a result, the gas cloud disperses over a slight-
ly larger area (Fig. 13) and therefore the concentration
values are less than corresponding values from Case
B1. This case study suggests that the extent and inten-
sity of the urban heat island circulation and hence the
gas dispersion could have been modified by the rela-
tively large water body of Upper Lake.

5.4. Case B4: influence of Bhopal city

Previous case studies indicated that the circulation
and thermodynamic structure of the Bhopal urban
area significantly effects pollutant transport and diffu-
sion. To further study the influence of the Bhopal
urban area on the gas dispersion, all the prescribed
parameters are again kept identical to those of Case
B1, except that the Bhopal urban area is removed
from the calculation domain.

Figure 14 shows the mesoscale model predicted
horizontal wind vector field and vertical velocity field
at the source height after 7 h of simulation. Substan-
tial differences occur between the results of Case Bl
and Case B4. The convergence region formed south-
east of the city in Case B1 is not present in this case.
Also, the land breeze circulation is seen more clearly
from the changes in the wind direction south of the
lake (this was not clear in Fig. 4 of Case B1). Another
major difference between the two cases occurs in the
predicted vertical velocity field. The vertical velocities
on the southern shore of the lake are stronger in this
case. These results indicate that the urban heat island
circulation suppressed strong development of the land
breeze circulation in Case B1. Advective and diffusive
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Fig. 14. Same as in Fig. 10, except for the northwesterly wind case with the Bhopal urban area removed from simulation
domain.
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Fig. 15. Same as in Fig. 7, except that the Bhopal urban area is removed from simulation domain.

growth of the gas also reflects the influence of the
Bhopal urban area. The gas cloud now exhibits less
diffusion (Fig. 15) and therefore the concentration
values at given travel times are higher than those of
Case B1. The total horizontal distance traveled by the
gas cloud is also increased in this case, since there is
no return flow from the urban heat island circulation.

5.5. Case BS: influence of plume rise

Various reports on the accident indicated that the
gas was ejected from the nozzle with a high speed. It
was estimated that the exit velocity of the gas was on
the order of 88 ms™! and that the nozzle’s inside
diameter was about 0.2 m. This case study examines
the influence of plume rise on the gas dispersion. All
prescribed parameters are identical to those of Case
B1, except that plume rise calculation is included. The

plume rise formulations used in this study are re-
ported by Anfossi (1985).

Figure 16 shows the dispersion of methyl isocyan-
ate gas with the inclusion of the plume rise. Although
the dispersion patterns of the gas are similar to those
of Case B1, differences occur in the magnitude of the
concentrations. During at least the first 150 min of
travel time, the stack height concentration values are
less than those of Case B1, due to the dilution of the
gas cloud by plume rise. After 210 and 270 min of
release, the concentration values become identical to
those of Case B1, due to the turbulent mixing. These
results indicate that the influence of plume rise on the
gas dispersion was important only in the first few
kilometers downwind. Farther away from the plant,
the influence of the plume rise on the gas dispersion is
diminished.
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Fig. 16. Same as in Fig. 7, except that plume rise calculation is included in this case.

6. CONCLUSIONS

Two numerical models were coupled in this study;
a three-dimensional mesoscale meteorological model
and a three-dimensional Monte Carlo dispersion
model. The dispersion of methyl isocyanate gas from
the Bhopal accident was then investigated using the
coupled models. A series of numerical experiments
were performed to examine the possible role of the
surface induced mesoscale circulations and various
environmental parameters on this industrial gas epi-
sode.

The results of the numerical experiments suggest
that the reported complex dispersion of the gas at
Bhopal could have resulted from the interaction of
thermally forced local mesoscale circulations. The re-
sults especially point to the effect of the Bhopal urban
heat island which dominated the local circulation and

trapped the gas cloud over Bhopal city for a signifi-
cant time period (at least until sunrise). The extent and
intensity of the Bhopal urban heat island circulation
and hence the gas dispersion also appears to be modi-
fied by the relatively large water body of Upper Lake
around the city. Occurrence of the accident during
calm winds, clear skies and stable nighttime atmo-
spheric conditions that prevailed during the accident
are consistent with the formation of the surface in-
duced local circulation effect in Bhopal.

The results of the experiments also suggest that the
gas dispersion occurs within a small area southeast of
the Union Carbide plant, where the worst effects of
the accident were felt. In this area, simulated concen-
tration values decreased with increasing downwind
travel-distance, thereby suggesting that the effect of
the gas diminished with the increase in the distance
traveled. Finally,.the results also suggest that the
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influence of plume rise was important only over the
first few kilometers downwind. However, farther away
from the plant, the effect of the plume rise on the gas
dispersion diminished.
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