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Abstract

Accidental releases of hazardous and toxic gases in densely pop-
ulated areas can be strongly influenced by interactions between local
meteorological conditions and urban morphology. This paper presents
a high-resolution numerical investigation of how idealized building con-
figurations and associated low-velocity regions affect the transport, ac-
cumulation, and persistence of a transient contaminant cloud from an
industrial safety and public health perspective. A multi-period disper-
sion framework, combined with an urban power-law wind profile, is
used to examine the effects of regular and irregular building arrange-
ments. Aligned street canyons promote longitudinal transport and
more effective ventilation, whereas staggered configurations produce
interconnected low-velocity regions associated with prolonged near-
ground concentrations. Parallel barriers generate strong windward
accumulation and downstream sheltering. These mechanisms are illus-
trated through a scenario reconstruction inspired by the 1984 methyl
isocyanate release in Bhopal, India. The results highlight the critical
importance of incorporating building-scale morphological effects into
quantitative risk assessment (QRA), industrial safety assessment, ur-
ban planning, and the design of ventilation pathways in vulnerable
urban areas to mitigate toxic load exposure.
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1 Introduction

Accidental industrial releases of hazardous and toxic gases in densely pop-
ulated urban environments present severe environmental and public safety
challenges. The spatial distribution of contaminant concentrations during
such transient events is heavily governed by complex interactions between
micro-meteorological conditions and local urban morphology. Traditional
environmental dispersion assessments often apply standard Gaussian plume
formulations under flat-terrain, open-country assumptions [12]. However,
these simplified formulations fail to resolve the micro-scale fluid dynamics
that occur when a dense gas cloud interacts with an asymmetric, high-
density urban fabric, including building-induced stagnation, leeward shelter
zones, and street-canyon ventilation [6, 3]. Consequently, standard predic-
tive tools frequently misestimate the local toxic load, undermining emer-
gency response protocols and land-use planning in industrial risk zones.

To investigate and quantify these structural interactions, this paper
presents a 3D numerical framework of intermediate complexity. The com-
putational model solves the time-dependent three-dimensional advection-
diffusion equation governing contaminant transport on a structured Carte-
sian grid,

∂C

∂t
+ u · ∇C = ∇ · (D∇C) + S (1)

where C represents the scalar gas concentration, u is the background wind
velocity field derived from the urban power-law shear profile, D denotes
the turbulent eddy diffusion tensor, and S accounts for the transient source
emission rate. Within the computational domain, solid building boundaries
and obstacles are explicitly enforced via sharp-interface ghost cells. The
domain spans several square kilometers, utilizing a localized grid spacing of
∆x = ∆y = 1.0 m in the vicinity of building arrays. The obstacle treatment
imposes zero-flux boundary conditions on solid surfaces and locally modifies
the prescribed transport velocity field in accordance with the building geom-
etry, thereby representing building-induced stagnation, leeward low-velocity
shelter regions, and channeling effects while avoiding artificial numerical
diffusion across solid interfaces. The scheme employs second-order spatial
discretization with explicit time-stepping (∆t = 0.05 s).

To investigate the ability of the framework to reproduce physically plau-
sible dispersion patterns under severe constraints, we apply the modeling
framework to a major historical case study, the 1984 methyl isocyanate
release in Bhopal, India. Because detailed high-resolution meteorological
and source-term observations for the event are incomplete, the present re-
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construction combines historical estimates reported in the literature with
model parameters selected to represent the nocturnal urban boundary-layer
conditions. Accordingly, the meteorological and source parameters adopted
below should be interpreted as scenario-reconstruction inputs rather than
as uniquely determined measurements. The underlying fluid-dynamic prin-
ciples governing urban trapping and dispersion are broadly generalizable to
industrial safety zones and urban planning [2].

As for the Bhopal tragedy, recall that, on the night of December 3, 1984,
an accidental water intrusion into Storage Tank 610 at the Union Carbide
India Limited plant in Bhopal triggered an uncontrollable exothermic reac-
tion. The resulting overpressurization forced open safety relief valves, re-
leasing approximately 40 metric tons (i.e., 40,000 kg) of Methyl Isocyanate
(MIC) gas into the shallow atmospheric boundary layer over a 90-minute
window [10].

2 Micro-meteorological reconstruction and source

terms

The atmospheric dispersion of a massive, accidental hazardous gas release
in an urban environment is strongly governed by the thermodynamic prop-
erties of the source emissions and the kinematic structure of the localized
atmospheric surface layer. This section establishes the quantitative frame-
work for the micro-meteorological variables and transient source strength
characterizations. To evaluate the performance of our numerical framework
under severe atmospheric constraints, these formulations are parameterized
to replicate the nocturnal conditions and release dynamics of the 1984 in-
dustrial accident in Bhopal.

2.1 Atmospheric surface layer structure and roughness re-

calibration

An explicit reconstruction of the local meteorological profile indicates that
the accident occurred during an interval of intense ground level radiative
cooling (nocturnal ground cooling) under clear night skies. This radiative
behavior forced the surface atmospheric boundary layer into an exception-
ally stable configuration, characteristic of the Pasquill-Gifford stability cat-
egories E and F [7]. Under these conditions, vertical convective velocity
scales (w∗) are drastically suppressed, inhibiting vertical turbulent mixing
and trapping the contaminant gas plume within a shallow mixing layer,
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Hmix ≈ 100 m, close to the ground, effectively acting as a thermodynamic
ceiling over the urban topography.

To resolve the vertical wind shear under these stable stratification con-
straints, the standard logarithmic boundary layer profile is substituted with
an empirical power-law representation,

u(z) = uref

(

z

zref

)p

(2)

where uref = 2.92 m/s represents the mean horizontal velocity recorded at
the local anemometric station height zref = 10 m. While open-country or
rural regions are parameterized by low exponent values, p ≈ 0.15, the sig-
nificant surface friction drag generated by the dense layout of residential
clusters surrounding the industrial facility requires scaling the power-law
exponent to an urban value, p ≈ 0.40. This kinematic friction is directly
tied to the aerodynamic roughness length, z0, which is re-calibrated from a
rural baseline of 0.03 m to an urban canopy value of 1.0 m. The resulting
vertical velocity gradient, computed via equation (2), shows a severe stag-
nation zone close to the ground, with velocity components failing to exceed
1.5 m/s within the average human breathing zone (z ≤ 2 m).

2.2 Thermodynamic source dynamics and plume rise

The accidental water intrusion into Storage Tank 610 started an exothermic,
autocatalytic polymerization reaction of the stored liquid methyl isocyanate
(MIC). Chemical kinetic calculations indicate that internal tank tempera-
tures expanded rapidly beyond 150◦C, yielding unmitigated runaway phase
changes that triggered the safety rupture discs. The chemical stream was
discharged into the environment as a pressurized, two-phase vapor-liquid
flash through a concrete vent stack terminating at a geometric height of
hgeom = 33.0 m.

Despite the high vapor density relative to ambient air, the intense ther-
mal energy and high exit velocity generated a localized momentum and buoy-
ant plume rise (∆H). For the present scenario reconstruction, the source
was represented by an effective release height of heff = 39.6 m, obtained
by adding a nominal plume-rise increment of ∆H = 6.6 m to the geometric
stack height of 33.0 m (evaluated using standard scenario parameters). This
effective height is used as a scenario parameter rather than as an indepen-
dently validated reconstruction of the source dynamics.

heff = hgeom +∆H = 33.0 m + 6.6 m = 39.6 m (3)
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The cumulative mass released during the active discharge phase is bounded
by historical mass-balance assessments at Mtot = 40, 000 kg. Given the doc-
umented operational window of ∆t = 5, 400 s (90 minutes), spanning from
roughly 00:30 to 02:00 local time, the continuous, uniform source strength
injection rate Q0 is established as

Q0 =
Mtot

∆t
=

40000 kg

5400 s
≈ 7.41 kg/s (4)

This source parameter forms the mass conservation constraint for both
the multi-period analytical baselines and the high-resolution urban finite-
difference simulations.

3 Analytical baseline and time-weighted concen-

trations

To simulate the historical variations in wind direction recorded during the
early morning hours of the release, this framework utilizes a multi-period
time-weighted concentration protocol [8]. Standard Gaussian formulations
assume an invariant wind direction vector over the entire release window,
which often yields over-concentrated, linear plumes. Because meteorological
data from the incident indicate macro-scale angular shifts, the total exposure
footprint is reconstructed by partitioning the 90-minute release into discrete,
non-uniform time blocks, matching the historical progression.

3.1 Mathematical formulation of the exposure averaging

The event-integrated time-weighted concentration field at the human breath-
ing zone z ≈ 2 m is evaluated as the linear combination of individual sta-
tionary concentration fields, Ck(x, y, 0), weighted by their relative durations,

CTWA(x, y, 0) =

K
∑

k=1

wkCk(x, y, 0), with wk =
∆tk
Ttotal

(5)

where K represents the total number of meteorologically distinct intervals,
∆tk is the specific duration of period k, and Ttotal = 90 min is the absolute
release duration constraint (5, 400 s).

To incorporate the structural broadening of the cloud induced by low
wind speeds and nocturnal convective fluctuations, the lateral dispersion
coefficient, σy, within each phase is scaled to account for wind meander. As
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a sensitivity representation of increased lateral spreading associated with
wind-direction variability over the event duration, the lateral dispersion scale
was multiplied by the factor (Ttotal/tref)

0.2,

σy,corrected(x) = σy(x)

(

Ttotal

tref

)0.2

= σy(x)

(

90

10

)0.2

≈ 1.55σy(x) (6)

This mathematical expansion enhances lateral mixing, preventing severe
axial peak overestimations, and aligning the analytical baseline with the
macro-scale physical expansion of the cloud.

3.2 Sensitivity analysis of temporal averaging configurations

To evaluate the environmental validity of our temporal partitioning, three
separate configurations were systematically examined against available his-
torical information on the spatial distribution of mortality:

1. Single-period stationary configuration (K = 1): This baseline
assumes a fixed wind direction spanning the full 90 minutes. The
resulting scalar field is confined to a tight, high-concentration corridor.
Axial ground concentrations exceed 400 ppm in a narrow strip, which
fails to capture the lateral distribution of severe casualties reported in
the historical record (Figure 2a).

2. Three-period asymmetric historical configuration (K = 3):
The release window is split into three asymmetrical blocks (∆t1 =
45 min from NNW, ∆t2 = 30 min from NW, and ∆t3 = 15 min from
WNW) using historical meteorological notes. The resulting TWA pro-
file (equation (5)) yields an asymmetrical, fan-shaped plume configu-
ration (Figure 1). This configuration provides the closest qualitative
correspondence, among the tested cases, with the historical spatial
distribution of severe impacts in the high-density J.P. Nagar and Kazi
Camp districts.

3. Nine-period uniform configuration (K = 9): As a methodological
control, the event is partitioned into nine equal increments (∆tj =
10 min) representing a continuous, smooth angular sweep (Figure 2b).
This smooth variation introduces an artificial geometric symmetry into
the calculation. The plume expands into a semi-circular footprint,
causing an unphysical reduction in local peak concentrations (C <
15 ppm) across critical target grids.
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Within the tested set of scenarios, the comparative analysis indicates that
a sequence of distinct macro-scale wind phases provides a more consistent
representation of the documented spatial distribution of severe impacts than
either a single stationary direction or a smooth, uniform angular rotation.
Among the tested configurations, the 3-period asymmetric layout provides
the closest qualitative correspondence with the documented spatial distri-
bution of severe impacts.

Figure 1: Time-Weighted Average (TWA) concentration footprint over
Bhopal for the selected 3-period wind sequence, illustrating the correspon-
dence between the calculated footprint and affected urban sectors (color
online).

4 Urban morphology analysis: Simulation results

While the analytical multi-period model establishes the transient macro-
scale boundary conditions and arrival windows of the cloud, evaluating
ground-level exposure patterns requires examining how alternative building-
scale morphologies modify this incoming plume. To resolve these local struc-
tural effects, the underlying ghost-cell finite-difference framework follows
established obstacle-resolving immersed-boundary approaches designed for
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(a) Single-period model (K = 1) (b) Nine-period discretization (K = 9)

Figure 2: Sensitivity comparison between stationary single-period plume
overlay showing axial concentration overestimation and artificial smoothing
under a uniform 9-period discretization (color online).

flow and scalar transport in complex geometries [11, 5, 1].

4.1 Aerodynamic stagnation and leeward shelter zones

The insertion of closely spaced parallel structural barriers (simulating long
rows of multi-story masonry structures) alters the scalar field by shifting
mass distribution away from standard Gaussian symmetry. As the con-
taminant plume encounters a solid windward wall, the horizontal velocity
component decreases (u → 0), driving localized mass accumulation. This
kinematic interaction creates severe windward stagnation zones, with local
ground concentrations spiking up to 180% above flat-terrain control levels.

Simultaneously, the prescribed building-modified transport field pro-
duces a downstream low-velocity region representing the aerodynamic shel-
ter associated with a leeward wake [9]. Because the primary horizontal
advective flux is blocked by the building, the contaminant penetrates these
shelter pockets almost exclusively via vertical and transverse turbulent dif-
fusion (Dxy, Dz). This structural decoupling isolates the shelter zone from
ambient boundary layer flushing, trapping high chemical masses within the
wake. The simulated concentration fields indicate that windward regions
experience high concentrations during plume passage, whereas downstream
low-velocity regions exhibit extended retention times (residence times), main-
taining hazardous conditions long after the primary emission source has
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terminated.

4.2 The channeling mechanism in street canyons

When structural arrays are organized into tight parallel configurations that
align with the incoming wind vector, the local flow topology changes sig-
nificantly [4]. As incoming airflow interacts with aligned parallel building
arrays, the local geometry forces corridor channeling, promoting longitudi-
nal advective transport through narrow street canyons as reflected in our
simulated concentration fields (Figure 3).

This local channeling prevents significant lateral accumulation. Conse-
quently, well-aligned street canyons act as effective ventilation corridors,
showing lower ground-level concentrations during active emission phases
than unaligned, staggered configurations.

Figure 3: Ground-level concentration field through a parallel street canyon
layout, demonstrating corridor channeling and localized plume flushing
(color online).
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4.3 Staggered layouts and urban trapping processes

In contrast to aligned street canyons, executing the transport loop over high-
density staggered layouts (Figure 4), which match the irregular morphology
of informal urban settlements, reveals a significant trapping effect. The
non-linear, broken alignment of the structures prevents the development of
efficient ventilation pathways.

Within the adopted building-modified transport representation, succes-
sive obstacles redirect the prescribed transport pathways and promote accu-
mulation within adjacent downstream low-velocity regions. The succession
of building-induced low-velocity regions creates an effective transport geom-
etry that inhibits atmospheric flushing. The simulations demonstrate that
the contaminant can persist within these low-velocity pockets, building up
persistent toxic reservoirs at ground-level (rendered in 3D in Figure 5). This
structural trapping mechanism suggests a robust fluid-dynamic pathway by
which irregular, high-density urban layouts aggravate industrial chemical
risks through physical containment.

To provide a systematic comparison across alternative building configu-
rations, Table 1 summarizes key dispersion metrics evaluated at the human
breathing zone (z ≈ 2 m). Peak concentrations are normalized relative to
the maximum ground-level concentration of the flat-terrain baseline (C/C0).
Exposure persistence (T/T0) is quantified as the ratio of the total duration
during which local concentrations exceed a standardized acute hazardous
threshold (Cthr = 10 ppm) relative to the unobstructed reference case.

Table 1: Quantitative comparison of metrics, represented by peak concen-
tration, C/C0, and exposure persistence, T/T0, across idealized urban con-
figurations relative to the open flat-terrain baseline.

Configuration C/C0 T/T0 Primary aerodyn. regime

Flat-terrain baseline 1.00 1.00 Unobstructed boundary layer
Parallel barriers 2.80 1.45 Windward stagnation/Leeward wake
Aligned street canyons 0.85 0.65 Corridor channeling/Flushing
Staggered arrays 2.10 2.30 Aerodynamic maze/Trapping

5 Discussion and environmental implications

This study shows that building-scale urban morphology, ranging from aligned
ventilation corridors to irregular stagnation traps, critically governs the
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Figure 4: Ground-level concentration field within a complex staggered ur-
ban matrix, illustrating the interaction of successive building-induced low-
velocity regions and the resulting enhancement of contaminant persistence
(color online).
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Figure 5: Volumetric 3D isosurface rendering of toxic gas dispersion around
parallel building structures in an urban setting (color online).

transport and persistence of transient hazardous-gas releases. The quanti-
tative comparison further shows that peak concentration amplification and
exposure persistence are governed by distinct morphological mechanisms.
Parallel barriers produce the largest peak amplification (C/C0 = 2.80),
corresponding to an increase of 180% relative to the flat-terrain reference,
primarily because of windward stagnation. In contrast, staggered arrays
produce the longest exposure persistence (T/T0 = 2.30), reflecting repeated
wake interactions and reduced atmospheric flushing. Aligned street canyons
reduce both peak concentration (C/C0 = 0.85) and exposure persistence
(T/T0 = 0.65), highlighting the importance of connected ventilation path-
ways.

When applied to the Bhopal disaster as a historical case study, the sim-
ulated concentration footprint shows strong qualitative spatial agreement
with the documented mortality distribution in the J.P. Nagar and Kazi
Camp districts. Flat-terrain models significantly underestimate ground-level
concentrations in these areas by failing to capture building-induced trapping.
From a chemical safety and hazard management standpoint, more broadly,
these findings highlight that environmental vulnerability during industrial
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accidents is dictated by the interplay between source dynamics and urban
geometry, emphasizing the necessity of incorporating building-scale aerody-
namics, toxic load evaluation, and open ventilated corridors into industrial
safety zones, emergency preparedness, and urban planning.
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