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The dispersion of airborne pollutants in the urban atmosphere is a complex, canopy-driven process. The
intricate structure of the city, the high number of potential sources, and the large spatial domain make it difficult
to predict dispersion patterns, to simulate a great number of scenarios, and to identify the high-impact emission
areas. Here we show that these complex transport dynamics can be efficiently characterized by adopting a
complex network approach. The urban canopy layer is represented as a complex network. Street canyons and
their intersections shape the spatial structure of the network. The direction and the transport capacity of the flow
in the streets define the direction and the weight of the links. Within this perspective, pollutant contamination
from a source is modeled as a spreading process on a network, and the most dangerous areas in a city are
identified as the best spreading nodes. To this aim, we derive a centrality metric tailored to mass transport in flow
networks. By means of the proposed approach, vulnerability maps of cities are rapidly depicted, revealing the
nontrivial relation between urban topology, transport capacity of the street canyons, and forcing of the external
wind. The network formalism provides promising insight in the comprehensive analysis of the fragility of cities

to air pollution.
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I. INTRODUCTION

Cities are extremely vulnerable to air pollution due to the
presence of many potential sources and the high population
density [1]. Air contamination in urban areas is mainly as-
sociated with vehicular traffic, industries, and the heating of
buildings. However, terrorist attacks aimed at dispersing toxic
gases in crowded spaces (such as city centers) are also feared
today [2]. For the development of sustainable and safe cities,
public authorities are thus looking for operational tools able
to rapidly predict the dispersion of airborne pollutants within
the urban canopy. To this aim, computational fluid dynamics
and simplified models based on empirical parametrizations
have been widely proposed in the last decades. These works
evidenced that pollutant transport in the urban atmosphere is
strongly driven by the layout of buildings and thus by the
street topology of the city (e.g., Refs. [3-6]).

Over the last decade, complex network approaches have
demonstrated their great potential in the study of complex
systems in multiple domains, from physical (e.g., Refs. [7,8])
to social areas (e.g., Refs. [9]). Recently, a network-based
perspective has been proposed for the analysis of fluid-flows
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systems as wind flows [10], ocean transport [11], and turbu-
lence [12]. By means of a network representation, the struc-
tural and dynamical properties of these real-world systems
were efficiently characterized. Concerning urban air pollution,
we made a first attempt in introducing a complex-network
perspective for the identification of the most critical areas
for gaseous release in a city [13]. Despite the innovative
approach, the lack of adequate formalism limited the use of
many concepts and tools (e.g., Refs. [14,15]) developed in the
field of complex network theory.

In order to fill this gap, in the present study we provide
a formal foundation for modeling pollutant dispersion in the
urban atmosphere as a spreading process on a network (e.g.,
Refs. [16,17]). To this aim, the urban canopy layer is modeled
as a weighted and directed complex network. As in Ref. [13],
the streets and the street intersections are the links, and the
nodes of the network, and the links are oriented according
to the wind direction. A fluid dynamic weight is defined to
account for the mass transport dynamics along a street canyon
and a centrality metric is developed for the detection of the
best spreader nodes. In fact, while the identification of best
spreader nodes is a well-known classical problem in social,
information and technology networks (e.g., Refs. [18-20]),
the uncritical application of traditional metrics to mass trans-
port in a flow network reveals some drawbacks. Specifically,
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FIG. 1. (a) Representation of a street canyon with the main
geometrical and fluid dynamical parameters. (b) Toxic source s
within a network of streets. Propagation is mainly driven by the
wind approaching the urban canopy with direction ®, defined as a
clockwise angle that is equal to zero for a wind blowing from the
north to the south.

the mass conservation of the dispersed substance, the spatial
constraints of the physical network, and the nonprobabilistic
nature of the contagion (meant as probability of infection
between two linked nodes; e.g., Ref. [21]) make this problem
original and provide evidence for the need for a tailored cen-
trality metric. Finally, the potential of the proposed approach
is assessed by the construction of vulnerability maps of urban
districts and by comparison of its performance with that of a
more detailed propagation model.

II. PHYSICAL PROBLEM

We consider a high-density urban canopy, made up of street
canyons, i.e., narrow streets flanked by high buildings on both
sides. This is the typical urban pattern for the city center of
most European cities [22]. Within this urban geometry, we
focus on an emission scenario with a point source releasing an
inert gas at the beginning of a street [Fig. 1(a)]. The dominant
transport mechanisms for the passive scalar are (1) the lon-
gitudinal transport along the street, (2) the vertical exchange
with the atmosphere aloft, and (3) the transport through street
intersections. Neglecting longitudinal turbulent diffusion and
reentrainment from the atmosphere at the canyon top (see
Ref. [13] for details of the physical assumptions), the transport
along the street canyon can be modeled as

—4+u—+-c=0, (1)

where c(¢, x) is pollutant concentration as a function of time ¢
and longitudinal distance x,  is the characteristic depth of the
street canyon, u is the advective wind velocity along the street,
and v is the vertical bulk velocity modeling the turbulent mass
transfer between the canyon and the atmosphere. According to
the relations proposed by Refs. [23,24], these two velocities
are estimated as a function of the external wind intensity
and direction (®), the geometry of the street canyon, and
the aerodynamic roughness of building walls. For both an
instantaneous and a continuous release at the source, Eq. (1)
gives a concentration at the end of the street [13]
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FIG. 2. Network model of a district in Lyon for & = 90°. For
each link, the color (grayscale intensity) is a function of the exponent
of the weight defined in Eq. (3).

where ¢y is the source concentration and [ is the street length.
Notice that, since both u and v are assumed to be proportional
to the friction velocity u, of the boundary layer flow, Eq. (2)
is independent of the intensity of the external wind. In street
intersections, complex flow and dispersion patterns take place
[25]. As explained in Ref. [13], we adopt a conservative
approach, and the pollution front is assumed to propagate
towards the streets downwind of the intersection, keeping its
concentration unaltered in the crossing.

According to these propagation laws, the gas emitted at
the point source spreads through the urban canopy driven
by the direction of the external wind ®, while undergoing
an exponential decay in concentration with distance from
the source. Introducing a concentration threshold cy,, the
zone of influence of the source is delimited as the street
domain characterized by concentration ¢ > ¢y, [shaded streets
in Fig. 1(b)]. Under the assumption of uniform residential
density, the total length of the streets in the zone of influence
is a good index for the danger associated with the source, as it
accounts for the number of people affected by the gas release.

III. NETWORK APPROACH

To assess spatial vulnerability of an urban agglomeration,
we should reiterate the propagation process for each potential
source location, also considering different meteorological sce-
narios. Given the extent of the urban domain and the nontrivial
interconnection between streets, the problem is solved more
efficiently by adopting a network-based approach. To this aim,
the whole spatially embedded transport domain is modeled as
a directed and weighted network G(V, £,W), with node set V,
edge set £, and weight matrix W. Network structure (Fig. 2)
is given by abstracting street canyons as links and street
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intersections as nodes [26]. Link direction is given by the
orientation of the longitudinal wind along the street, while
link weight reflects the transport capacity of the street canyon.
Within this representation, the definition of the weight is
crucial as it is the only expression for the physical propaga-
tion law. As common in space [27] and flow [28] networks,
links are seen here as distances between nodes, i.e. as leak
terms for the transport process. Thus, referring to Eq. (2), we
define the weight w;; as the cost associated with traversing
the link (i, j) € &, i.e., as the concentration decay along the
corresponding street canyon:

lijvij
wij = e'ilii (3)

In a spreading perspective, the exponent in Eq. (3) can be
interpreted as the effective distance between nodes [29]. This
distance increases with the average time necessary for the
pollution front to propagate longitudinally along the street
canyon (l;;/u;;), while it decreases with the average time of
vertical transfer of pollutants from the street to the external
atmosphere (h;;/v;;).

IV. CENTRALITY METRIC

Given this network representation, the most dangerous
locations for the release of airborne pollutants in a city are
the best spreader nodes in a complex network. Many metrics
are available in literature [19,20,30-34] to detect influential
spreaders in SIR-like [35,36] epidemics, e.g., the spreading
of infectious diseases in a population or information dissem-
ination in a social environment. These epidemic processes
have a stochastic nature since the spreading from one node
to another occurs with probability p. Moreover, there is no
decay of the spreading potential with distance from the source.
On the contrary, the propagation of airborne pollutants is here
modeled as a deterministic (i.e., contagion certainly takes
place if two links are connected), mass-conservative, and
spatial transport process. Thus, the metrics proposed so far are
not suitable, and a tailored centrality index for fluid-dynamic
spreading potential has to be sought.

Given the physics of the process, we focus on distance-
based centralities [37], like closeness and betweenness, since
the smaller the distance separating the source node from the
other nodes in the network, the greater the toxic concentra-
tion that will reach them. While betweenness [38] captures
nodes acting as bridges or bottlenecks in network flows [39],
closeness centrality [40] is better suited for the identification
of best spreader nodes. The closeness centrality of a node s
is defined as Cgjoss = 1/ Zrev d,,, where dj, is the length of
the shortest path D between node s and a generic node r in
the network, i.e., the path connecting the two nodes with the
minimum number of edges [41]. For a weighted graph, D is
the path that minimizes the sum of the weights of the traversed
edges, and thus its length reads

dsr = |D| = min Z Wi
P

@.))eP

where P is the path from s to 7. “4)

In our perspective, given Egs. (3) and (4), D is the critical
propagation path between the two nodes as it minimizes the
concentration decay. To sum up, the lower the concentration
decay along the main propagation paths originated in s, the
lower d,,, the higher the closeness centrality of s (Cglos.s)-
From this definition, the metric seems to capture the physics of
the process well. But the farthest nodes from s have the longest
shortest paths (dy, is even oo for the unconnected couples
of nodes) and thus the highest influence in the estimation of
Celos.s- Conversely, in the physical process, the farthest spots
are hardly reached by the propagation plume and therefore
do not contribute to the danger associated with the source.
To overcome this issue, we use the harmonic mean of the
shortest paths by introducing the harmonic centrality [42,43]:
Charm,s = ),y 1/ds. In this way, the more node r is far from
s, the longer the expected d;,, and the less its contribution to
Charm,s- With this formulation, harmonic centrality takes into
account the progressive concentration decay with distance
from the source but still considers all the network nodes
as affected by the spreading process. Conversely, the plume
concentration along the shortest path becomes negligible at a
certain point, and the most distant nodes, despite being con-
nected, should not be considered in the centrality estimation
of the source. For this reason, we propose the metric Cs as a
tailored harmonic centrality with threshold on shortest path:
=Y+, )
reR "

withr € R if

o _ l—[ L - C_ﬂ" (6)

S jen M
where ¢; = ¢ is the source concentration, ¢, is the concen-
tration at the target node, and cy, is the predefined threshold
concentration. Condition (6) follows from the physical model
proposed above [see Eq. (2) and the assumptions for propaga-
tion in the intersections], and it states that if the concentration
along the shortest path between s and r (D) falls below cy,,
then r is excluded from the sum in Eq. (5). By means of
the Heaviside function (®), Egs. (5) and (6) can be rewritten
together as

l Cth 1
— 7
Co dsr ( )

=) ©

Wi
rey (i,j)eD Y

V. VULNERABILITY OF URBAN NETWORKS AND
METRIC VALIDATION

By the proposed perspective, the spreading potential of a
spot in a city is given by its centrality as a node in a flow net-
work. Since the best spreading locations are here considered
the most dangerous ones, vulnerability maps of urban areas
are obtained in a straightforward manner as centrality maps.
In Fig. 3 the vulnerability of an urban district in Lyon (France)
is assessed for different wind directions. The study area is
confined by physical boundaries (e.g., rivers, parks, railways)
which act as discontinuity elements in the dispersion process
and therefore justify the network delimitation. The nature of
street interconnections and the distribution of link weights
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FIG. 3. Vulnerability maps in terms of spreading potential cen-
trality for an urban district in Lyon for different wind directions:
® =0° (a), 45° (b), 90° (c), and 135° (d). For each scenario, the
centrality is normalized by its maximum value in the network.

(see Fig. 2) generate a strong heterogeneity in vulnerability,
with marked differences even between neighboring nodes, and
with a nontrivial location of the most vulnerable areas, the
clusters of yellow (light gray) nodes. Moreover, the position of
the critical nodes completely changes with the orientation of
the wind. Figure 4 provides evidence for how different urban
topologies exhibit distinctive behaviors to toxic emissions in
the same meteorological scenario. The medieval structure of
the city center in Florence (Italy) [Fig. 4(b)] has a shelter-
ing effect to gas dispersion compared to the regular plan
in Lyon.

To assess the validity of the proposed metric, we compare
the centrality C; of a node to the extent of its zone of influence
(Zol), i.e., the total length of the streets contaminated with a
concentration above cy,, when the release takes place in the
node. For each source location, this zone can be delimited
using the algorithm proposed in Ref. [13]. In comparing
the two approaches, we wonder whether a centrality metric
based solely on shortest paths can capture the dispersion
potential of a node given in terms of its total contaminated
area. From a computational point of view, our centrality-
based model brings clear advantages. In fact, existing and
constantly improving algorithms developed in the field of
complex network theory can be exploited to select the shortest
paths and compute C;.

»
..-!.om:a

FIG. 4. Vulnerability maps in terms of spreading potential cen-
trality for an urban district in Lyon (a) and Florence (b) for & = 45°.
For each city, the centrality is normalized by its maximum value in
the network.

In Fig. 5 the node ranking based on C; is compared to
the one obtained from the extent of the zone of influence.
For the urban districts of Lyon, scenarios with two distinct
initial concentrations (co/cyn = 10 and 100) are assessed. In
each panel, the results for eight different wind directions are
reported together. The high correlation in terms of coefficient
of determination R? (>0.94) reveals a satisfactorily estimate
of the spreading potential of a source node. In Table I the same
correlation index is reported for the standard distance central-
ity metrics considered above (for the sake of conciseness we
show only results about the cy/cq = 10 scenario). Adopting
the fluid-dynamic weight expressed in Eq. (3) and analyzing
the metrics in the same order followed for the definition
of the new centrality C; [Eq. (7)], we observe a progres-
sive increase in R%. Although the performance of harmonic
centrality is good in terms of R? (R*> = 0.82), the proposed
centrality metric provides much more reliable results for
applications.

co/cen = 10 co/cen = 100
)
.08
S
2
T o6
=
Q
o
204
X
c
i
02
0 A 2.,
0 02 04 06 08 10 02 04 06 08 1

Ranking ZOI Ranking ZOI

FIG. 5. Ranking of centrality C; vs ranking of the extent of the
zone of influence for ¢y /cy, = 10 (left column) and ¢ /cy, = 100 (left
column) for the city of Lyon. The points correspond to the network
nodes in multiple wind direction scenarios: & = 0°, 45°, 90°, 135°,
180°, 225°, 270°, 315°. The color (grayscale intensity) of the nodes
is related to point density.
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TABLE 1. Results in terms of R? for the comparison between
the ranking of the zone of influence and the ranking of different
centrality metrics. As in Fig. 5(a), the scenarios with ¢y/cy, = 10
in a district of Lyon are considered.

Centrality R?

Betweenness 0.26
Closeness 0.54
Harmonic 0.82
Spreading centrality C; [Eq. (7)] 0.94

VI. CONCLUSIONS

To summarize, in this work we made a parallel between
the atmosphere in the urban canopy layer and a flow network.
In this way, pollutant dispersion from a point source was

modeled as an epidemic on a complex network. Reviewing
the previous literature, we evidenced the need for a centrality
metric tailored to mass dispersion. Following a physical-based
rationale, we proposed a centrality metric, and we assessed its
effectiveness in the estimate of the spreading potential of a
node. Within this innovative perspective, vulnerability maps
of urban districts are easily traced for multiple scenarios, the
critical areas are identified, and the structural fragility of a city
is investigated.

These results demonstrate that the formal description of
a physical phenomenon in terms of networks brings sig-
nificant benefits from both a conceptual and computational
point of view. This research paves the way for fascinating
studies on the role of urban topology on the dispersion of
airborne pollutants and the use of the proposed centrality for
describing confined (e.g., due to decay processes) spreading
phenomena.
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