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1. Background 
 
Conventional urban pollution diagnostics focus on the accumulation of pollutants. Ventilation 
of the urban canopy has been the focus of intense research interest.  Yet the direct relevance 
of these diagnostics to health is unclear because the health impact of a pollutant depends on 
concentration and the time spent by the pollutant in a respirable region.  
 
Timescales characterising pollutant ventilation and exposure are most easily calculated 
within a Lagrangian framework. Typically additional assumptions (e.g. homogeneity) are 
imposed when they are inferred from Eulerian data. Following work in indoor air quality [1] 
and oceanography [2], the residence time is the time required for a particle to leave a 
domain while the exposure time is the total time spent by a particle in the region of interest. 
Mathematically 
 
                                                                                                  . 
 
For the residence time, an absorbing boundary condition is applied at the roof level. For the 
exposure time,     is an indicator function for the region of interest (i.e.   =1 if the particle is 
inside, 0 otherwise). 
 
The Lagrangian equations of motions are solved by advecting particles. In the coupled LES-
LSM approach proposed by Weil et al. [3], the velocity is divided into resolved and subgrid 
scales. In this poster, the resolved velocity comes from the large-eddy simulation model, 
PALM [4], while the subgrid velocity comes from a Lagrangian stochastic model [3]. The LSM 
solves the Langevin equation 
 
 
where dWi is Gaussian noise (or more formally, an increment from a Wiener process).  The 
deterministic case is recovered by setting the subgrid velocity to zero.  
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Abstract 
Effective policy for air pollution requires appropriate indicators for the potential health impact of pollutants. Current 
indicators are based mostly on time-averaged pollutant concentrations rather than the exposure.  This poster describes the 
calculation of residence and exposure times for idealised and realistic domains (a single street canyon and two Hong Kong 
neighbourhoods, respectively). Using large-eddy simulation for the resolved fields and a Lagrangian stochastic model for 
subgrid-scale motions, it is found that probability distribution functions of the timescales have long exponential tails. 
Implications for regulatory policy are discussed. 

   
 
  

2. Lagrangian residence and exposure times for a street canyon 
 

or exposure; roughly speaking, it quantifies the timescale over which exposure occurs. The
exposure time was introduced in the oceanography literature (Delhez, 2006; Delhez et al.,
2014) as a means of quantifying the exposure of phytoplankton to sunlight. In the urban
pollution problem, the exposure time for the pedestrian level, z < 2m, is of particular
interest. It can be compared to the residence time at the pedestrian level or for the entire
urban canopy.

The residence and exposure times describe important dynamical processes and have im-
mediate applications to ventilation and health. It has now been established, for example,
that long-time exposure to particulates increases mortality from natural causes even when
the concentration does not exceed the annual-mean limit (Beelen et al., 2014). As they
depend on the time or location of the pollutant release, the residence and exposure times
define a probability distribution function or PDF, whose tail may be associated with severe
health e↵ects. Despite these advantages, little is known about them in the context of urban
flows. The average residence time has been estimated for flow in street canyons (Bady et al.,
2008) and built-up urban areas (Kato and Huang, 2009) but using Eulerian data only (see
Sec. 2).

Lagrangian particle calculations represent the simplest way of calculating the residence
and exposure times. The times at which a particle leaves or reenters can be determined by
tracking a large set of particles. Similar calculations for urban domains have been reported
in previous studies (Xia and Leung, 2001; Dixon and Tomlin, 2007; Santiago and Mart́ın,
2008; Wilson et al., 2009); however, they focused on reconstructions of the pollutant field. In
theory, the mean residence and exposure times can be calculated using an Eulerian approach
(Delhez et al., 2004; Delhez, 2006), but this requires the development of an adjoint model
and does not yield a PDF. The Lagrangian approach performs better than the Eulerian one
for unsteady flow (Zhang and Chen, 2007). [do we need this sentence?]

In this paper the exposure and residence times will be obtained from Lagrangian particle
calculations for flow in idealised and realistic urban domains. Sec. 2 gives formal definitions
of the residence and exposure times and reviews related work. Sec. 3 describes the large-eddy
simulation (LES) model used to simulate the turbulent flow and the embedded Lagrangian
stochastic model used to compute particle trajectories. Sec. 4 presents results for a single
street canyon, which represents a worst-case scenario for ventilation as pollutants enter and
leave the canyon only by crossing the roof level. Sec. 5 considers how the results change for
a realistic urban area, namely the Mong Kok neighbourhood of Hong Kong. Conclusions
and discussion are contained in Sec. 6.

2. Definitions

The residence time, ⌧
r

, refers to the time elapsed between the entry of a particle into
a domain and its subsequent exit. Following Delhez et al. (2014), it may be defined for a
domain D (e.g. a street canyon) as

D⌧
r

Dt
= 1 (1)

with an absorbing boundary condition on @D
o

(i.e. the roof level) where the calculation
terminates. D/Dt denotes the material derivative. The use of absorbing boundary conditions

3

is conventional in the theory of stochastic processes, where they are used to treat first-passage
phenomena such as the residence time (Schuss, 2010). Smaller values of ⌧

r

indicate improved
ventilation. The set of ⌧

r

defines a PDF, P (⌧
r

).
The exposure time, ⌧

e

, refers to the total time spent by a particle in a region of interest,
R. It is defined analogously to ⌧

r

:

D⌧
e

Dt
= � (2)

where the indicator function � is 1 inside the region of interest (e.g., the pedestrian level)
and zero otherwise, i.e.

�(x) =

(
1, x 2 R
0. x /2 R

(3)

Larger values of ⌧
e

indicate an increased risk of negative health e↵ects from pollutants. By
replacing the absorbing boundary condition @D

o

with a permeable one, the exposure time
allows for re-entrainment. As with ⌧

r

, a PDF, P (⌧
e

), is defined from the di↵erent release
times and locations.

Given ⌧
r

and ⌧
e

, the return coe�cient (de Brauwere et al., 2011) is defined as

r =
⌧
e

� ⌧
r

⌧
e

. (4)

r indicates the importance of re-entrainment. If r is close to 1, re-entrainment dominates; if r
is close to 0, re-entrainment becomes unimportant (⌧

e

= ⌧
r

in the absence of re-entrainment).
The return coe�cient is an intensive property, meaning that it does not scale with the volume
of the domain under consideration.[is this right?] The importance of re-entrainment can
also be quantified with the visitation frequency, VF, which is the number of times a particle
enters R.

The residence time can also be estimated from Eulerian data. Bady et al. (2008) show
that

TP =
1

PFR⇥ V F
. (5)

The purging flow rate

PFR =
S

c̄
(6)

where S is the steady source flux and c̄ is the concentration. This equation, which was derived
by analogy with the turnover timescale in indoor air quality (Etheridge and Sandberg, 1996),
assumes that the pollutant field has equilibrated due to S.

3. methodology

Particle trajectories were simulated using the LES model, PALM Raasch and Schröter
(2001-09-01T00:00:00); Maronga et al. (2015). We will first review the turbulent flow simu-
lation and then the embedded Lagrangian model.
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Figure 8: Computational domain of Mong Kok. Inside the square box is assessment region, outside the

square box is the bu↵er region.

5. Residence time and exposure time in Mong Kok

In this section, we consider the calculate of residence time and exposure time using
realistic buildings data in Mong Kok. In the previous section, we showed that there is no
significant di↵erence for residence time, exposure time and other ventilation quantities in
street canyon except close to the bottom surface. We would only consider the deterministic
case in the section, this is su�cient as long as we do not restrict our calculation at the
pedestrian level. The simulation domain was shown in fig 8.

In order to generate the turbulent flow in urban area, periodic boundary condition in
lateral directions is not su�cient. Following Letzel et al. (2012), the computational domain
was divided into assessment region and bu↵er region. The white square box in fig 8 define
the boundary between assessment region and bu↵er region. The width of the bu↵er region
is chosen following Letzel et al. (2012) and equals the height of the tallest building in the
assessment region. External pressure gradient was applied such that wind is flowing from
the east. The velocity scale at free stream surface is about 3 ms�1. The flow was simulated
until statistical steady state, after which 75000 particles were released along Nathan road
(red line in figure 8) and simulated for 6000s. Particles were removed once they hit the outer
boundary of the bu↵er region, hence no re-entrance at the lateral boundary is possible.

The exposure time and residence time were computed same as previous section. The
domain of interest is shown in green box in figure 8 and the height of the domain is 50m
which is roughly equal to the average buildings height on the two sides of Nathan road. The
average aspect ratio along Nathan road is about 1.4.

The distributions of residence time and exposure time for pollutants in Mong Kok were
shown in figure 9. The mean residence time and exposure time were determined to be 290 and
306s respectively. The values are smaller than that of single street-canyon and may suggests
a better ventilation in realistic urban environment.bady However, this is not a very fair
comparison as the exposure time and residence time depends on the volume of domain. One
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Figure 9: (a) Residence time and (b) exposure time distributions for pollutants in Mong Kok.

Figure 10: (a) Residence time and (b) exposure time distributions in log-scale for pollutants in Mong Kok

may define time scales normalised by the volume under consideration. But the definition of
volume for a single street-canyon is ambiguous due to cyclic boundary condition in the span-
wise direction. Alternatively, we can compare return coe�cient and visitation frequency
which are independent of the volume. The return coe�cient and visitation frequency for
Mong Kok are 0.05 and 1.17 respectively. Recall that the return coe�cient and visitation
frequency for single street-canyon (C0 = 0) are 0.17 and 1.32. Hence, there is less chance
for pollutant to re-enter for Mong Kok and the contribution of re-entrainment to pollutant
accumulation is actually very small. The ventilation in realistic urban area is indeed better
than a single street-canyon, consistent with the naive comparison of their residence times
and exposure time.

The residence time and exposure time distributions were also shown in log-scale in figure
10. They are straight lines as in the case of single street canyon to first order approximation.
The decay timescales for residence time and exposure time are 233 and 253s respectively,
however the agreement with the mean timescales are not as high as single street-canyon.
Due to the irregular exposure time distribution, naive application of mass-balance relation
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!This point actually raised other questions which have been
discussed in more details by Pavageau (1996).

"Note that the latter have furthermore been successfully com-
pared with those of various authors (Panskus, 1995 and refer-
ences therein).

Fig. 3. Spatial distribution of mean concentration KM in the test
cross-section.

Fig. 4. Distribution of mean concentrations KM at the walls of the
test street, comparison of present and earlier results.

integration of the measured mean concentrations over
the test cross-section. Therefore, the background concen-
tration of hydrocarbon was not measured in this case!.
Note, however, that ambient air instead of synthetic air
was used to adjust the zero of the device during calib-
ration.

3.1. Mean concentrations

For consistency with earlier results (Meroney et al.,
1996), the concentration measurements are presented in
terms of the ratio K"C;

!"#
H¸/Q

"
where C is the actual

measured concentration (ppm),;
!"#

the free-stream veloc-
ity (m s#$) taken at 650 mm above the #oor (z

!"#
+11H)

in the free-stream region of the #ow above the test street,
H the height of physical model of building (m), and Q

"
/¸

the line source strength (m% s#$) in which Q
"

denotes
ethane #ow rate and ¸ is the source length.

Fig. 3 shows the spatial distribution of KM over the test
cross-section. Interpolated contours depict well the main
street vortex and the wrapping of the #uid around an axis
parallel to the street direction and located approximately
at two thirds of the building height for x/H+0.5.
The parallel iso-concentration lines in the upper part
of the canyon suggest that the approaching wind com-
pells the main vortex, in average, to remain con"ned
within the urban canopy, as was observed by Meroney
et al. (1996).

Though slightly underestimated, by-eye-extrapolated
values at the street walls are qualitatively in good agree-
ment with earlier results (Fig. 4)". Su$cient precautions
were taken in the experiments so that the observed de-
parture is unlikely to be attributable to a possible block-
age e!ect from the combustion chamber, which would
lead to an acceleration of the above-roof #ow and, thus,
entail a better ventilation of the street. Interpolation
approximations related to the contouring process are
also small although the software Spyglass! Transform
used for that purpose would ideally require a larger set
of input data points from a "ner measurement grid.
The observed discrepancies may rather be attributed to
the di!erences inherent to the two sampling techniques
used, on one hand by Meroney et al. (1996) and, on the
other hand, by the authors in the present investigation. In
the Meroney et al. experiments, wall concentrations were
determined out of gas samples collected from #ush
mounted wall taps with tube inlet diameters and drawing
velocities at the sampling tube inlets di!erent from those

of the sampling capillary tip of the fast FID device.
Remember that exact point-measurements cannot be
achieved but that measured quantities are always vol-
ume-averaged quantities over the measurement volume.
The di!erence between the spatial resolution of measure-
ments with the two techniques above may thus satisfac-
torily explain the observed discrepancies. This is all the
more true for points located in regions with steep concen-
tration gradients.

Very steep concentration gradients exist in the wake of
the source and in the leeward lower corner of the test
canyon. There, small di!erences in receptor positioning
may yield large variations of measured mean concentra-
tions because of the large values of RKM /Rx and RKM /Rz.
Thus, taking into account that spatial resolutions are
di!erent in "eld meaurements, wind tunnel measure-
ments and numerical computations, it is not surprising
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Figure 1: Normalized scalar concentration hciUHL/Q for wind tunnel experiment Pavageau and Schatzmann

(1999).

of inertia or buoyancy. Periodic boundary condition was applied in the span-wise direction.
Particles were removed once they hit the rightmost end of the computational domain. The
horizontal and vertical particles velocities were bi-linear and linearly interpolated respec-
tively. Logarithmic interpolation between roughness length and first vertical grid point was
applied for particles horizontal velocities. The numerical time-step was determined by the
Lagrangian time scale as in Weil et al. (2004).

3.3. Model Validation

In this subsection, we discuss validation of PALM in simulating turbulent flow and particle
trajectories. The velocity and turbulent kinetic energy of single street canyon flow computed
by PALM were validated in Lo and Ngan (2015b) by comparing to the experimental data
Brown et al. (2000). The vertical profiles for both velocity and turbulent kinetic energy
showed good agreement with the measurement.

In order to validate the simulation of particle trajectories, particle concentration was
inverted by counting the local number of particles. The particle concentration can then
be compared to tracer concentration from passive tracer release wind tunnel experiment
Pavageau and Schatzmann (1999).

Figure 1 shows the normalized tracer concentration hciUHL/Q measured in Pavageau
and Schatzmann (1999), where a bottom line source parallel to the spanwise direction located
at x = W/2 was considered. hci is the mean concentration, U is the free stream velocity and
Q/L is the source strength per unit length.

For our simulation, we considered a line source releasing 124 particles every 4 seconds.
The simulation was run for 5000s. Around 100000 particle trajectories were used to generated
the concentration plot. Figure 2 and 3 show the normalised particle concentration for cases
with and without stochastic term respectively.

In general, both cases demonstrate similar spatial variation pattens with wind tunnel
measurement. The normalised concentration for numerical simulation in the centre of canyon
is slightly smaller than the experimental measurement. It is more di�cult for particles to
enter the vortex centre in Lagrangian simulation, which may reflect that the e↵ect of di↵usion
is under-estimated at the centre of canyon.
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Figure 2: Normalized concentration hciUHL/Q for Langrangian model without stochastic term.

Figure 3: Normalized concentration hciUHL/Q for Langrangian model with stochastic term.
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3.1. LES model

The numerical simulations of turbulent flow were performed using the parallelised LES
model, PALM Raasch and Schröter (2001-09-01T00:00:00); Maronga et al. (2015). PALM
has been used extensively in various urban meteorology studies, for example investigations
of Kelvin-Helmholtz instability Letzel et al. (2008), coherent structures Inagaki et al. (2012);
Park and Baik (2013) , pollutant dispersion Park et al. (2012), predictability Lo and Ngan
(2015b), characterising flow regime transition Ngan and Lo (2015) and evaluation of tracer
age Lo and Ngan (2015a).

PALM solves the non-hydrostatic Boussinesq equations for implicitly filtered variables
together with a prognostic equation for the subgrid-scale turbulent kinetic energy. Eddy
viscosity is parameterised using Deardor↵ model Deardor↵ (1980) which in term determine
the subgrid scale momentum flux.

A single street canyon with unit aspect ratio is considered in this paper. The canyon
has size H = W = 48m located at the centre of the computational domain with size 96m⇥
96m⇥128m. The numerical resolution is all directions are 0.5m. This resolution is su�cient
to resolve the turbulent feature inside canyon Letzel et al. (2008).

An external pressure gradient of �0.006Pa was applied to drive a free stream velocity of
⇠ 3ms�1 above the canyon. A fifth-order upwind momentum advection scheme Wicker and
Skamarock (2002) is employed along with third-order Runge-Kutta time stepping. Cyclic
boundary condition was applied in the lateral direction and free slip boundary condition was
applied at the top of computational domain. The velocity profile close to the bottom surface
and along the wall are described by log function and parametrised by roughness length of
0.1m. The roughness Reynolds number is about 600 in this simulation Lo and Ngan (2015b).

3.2. Lagrangian model

Lagrangian method has been used in air pollution modelling . They can be classified into
two categories, deterministic and stochastic models. The deterministic Lagrangian model is
very simple, particles are simply advected by the resolved velocity field generated using the
LES model described above. Hence, the particles are di↵usion-less. In Lagrangian stochastic
model, the particle trajectories are modelled as random walk motions. Schematically, the
equation of motion can be written as the form of Langevin equation

du
i

= a
i

dt+ b
ij

dW
i

. (7)

Randomness in velocity comes from the incremental stochastic Wiener process dW
i

. Di↵usion
of particles is introduced through this random process. Using well mixed conditionThomson
(1987), Thomson determined the coe�cient b for isotropic homogeneous turbulent by requir-
ing the Langevin equation to be consistent with Kolmogorov’s theory Kolmogorov (1991).
He also found that there is no unique solution for the drift correction term a

i

in more than
one dimension.

In this paper, both deterministic and stochastic Lagrangian models were considered and
compared. The stochastic model assures sub-grid scale particles motion to be consistent with
turbulent structure function. However, currently only structure function of homogeneous and
isotropic turbulent is theoretical known, the applicability of stochastic Lagrangian model to
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A. Validation of the Lagrangian model 
 
 The Lagrangian model was 

validated against tracer data from a 
wind tunnel experiment [11]. The 
concentration values agree well and 
the spatial variation is similar. 

Fig. 5 Wind tunnel experiment Fig. 6 Lagrangian simulation 

Fig. 2 Computational domain for a realistic 
urban area (Mong Kok, Hong Kong). The colours 
correspond to building heights. 

Fig. 3 Distribution of residence and exposure 
times. (a) linear; (b) log scales.  

is conventional in the theory of stochastic processes, where they are used to treat first-passage
phenomena such as the residence time (Schuss, 2010). Smaller values of ⌧

r

indicate improved
ventilation. The set of ⌧
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defines a PDF, P (⌧
r

).
The exposure time, ⌧

e

, refers to the total time spent by a particle in a region of interest,
R. It is defined analogously to ⌧

r

:

D⌧
e

Dt
= � (2)

where the indicator function � is 1 inside the region of interest (e.g., the pedestrian level)
and zero otherwise, i.e.

�(x) =

(
1, x 2 R
0. x /2 R

(3)

Larger values of ⌧
e

indicate an increased risk of negative health e↵ects from pollutants. By
replacing the absorbing boundary condition @D

o

with a permeable one, the exposure time
allows for re-entrainment. As with ⌧

r

, a PDF, P (⌧
e

), is defined from the di↵erent release
times and locations.

Given ⌧
r

and ⌧
e

, the return coe�cient (de Brauwere et al., 2011) is defined as

r =
⌧
e

� ⌧
r

⌧
e

. (4)

r indicates the importance of re-entrainment. If r is close to 1, re-entrainment dominates; if r
is close to 0, re-entrainment becomes unimportant (⌧

e

= ⌧
r

in the absence of re-entrainment).
The return coe�cient is an intensive property, meaning that it does not scale with the volume
of the domain under consideration.[is this right?] The importance of re-entrainment can
also be quantified with the visitation frequency, VF, which is the number of times a particle
enters R.

The residence time can also be estimated from Eulerian data. Bady et al. (2008) show
that

TP =
1

PFR⇥ V F
. (5)

The purging flow rate

PFR =
S

c̄
(6)

where S is the steady source flux and c̄ is the concentration. This equation, which was derived
by analogy with the turnover timescale in indoor air quality (Etheridge and Sandberg, 1996),
assumes that the pollutant field has equilibrated due to S.

3. methodology

Particle trajectories were simulated using the LES model, PALM Raasch and Schröter
(2001-09-01T00:00:00); Maronga et al. (2015). We will first review the turbulent flow simu-
lation and then the embedded Lagrangian model.
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where S is the steady source flux and c̄ is the concentration. This equation, which was derived
by analogy with the turnover timescale in indoor air quality (Etheridge and Sandberg, 1996),
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Turbulent flow within a single street canyon was simulated using PALM [5,6] following [7]. 
Particles were released at the bottom of the canyon (about 140000 particles in total).    

In the realistic urban domain, the tail of the 
PDF is no longer exactly exponential. 
Moreover, large fluctuations are 
superimposed on top of the decaying 
baseline. The mean residence and exposure 
times are 290 and 306s respectively and 
considerably shorter than for the idealised 
street canyon. 
 

The white box divides the simulation domain 
proper from the surrounding buffer region. 
Residence and exposure times were 
calculated within the green box so as to 
facilitate comparison with the simple street 
canyon; the average building height and 
aspect ratio are 50m and 1.4. The inflow wind 
speed was identical to that in the calculation 
for the single street canyon. Particles were 
released along the red line. Only the 
deterministic case was considered.   
ff 
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4. Application to air pollution regulation 
Extended exposure to pollutants can lead to adverse health effects. Air quality is usually regulated 
with respect to the time average-concentration, but this is insufficient as information about 
exposure is missing. The European guidelines for fine particulates illustrate this problem: while the 
nominal safe value of 25 µg/m3 applies to the annual mean, the risk posed by long-term exposure 
is greatly increased even for pollutant concentrations below 20 µg/m3 [10]. 
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Figure 1: Two di↵erent statistical distributions of the exposure time. Even though the two distributions have the same mean

value h⌧i, only the wide one has significant area lying beyong the threshold value ⌧t.

the timescale for photochemical conversion of NO to NO
2

is about one minute (Jenkin et al. 2000), more
NO

2

will be produced as the exposure time increases. The foregoing implies that air pollution indexes like
the AQHI and AQI, which are based purely on time-mean pollutant concentrations, could be misleading or
unrepresentative. The European guidelines for fine particulates illustrate this problem: while the nominal
safe value of 25 µg/m3 applies to the annual mean, the risk posed by long-term exposure is greatly increased
even for pollutant concentrations below 20 µg/m3 (Beelen et al. 2014). Regulatory and monitoring policy
will be improved if the e↵ects of long-term exposure are incorporated.

In order to see why regulation with respect to the mean pollutant concentration may fail, the relationship
between concentration and exposure time is now examined. For a fixed emission rate and domain of interest,
the mean concentration is directly proportional to the average exposure time (see Appendix for details):

mean concentration / average exposure time. (1)

Therefore any air pollution monitoring or control policy (e.g. AQI) based on mean concentration is equivalent
to setting a limit on the average exposure time. In reality, however, things are not so simple as the exposure
time varies considerably from particle to particle;1 hence the average exposure time may not provide the
best estimate of the health impact of air pollutants. In a highly developed city like Hong Kong, where the
street-canyon e↵ect is very strong, pollutants could potentially be trapped at the pedestrian level for lengthy
time intervals.

Consider the release of pollutants under two di↵erent scenarios, e.g. di↵erent locations or wind conditions.
Hypothetical exposure time distributions are shown in Fig. 1. The x-axis is the exposure time and the y-
axis shows the number distribution (histogram) of pollutants. The two distributions have the same mean
exposure time h⌧i, and from eq. (1), the same mean concentration. The total exposure is given by the area
under the curves. Now assume that there exists a threshold, ⌧t, beyond which there may be undesired health
e↵ects; more concretely, ⌧t corresponds to limits set by emission regulation. Only the wide (red) curve has
a significant area exceeding the threshold ⌧t. This implies that the health impact of the wide distribution
is much more severe than the narrow distribution (blue) even though the mean values are the same. This
example demonstrates the inadequacy of standard air quality indexes. A significant risk of adverse health
e↵ects can exist even when the mean concentration lies well below the regulatory limit.

The average value is not necessarily the best indicator of pollutant health impact. An improved indica-
tor should capture information about prolonged exposure events; risk control concepts from financial risk
management can be applied here. In a financial market, people are interested in avoiding rare events such
as huge financial losses; in air pollution control, people should avoid rare events such as prolonged pollutant
exposure. More precisely, the Value at Risk (VaR) has been used to quantify the risk of potential loss
(Du�e et al. 1997). For example, a 1% VaR of 10 million dollars means there would be a 1% chance that
the potential loss would be greater than 10 million dollars. We can define a similar quantity for air pollution
control. If x% of the pollutants have exposure time larger than T
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, then T
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is the x% VaR for the exposure

1
The argument applies equally well to gas molecules, but for concreteness we focus on (idealised) particles.
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Figure 5: Distribution for residence time for canyon in log-scale.(a) with subgrid-scale motion (b) without

subgrid-scale motion.

VF C0 = 0 C0 =3
1 75.3% 73.1%
2 19.0% 20.5%
3 4.46% 4.80%
4 0.98% 1.08%
�5 0.30% 0.48%

Table 2: Probability of visitation frequency (VF) for case with (C
o

= 3) and without (C
o

= 0) subgrid-scale

motion.

4.2. E↵ect of re-entrainment for single street canyon

From the exposure times and residence times, we computed that the return coe�cients
are 0.174 and 0.170 for C

o

= 3 and C
o

= 0. The two values are similar, indicating that
contribution of sub-grid scale motion to re-entrainment of particle is very small. We also
calculated the visitation frequency for the whole canyon by following each particles and
counting the number of time they visit the canyon. For the case with stochastic motion, the
average value of visitation frequency is 1.38, while the mean visitation frequency for non-
stochastic case is 1.32. Table 2 summaris the percentage of occurrence for di↵erent value of
visitation frequency.

The visitation frequencies are also insensitive to presence of stochastic fluctuation. For
both cases, most particles never return once they leave the canyon. The case with stochastic
motion has slightly larger probability for re-entrainment. Larger value of visitation frequency
indicate frequent visit of pollutant and poor ventilation. Since street-canyon represents
a situation of very ventilation as particle can only escape through the rooftop only, it is
expected that the its visitation frequency should be larger than realistic urban environment.
Indeed, visitation frequencies calculated in several built-up area using Eulerian methodKato
and Huang (2009) are indeed smaller than the value we obtained for single street-cayon. We
would also consider the calculation of visitation frequency in a urban area using Lagrangian
calculation in the next section.
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exposure time MK TST
200s 72% 61%

200-400s 14% 21%
400-600s 2.1% 9.9%
600-800s 4.0% 2.9%
800-1000s 2.0% 1.4%
�1000s 6.3% 4.0%

Table 1: Exposure time in Mong Kok (MK) and Tsim Sha Tsui (TST).

VaR MK TST
1% 3505s 3359s
5% 1366s 981s
10% 755s 570s

Table 2: Value at Risk for exposure time in Mong Kok (MK) and Tsim Sha Tsui (TST).

(i.e. from the ground to a height of 2m); it is important to remember that the exposure time of each particle
is di↵erent. The particle-averaged exposure times for Mong Kok and Tsim Sha Tsui are similar, namely 296s
and 311s respectively. The di↵erences in the domains are not clearly manifested in the average exposure
times; however, the distributions shown in Table 1 are quite di↵erent. Fairly large di↵erences can be seen for
the di↵erent exposure bands, but the trend is complicated: 72% of the pollutants in Mong Kok have exposure
time less than 200s, while only 61% of pollutants in TST have exposure time less than this threshold; TST
has more pollutants with intermediate exposure times between 200s and 600s than does MK; exposure is
sometimes but not always lower in the TST domain, which includes a large park. The fraction of pollutants
with long exposure times, i.e. 600s or greater, is higher in MK than TST; more precisely, in MK 6.3% of
particles have exposure time greater than 1000s, while only 4.9% of particle in TST have such long exposure
times. If critical threshold of response is 1000s, the health impact on MK would be 29% greater than TST;
this would hold even if the measured pollutants concentration were lower.

It is desirable that the potential health impact of a pollutant be summarized using a few numbers. As
demonstrated in the last section, the average value of exposure time is not a good indicator of health impact;
however, the exposure time per se is insu�cient because it neglects the number distribution or percentile
(cf. Fig. 1). The VaR, which incorporates information about the exposure time and relative concentration,
more accurately represents the potentially harmful e↵ects of long-term exposure. The 1%, 5% and 10%
VaR for MK and TST have been calculated from the exposure time distribution. The results are shown in
Table 2. In all cases, Mong Kok has a larger VaR than Tsim Sha Tsui, despite the mean exposure time
of the latter being larger. While the di↵erences are relatively small at the 1% risk level, at 5% the value
for TST is nearly 30% smaller. In practice, VaRs should be calculated using known threshold values of the
exposure time (e.g. regulatory limits) in order to estimate the potential health impact.

As MK and TST are developed neighourhoods with densely packed high-rise buildings, the street-canyon
e↵ect should promote long exposure times in both cases. The actual exposure time distributions di↵er
significantly. There are several possible explanations. First, the building density is lower in TST. Second,
the presence of Kowloon Park next to Nathan Road in TST helps mitigate the street-canyon e↵ect. A detailed
study will be performed in future work so as to pinpoint the underlying causes of this. Here we simply wish
to emphasise that the exposure time distributions can vary greatly from place to place. This implies that
the impact of air pollutant could be reduced by altering the shape of the exposure time distribution though
clever urban design.

4 Conclusions

Long exposure to concentrations below the regulatory limit can have serious health e↵ects. Particles with
longer exposure times cause more damage to human health. The exposure time distribution provides valuable
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Fig. 1 Probability distributions of the residence time 
(top) and exposure time (bottom) for the entire 
canyon. 
 
i)  The PDFs show little sensitivity to the presence of 

stochastic subgrid motions.  
ii)  The PDFs are approximately exponential. This is 

consistent with the first exit time for Brownian 
motion [8]. 

iii)  The behaviour at the pedestrian level is quite 
different (not shown). The mean exposure time is 
much shorter. 

Table. 1 Summary statistics for the residence and exposure 
times. All the measurements are in seconds. 
 
i.  The mean exposure time is about 20% greater than the 

mean residence time on account of re-entrainment.  
ii.  The re-entrainment is relatively weak. This has been 

confirmed by calculating the visitation frequency (not 
shown).  

iii.  The stochastic and deterministic models agree well.  
iv.  The decay timescales were obtained by fitting the tails to 

an exponential.  
v.  Since the PDFs are approximately exponential, the 

mean and decay timescales are nearly identical. This 
supports the widespread use of the decay timescale [9].  

 
 

Fig. 4 Hypothetical exposure-time distributions. 
 
Even though the two distributions have the same 
mean value ⟨   ⟩, only the wide one has significant 
area lying beyond the threshold value,     . 
Knowledge of the exposure-time distribution could 
provide additional information on potential health 
impacts. 
 

Table 2 Pedestrian-level exposure statistics for two 
Hong Kong neighbourhoods, Mong Kok (MK) and 
Tsim Sha Tsui (TST). The assessment regions cover 
both neighbourhoods. 
 
The mean exposure times are 296s and 311s for MK 
and TST respectively. Although the mean exposure 
time is shorter in MK, a larger percentage of pollutants 
have long exposure times. Hence the potential health 
impact could be greater in MK. 
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Figure 1: Two di↵erent statistical distributions of the exposure time. Even though the two distributions have the same mean

value h⌧i, only the wide one has significant area lying beyong the threshold value ⌧t.

the timescale for photochemical conversion of NO to NO
2

is about one minute (Jenkin et al. 2000), more
NO

2

will be produced as the exposure time increases. The foregoing implies that air pollution indexes like
the AQHI and AQI, which are based purely on time-mean pollutant concentrations, could be misleading or
unrepresentative. The European guidelines for fine particulates illustrate this problem: while the nominal
safe value of 25 µg/m3 applies to the annual mean, the risk posed by long-term exposure is greatly increased
even for pollutant concentrations below 20 µg/m3 (Beelen et al. 2014). Regulatory and monitoring policy
will be improved if the e↵ects of long-term exposure are incorporated.

In order to see why regulation with respect to the mean pollutant concentration may fail, the relationship
between concentration and exposure time is now examined. For a fixed emission rate and domain of interest,
the mean concentration is directly proportional to the average exposure time (see Appendix for details):

mean concentration / average exposure time. (1)

Therefore any air pollution monitoring or control policy (e.g. AQI) based on mean concentration is equivalent
to setting a limit on the average exposure time. In reality, however, things are not so simple as the exposure
time varies considerably from particle to particle;1 hence the average exposure time may not provide the
best estimate of the health impact of air pollutants. In a highly developed city like Hong Kong, where the
street-canyon e↵ect is very strong, pollutants could potentially be trapped at the pedestrian level for lengthy
time intervals.

Consider the release of pollutants under two di↵erent scenarios, e.g. di↵erent locations or wind conditions.
Hypothetical exposure time distributions are shown in Fig. 1. The x-axis is the exposure time and the y-
axis shows the number distribution (histogram) of pollutants. The two distributions have the same mean
exposure time h⌧i, and from eq. (1), the same mean concentration. The total exposure is given by the area
under the curves. Now assume that there exists a threshold, ⌧t, beyond which there may be undesired health
e↵ects; more concretely, ⌧t corresponds to limits set by emission regulation. Only the wide (red) curve has
a significant area exceeding the threshold ⌧t. This implies that the health impact of the wide distribution
is much more severe than the narrow distribution (blue) even though the mean values are the same. This
example demonstrates the inadequacy of standard air quality indexes. A significant risk of adverse health
e↵ects can exist even when the mean concentration lies well below the regulatory limit.

The average value is not necessarily the best indicator of pollutant health impact. An improved indica-
tor should capture information about prolonged exposure events; risk control concepts from financial risk
management can be applied here. In a financial market, people are interested in avoiding rare events such
as huge financial losses; in air pollution control, people should avoid rare events such as prolonged pollutant
exposure. More precisely, the Value at Risk (VaR) has been used to quantify the risk of potential loss
(Du�e et al. 1997). For example, a 1% VaR of 10 million dollars means there would be a 1% chance that
the potential loss would be greater than 10 million dollars. We can define a similar quantity for air pollution
control. If x% of the pollutants have exposure time larger than T

0

, then T

0

is the x% VaR for the exposure

1
The argument applies equally well to gas molecules, but for concreteness we focus on (idealised) particles.
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will be produced as the exposure time increases. The foregoing implies that air pollution indexes like
the AQHI and AQI, which are based purely on time-mean pollutant concentrations, could be misleading or
unrepresentative. The European guidelines for fine particulates illustrate this problem: while the nominal
safe value of 25 µg/m3 applies to the annual mean, the risk posed by long-term exposure is greatly increased
even for pollutant concentrations below 20 µg/m3 (Beelen et al. 2014). Regulatory and monitoring policy
will be improved if the e↵ects of long-term exposure are incorporated.

In order to see why regulation with respect to the mean pollutant concentration may fail, the relationship
between concentration and exposure time is now examined. For a fixed emission rate and domain of interest,
the mean concentration is directly proportional to the average exposure time (see Appendix for details):

mean concentration / average exposure time. (1)

Therefore any air pollution monitoring or control policy (e.g. AQI) based on mean concentration is equivalent
to setting a limit on the average exposure time. In reality, however, things are not so simple as the exposure
time varies considerably from particle to particle;1 hence the average exposure time may not provide the
best estimate of the health impact of air pollutants. In a highly developed city like Hong Kong, where the
street-canyon e↵ect is very strong, pollutants could potentially be trapped at the pedestrian level for lengthy
time intervals.

Consider the release of pollutants under two di↵erent scenarios, e.g. di↵erent locations or wind conditions.
Hypothetical exposure time distributions are shown in Fig. 1. The x-axis is the exposure time and the y-
axis shows the number distribution (histogram) of pollutants. The two distributions have the same mean
exposure time h⌧i, and from eq. (1), the same mean concentration. The total exposure is given by the area
under the curves. Now assume that there exists a threshold, ⌧t, beyond which there may be undesired health
e↵ects; more concretely, ⌧t corresponds to limits set by emission regulation. Only the wide (red) curve has
a significant area exceeding the threshold ⌧t. This implies that the health impact of the wide distribution
is much more severe than the narrow distribution (blue) even though the mean values are the same. This
example demonstrates the inadequacy of standard air quality indexes. A significant risk of adverse health
e↵ects can exist even when the mean concentration lies well below the regulatory limit.

The average value is not necessarily the best indicator of pollutant health impact. An improved indica-
tor should capture information about prolonged exposure events; risk control concepts from financial risk
management can be applied here. In a financial market, people are interested in avoiding rare events such
as huge financial losses; in air pollution control, people should avoid rare events such as prolonged pollutant
exposure. More precisely, the Value at Risk (VaR) has been used to quantify the risk of potential loss
(Du�e et al. 1997). For example, a 1% VaR of 10 million dollars means there would be a 1% chance that
the potential loss would be greater than 10 million dollars. We can define a similar quantity for air pollution
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