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Abstract10

Urban air quality studies have primarily focused on pollutant dispersion; however, spa-11

tial or temporal concentrations collected at discretely distributed grid points12

(or fixed receptors) do not reflect the actual pollutant exposure of pedestri-13

ans. Using large-eddy simulation (LES) with virtual walkers implemented,14

this study investigates pollutant exposure of walking agents (or moving re-15

ceptors) in an urban turbulent boundary-layer flow developed over an aligned16

building array under the influence of different wind directions. The spatial variability17

of the exposure risks are found to be better captured by the moving receptors18

than the fixed receptors along the same agent walking tracks. We demonstrate19

that the actual exposure can differ significantly from results interpreted from20

data recorded by the fixed receptors (corresponding to Eulerian estimates)21

and show that large discrepancies occur in avenues near the source, wherein22

dispersion of the point release has not occurred on larger spatiotemporal scales. In most23

scenarios, optimal evacuation routes are shown to be ones that deviate as much as pos-24

sible from the dominant wind direction; however, one needs to decide the priority25

of moving to further avenues first or immediately adjusting the walking di-26

rection. The results should serve as a useful baseline reference for environmental health27

impact assessment and evacuation route planning against hazardous releases of air pol-28

lutants in more complex urban environments.29
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1. Introduction31

Rapid urbanization has significantly accelerated anthropogenic and industrial activi-32

ties in and around urban areas. Emissions of gaseous pollutants are imposing increasingly33

growing risks to urban air quality (Wong et al., 2019; Zheng and Yang, 2022; Wang et al.,34

2022). In the case of accidental releases of hazardous pollutants, accurate prediction35

of the exposure risk to the polluted air is vital for effective emergency response and36

evacuation route planning.37

In the pollutant dispersion literature, researcher are more concerned about the time-38

mean concentration. Numerical modelling (e.g. Lo and Ngan, 2020; Masoumi-Verki et al.,39

2021), measurements (e.g. Jiang and Yoshie, 2018; Mo and Liu, 2018; Xing and Brim-40

blecombe, 2018; Marucci and Carpentieri, 2020) and analytical (e.g. Belcher et al., 2015;41

Tzella and Vanneste, 2016) studies have highlighted scalar statistics, such as concentra-42

tion fields in urban districts (Blocken et al., 2016), flux exchanges across the canopy43

(Chung and Liu, 2013; Panagiotou et al., 2013) and mixing with the clean air (Duan44

et al., 2019). Assessments of exposure have typically been made for fixed receptors,45

namely based on data recorded at the grid points discretely distributed over46

the computational domain (Scungio et al., 2018; Wang et al., 2019; Cui et al.,47

2021; Zhang et al., 2023). Subsequent results are interpreted from Eulerian48

calculations of the pollutant fields–associated diagnostics essentially rely on spatiotem-49

poral averages (e.g. Tiwary et al., 2011; Ng and Chau, 2014; He et al., 2017). Although50

this approach simplifies the calculation, it neglects outliers and assumes ho-51

mogeneity, which can be of critical impact during emergency response.52

The risk of exposure may vary greatly as a receptor moves from one po-53

sition to another. Using LES and a Lagrangian stochastic model (LSM) (Weil et al.,54

2004), Lo and Ngan (2017) quantified the exposure in terms of the total time spent by a55

pollutant particle in the region of concern. Although the residence time (a measure of ex-56

posure) was calculated by integration along particle trajectories, the ‘clock’ was spatially57

fixed in the region of concern, which is equivalent to setting a fixed receptor. Therefore,58

the method cannot extend to simulating the pedestrian walking behaviour,59

and hence the spatial variability of exposure along the walking route cannot60

be captured. Recent attention on exposure in the urban air quality literature has been61

directed towards vehicle-induced emissions (Zhao et al., 2021; Zheng and Yang, 2022);62
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however, they represent moving sources rather than moving receptors. Accurate predic-63

tion of the exposure risk of walking agents in urban districts has remained a concern64

challenging urban environmental health and sustainability (Vardoulakis et al., 2016).65

The exposure of moving agents to air pollution depends on the meteorological forc-66

ing such as wind, which directly affects the pattern of the scalar field, specifically the67

center-of-mass translation downstream and the crosswind spread by turbulent diffusion68

(Davidson et al., 1995). The combined effects essentially define the size of a polluted69

area and, by extension, the spatially varying exposure risks. Obviously, influence of ur-70

ban topography can be important as well. For example, for an aligned grid of building71

obstacles, the windward building facades are by definition perpendicular to the dominant72

wind; however, the arrangement of the array can be viewed as staggered when the wind73

direction is rotated. For the former, advection by the mean flow along the street (i.e.74

channelling) is non-negligible; for the latter, the channel flow is diminished–a pollutant75

scalar undergoes a more winding path as in a staggered array and the obstruction of76

building facades can be important (Blunn et al., 2022). Therefore, wind direction can be77

of qualitatively impact on pollutant exposure.78

Multiple timescales are involved in the quantification of exposure. This can be of par-79

ticular importance during emergency response against environmental incidents of toxic80

chemicals. It is well known that the mean concentration within a unit-aspect-ratio81

street canyon decays exponentially fast for an instantaneous pollutant source (DePaul82

and Sheih, 1985); however, safety is not necessarily ensured even if an agent’s walking83

speed is on a timescale shorter than that for the decay. One needs to compete with the84

timescale associated with ventilation (that is how quickly pollutants are removed from85

the control domain) and mixing (namely how rapidly a pollutant scalar mixes with the86

clean air). As pollutants disperse downwind, it is unknown if a walking agent can have87

sufficient time to be evacuated before the ambient air gets highly contaminated.88

To understand pollutant exposure of moving receptors, the paper is organized as89

below. Sec. 2.1 describes the geometry of an idealised urban district represented by a90

grid of aligned building cuboids. Sec. 2.2 provides further details of the model setups with91

the focus on the moving agents and the forcing. The LES model is described in Sec. 2.392

with the model validation given in Appendix A. Sec. 3.1 presents the decay of the93

mean concentrations and the scalar variances, wherein the associated decay timescales94
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Figure 1: Schematic diagram of virtual agents walking along the avenues of an aligned building array.

(a) 3D view of the computational domain; (b) plan view with the walking agents indicated.

The blob highlighted in red in avenue A1 denotes an instantaneous ground-level pollutant

release (see Eq. 1). The virtual walkers move along the avenues in the spanwise direction, y,

and β denotes the angle between the agent walking direction with respect to the dominant

wind direction. Lx = Ly = 16H and Lz = 6.5H denote the domain dimensions, where H is

the height of the building cuboid.

are quantified. The PDFs and CDFs of pollutant exposure are analysed in Sec. 3.2,95

wherein exposure risks are compared for moving and fixed receptors, and evacuation96

routes planning for four scenarios discussed in Sec. 3.3. Discussion and summary are97

given in Sec. 4 and Sec. 5, respectively.98

2. Methodology99

2.1. Urban geometry100

As in many previous studies of urban pollutant dispersion (e.g. Davidson et al., 1995;101

Marucci and Carpentieri, 2020), we consider an idealised urban district represented by102

an array of regularly aligned building cuboids (see Fig. 1 for a schematic diagram). The103

building array consists of 8 building rows × 8 building columns. As in Duan and Ngan104

(2019), unblocked rows and columns are referred to as “streets” and “avenues”, respec-105

tively.106

The domain dimensions are Lx = 320 × ∆x = 320m (= 16H) in the east-west (or107
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x) direction, Ly = 320 × ∆y = 320m (= 16H) in the north-south (i.e spanwise or y108

direction) and Lz = 130 × ∆z = 130m (= 6.5H) in the vertical (z), comparable109

with Wang and Ngan (2021) and Ma and Cheng (2023). The spatial resolution110

is isotropic, i.e. ∆x = ∆y = ∆z = 1m (= H/20), which meets the suggested best111

practices for urban computational fluid dynamics that the canyon walls be112

separated by at least 10 grid points (Franke et al., 2011). The building widths113

(W ), avenue widths and street widths are equal to the building height H = 20m, which114

implies a homogeneous urban topography, i.e. the canyon aspect ratios in x115

and y directions are unity (ARx = ARy = H/W = 1), and reduced ventilation116

in the turbulent flow of the skimming flow regime (Hunter et al., 1992).117

2.2. Forcing and moving agents118

An impulse area source is prescribed at the ground level of a street-avenue intersection119

from the leading corner of the array. After the flow has reached statistical stationarity,120

pollutant is released at time t0, implying a source flux,121

S = S0δ(x− x⃗0, t− t0), (1)

where S0 denotes a source emission strength, which is specified arbitrarily as a constant,122

and x⃗0 denotes a source location. As opposed to a continuously released source123

(e.g. Marucci and Carpentieri, 2020; Wang and Ngan, 2021), the construction124

of the initial-value problem herein allows the quantification of pollutant decay125

rates and associated decay timescales (DePaul and Sheih, 1985).126

The flow is forced by a prescribed pressure gradient, ∆P . Following Wang and Ngan127

(2021) and Blunn et al. (2022), an approaching wind of θ ∈ [0o, 45o] with regard to the128

x−axis is considered, which is equivalent to a β ∈ [45o, 90o] wind with respect to the129

agent walking direction (along the y− axis). Because the current work is focused on the130

exposure of moving agents, the latter notation, β, is used (see Fig. 1). For β = 90o,131

∆P = 0.6× 10−3 Pam−1, which generates the familiar canyon circulations within the132

building rows and channel flows along the streets. For a 45o wind, the building obstacles133

form a staggered array (Coceal et al., 2014). For completeness, the flow patterns134

are presented in Fig. 2. It can be seen the counter-rotating wake vortices are135

altered as the dominant wind is rotated and the symmetry of the vortex pair136

is retained for the β = 45o diagonal wind. The streamline geometries agree137
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(c) β = 60o
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(d) β = 45o
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Figure 2: Streamline geometries for different β. The flows are shaded by the nondimen-

sionalized mean vertical velocity component, wherein ⟨·⟩H denotes temporal and vertical

averaging for z/H = [0, 1]. UH corresponds to the absolute velocity slightly above the roof

level.

well with previous studies of turbulent flow around building cuboids of an138

aligned array (e.g. Claus et al., 2012; Coceal et al., 2014; Wang and Ngan,139

2021).140

The Reynolds number based on the building height (H) and the freestream wind speed141

(Uref) is Re ≡ UrefH/ν ∼ O(106), which is comparable with the LES study of Wang and142

Anderson (2019) and Blunn et al. (2022), but is a few orders of magnitude greater than143

Inagaki and Kanda (2008) and Cheng and Castro (2002) because they considered scaled144

urban topographies, and is smaller than Liu et al. (2022) by two orders of magnitude145

because the maximum building height (180m) of a real urban district was used as the146
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characteristic length scale. The Re implies that the turbulent flow is in the fully147

rough regime (Castro and Robins, 1977).148

Virtual agents (i.e. moving receptors) initially set near the south boundary of the149

building array (see Fig. 1) start walking along the avenues at the instant of the tracer150

release (at t0, see Eq. 1). Once the north boundary is reached, the walkers reenter151

the domain from the south boundary and walk north once more. This prescription is152

maintained from the source release till the end of the simulation, whereby pollutant con-153

centrations (C) experienced during the periodic walking along the avenues are recorded.154

It is noteworthy that the moving agents essentially emulate the pedestrian155

walking behaviour in real urban environments.156

Implementation of the virtual walkers in LES essentially follows the vir-157

tual flight measurements of Schröter et al. (2000) and Sühring and Raasch158

(2013). The agent walking speed, Vagent = 1.34m s−1, specified herein lies in the range159

of average walking speeds of 1.0m s−1 − 1.5m s−1 for adults (Mansfield et al., 2018; Mo-160

hamed and Appling, 2020). For a moderate wind considered in the current study,161

Vagent/⟨u⟩ > 1 in the pedestrian region, where ⟨u⟩ is the mean streamwise ve-162

locity component (see Fig. 3).163

Data recorded by the moving receptors will be compared with that for fixed receptors164

(yn), namely the grid points discretely distributed along the agent walking tracks in the165

y−direction. Therefore, the subscript n indicates the spanwise grid index.166

2.3. Large-eddy simulation167

The boundary-layer flow and scalar dispersion are simulated using PALM 6.0 (Maronga168

et al., 2020), which is a LES model developed specifically for atmospheric and oceanic169

boundary layer studies. The model is based on the implicitly filtered non-hydrostatic170

and incompressible Boussinesq equations. Subgrid-scale (SGS) fluxes are parame-171

terised using a dynamic SGS model according to Germano et al. (1991) and172

Heinz (2008), which allows the occurrence of backscatter (namely negative173

values of SGS eddy viscosity) while ensuring stability. The SGS eddy viscos-174

ity and diffusivity are obtained from additional prognostic equations for the175

SGS turbulent kinetic energy based on the assumption that energy transport176

by SGS eddies is proportional to the local gradients of the mean quantities.177

Detailed descriptions of the governing equations of the LES model can be found in Lau178
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Figure 3: Vertical profiles of the streamwise velocity component, u, normalised by the agent

walking speed, Vagent. (a) Ensemble average along the middle of the repeating streets,

y/W = 2N + 1.5; (b) ensemble average along the middle of the repeating building rows,

y/W = 2N +0.5, where N = 0, 1, · · · , 6. Dashed horizontal line indicates z/H = 1. ⟨·⟩ denotes

temporal and horizontal averaging.

and Ngan (2018) and Maronga et al. (2020). Therefore, they are not repeated here.179

As in Liu et al. (2005), periodic boundary conditions are applied in the180

lateral directions, whereby an infinitely spread urban region is assumed. To181

prevent nonphysical accumulation of pollutants within the domain, concen-182

trations at the lateral edges are set to zero after Wang et al. (2021). At solid183

surfaces, there is no-slip for the velocity components and Neumann (zero-gradient) for184

scalars. A Neumann boundary condition is also applied at the domain top. Unresolved185

Reynolds shear stresses near walls are parameterised by assuming a constant-flux186

layer between the roughness height, z0, and the first grid layer following the187

Monin-Obukhov similarity theory (MOST) (Monin and Obukhov, 1954). As188

in previous studies (Park et al., 2015; Yoshida et al., 2018; Duan and Ngan,189

2020), the roughness lengths for momentum and passive scalar are identical,190

with z0 = 0.1m, which is representative of very rough walls (Letzel et al.,191

2012).192

A third-order Runge-Kutta time-stepping scheme (Williamson, 1980) combined with193

an upwind-biased fifth-order finite differencing scheme is applied in solving the advection194
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terms for momentum and scalar. This combination has proven effective for ensur-195

ing accuracy and algorithmic simplicity (Wicker and Skamarock, 2002). The196

Courant-Friedrichs-Lewy (CFL) criterion was set to 0.9 with variable integra-197

tion timesteps (∼ 0.2 s) to guarantee numerical stability. The Poisson equation198

for pressure is solved with the multigrid method, which is highly optimised199

for Intel processors used for running the current model.200

The 3-D model was initialised with a stationary-state wind profile obtained201

from a 10−hour run of a 1-D model with a Reynolds-average based turbulence202

parametrisation (Maronga et al., 2020). A 6−hour spin up, ∼ 200t∗ (where203

t∗ ≡ H/u∗ denotes the eddy turnover timescale and u∗ ∼ 0.2m s−1 is the fric-204

tion velocity), ensures that the turbulent boundary layer has become fully205

developed and the flow has reached statistical stationarity. Data are subse-206

quently collected at time intervals of ∆t = 10 s (∼ 0.1t∗, about four times higher207

than the temporal resolution of Blunn et al. (2022)) for a duration of 3600 s208

(∼ 36t∗), which are sufficient for the initial-value problem considered herein209

(Bernardini et al., 2014).210

Validation of the LES model is presented in Appendix A.211

3. Results and analyses212

3.1. Scalar decay and mixing213

3.1.1. Decay of volume-averaged concentrations214

The removal of pollutants from the control domain (the region for z/H ≤ 1, hereafter215

D), i.e. ventilation, directly affects the scalar concentration inside the canyons and hence216

the exposure of walking agents to the polluted air at different locations. For a release of217

pollutants at an initial instant (Eq. 1), ventilation can be quantified by the decay rate of218

⟨C⟩(t)/C0, the normalised concentration spatially averaged over D. Herein, C0 denotes219

the bulk average of the concentration at initial time t0.220

Physically, the change of β should not alter the exponentially decaying nature of221

⟨C⟩(t)/C0 (Davidson et al., 1996). The familiar exponential decay function (DePaul and222

Sheih, 1985), viz.223

⟨C⟩(t)/C0 ∼ exp(− t

τr
), (2)
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Figure 4: Decay of the normalised concentrations, ⟨C⟩(t)/C0, for different β. As in Duan and Ngan

(2020), the initial-stage spin up is excluded in the fitting. For clarity, the time axis is clipped at 1000 s.

where τr is known as the retention time (the time required for ⟨C⟩(t)/C0 to reach e−1),224

should always hold for a unit-aspect-ratio 2D street canyon (Duan et al., 2019) and a225

cubic 3D building array (Duan and Ngan, 2020). Fig. 4 plots the history of ⟨C⟩(t)/C0.226

It can be seen that the exponentially decaying behaviour persists when β varies: the227

minimum R2 is 0.98. The slight change of the slope reflects the sensitivity to the wind228

direction.229

Longer retention of pollutants within the domain implies high risk of exposure. Fig. 5230

shows that the removal of pollutants from D accelerates as the wind rotates towards231

the canyon axis (i.e. increased β). This is presumably because ventilation routes below232

z/H < 1 are altered when β is changed. For β = 90o, ventilation is enhanced by the233

channel flow along the streets (Blunn et al., 2022). By contrast, for β = 45o, the wind234

blows diagonally and ventilation is similar to that in a staggered array (Claus et al.,235

2012), where the pollutant scalar undergoes a more winding trajectory (Coceal et al.,236

2014).237

3.1.2. Variance decay238

The decay of the mean concentration analysed in the above section measures how239

quickly pollutants are removed and the volume averaging tacitly assumes homogeneity of240

concentrations in the control domain. An obvious limitation is that it does not quantify241

inhomogeneity and little can be said about how rapidly air inside the canopy bulk gets242
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Figure 5: Retention time, τr (Eq. 2), associated with the decay of the mean concentrations for different

β. The timescale is obtained from least squares regression of the decay of ⟨C⟩(t)/C0 plotted in Fig. 4.

polluted; however, this can be of particular importance for emergency response because it243

gives a sense of the effectiveness of evacuation to avoid exposure to the air that is highly244

mixed with the pollutants.245

The scalar variance, σ2
C
(t) ≡ (C − ⟨C⟩)2, has proven an effective probe to the in-246

homogeneity and was successfully applied to the quantification of scalar mixing (Duan247

et al., 2019). The variance-decay rate characterises the rapidity of mixing (Pierrehumbert,248

1994), which provides a useful timescale for emergency response reference.249

It can be seen in Fig. 6 that the decay stages of the nondimensionalized scalar variance,250

⟨σ2
C
⟩(t)/C2

0 , differ slightly between early and late times, similarly to the decay of the mean251

concentrations (Fig. 4 in Sec. 3.1.1). However, unlike that for a 2D canyon (Duan et al.,252

2019), the initial-stage decay is established almost immediately after the source release253

and the transition to the late stage occurs much smoother. This is likely due to the254

fact that for a 2D canyon the variance decay (at long times) is dominantly driven by255

ventilation across the roof-level open boundary, whist for a 3D array, pollutants also256

escape through the sides (Kastner-Klein and Plate, 1999; Jiang and Yoshie, 2018).257

Given that the late-time change of scalar variances is primarily driven by the removal258

of pollutants from the control domain (Duan and Ngan, 2020), the timescale associated259

with the variance decay, τσ, can be defined in a similar manner as that for the decay of260
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the mean (Eq. 2), viz.261

⟨σ2
C
⟩(t)/C2

0 ∼ exp(− t

τσ
). (3)

Fig. 7 plots τσ for different β. Although the amplitudes do not differ much, τσ exhibits262

a clear linear scaling with β (R2 = 0.89, as τr does, cf. Fig. 5), implying that a well263

planned β, namely evacuation direction with respect to the dominant wind, could reduce264

the risk of exposure to the air before it is highly mixed with the pollutants.265

It is noteworthy that even a small difference in the variance decay timescale can be266

non-negligible during emergency response when this time difference is translated into a267

spatial difference. For example, a 10 s difference in time can lead to around 15m difference268

in space (even under the current normal walking speed, 1.34m s−1×10 s ≈ 13.4m), which269

measures the distance from one avenue to another for densely-packed urban regions.270

3.1.3. Avoidance of air mixed with pollutants271

A practical concern is if a normal agent walking speed specified in the current study272

ensures a safe avoidance of the contaminated air. While an accurate calculation needs to273

account for time-varying meteorological forcing, the geometrical complexity of the urban274

topography and the uncertainty of the pedestrian walking behaviour in realistic scenarios,275

a rough estimate follows.276

The calculation of the timescale associated with the virtual walker, τagent ≡277
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is excluded in the least squares regression of the exponentially decaying function, Eq. (3).

L/Vagent, is straightforward; however, the characteristic length scale, L, is not278

unique. Taking the domain dimension as the characteristic length scale (Ly = 320m,279

see Sec. 2.2) and given Vagent = 1.34m s−1, τagent = 238 s; taking the avenue width as the280

characteristic length scale (W = 20m), τagent = 15 s. The former τagent is larger than the281

timescale associated with the scalar mixing (evaluated for the entire domain, cf. Fig. 7),282

implying an insufficient time at the current walking speed to escape out of the control283

domain to completely avoid exposure to the polluted air, whilst the latter is smaller than284

τagent, indicating that if a walker is near the source (on a spatial scale of one avenue285

width), there is still adequate time for an effective evacuation to be made.286

3.2. Exposure risks287

3.2.1. Exposure to maxC/C0288

The spatial variability of exposure, which cannot be captured by the mean and vari-289

ance, is now examined. While the decay of the mean (Sec. 3.1.1) and variance (Sec. 3.1.2)290

cannot be applied directly to walking agents, because they correspond to an Eulerian cal-291

culation, one can quantify the maximum pollutant concentration, maxC/C0, to which a292

virtual walker is exposed. Letting Cwalker denote the concentrations recorded by a walker293

(i.e. Cwalker are a subset of the Eulerian concentrations, C), maxC/C0 reads294

maxC/C0(Ai, β) ≡ max(Cwalker)(Ai, β). (4)
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Figure 8: Sensitivity of (a,b) maxC/C0 (Eq. 4) recorded by the walking agents and (c,d) maxAi
C/C0

(Eq. 5) recorded by the fixed receptors discretely distributed along the agent walking tracks to Ai and

β; (e,f) relative differences between maxC/C0 and maxAi
C/C0 (Eq. 6). For reference, the dash-dotted

lines in the insets of panels a and c plots the least-squares regression of maxC/C0 versus Ai for β = 45o.

Note the logarithmic scale of the ordinates for panels a-d.

Obviously, maxC/C0 depends on which avenue (Ai) the agent walks along and the wind295

direction, β.296

Figs. 8a,b summarise the maxC/C0 recorded by the agents walking along different297
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avenues (Ai, panel a) and for different β (panel b). Fig. 8a shows that maxC/C0 decreases298

rapidly away from the source, particularly for large β in the first few avenues (note the299

logarithmic scale of the ordinates and the lease-squares regression plotted in the inset for300

reference). The maxC/C0 for β = 45o remains smaller than that for other β across all301

Ai. This is because the building blockage, which protects pedestrians from302

immediate exposure to peak concentrations (Wang and Ngan, 2021; Melo303

et al., 2023), is more prominent for the β = 45o diagonal wind (for which304

the building arrangement is effectively staggered, see Fig. 2). It will be seen305

in the latter section (Sec. 3.2.2) that this result is also supported by the306

PDFs. Fig. 8b shows that the maxC/C0 exhibits an increasing trend with β (when307

the dominant wind direction deviates more from the agent walking direction), and the308

amplitude of maxC/C0 is particularly high for A2, the avenue close to the source. If309

an agent is walking in the avenue near the pollutant source (e.g. in A2), the results310

suggest evacuation routes towards farther avenues so as to quickly reduce the exposure311

to maxC/C0, and to decrease β so as to keep maxC/C0 at a relatively lower level.312

The maxC/C0 recorded by the walking agents, Eq.(4), may be compared with the313

maximum concentration recorded by the fixed receptors (yn) discretely distributed along314

the same walking track (Ai) of concern (see Sec. 2.2), max Ai
C/C0,315

max Ai
C/C0(Ai, β) ≡ max(C)(yn ∈ Ai, β), (5)

Although the patterns of maxC/C0 versus Ai and β (Figs. 8a,b, respectively) and max Ai
C/C0316

versus Ai and β (Figs. 8c,d, respectively) appear quite similar, it can be seen that the317

relative differences (Figs. 8e,f, respectively), viz.318

rmaxC/C0 =
max Ai

C/C0 −maxC/C0

maxC/C0

(%), (6)

are markedly high. While it may seem unsurprising that the concentrations319

collected for fixed locations can differ from that recorded in a moving frame,320

the difference is surprisingly large for the initial-value problem considered321

herein, especially for the avenue adjacent to the pollutant source (i.e. A2)322

and under the forcing of β = 45o. The results indicate that the exposure of a walker323

to the maximum concentration interpreted from data recorded by the fixed receptors can324

be significantly overestimated and the actual maximum concentration experienced by the325

walker can be much smaller.326
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3.2.2. PDFs and CDFs for moving receptors327

The maximum concentrations, maxC/C0, analysed in the above section do not pro-328

vide a complete picture of exposure. Furthermore, decreasing the exposure to maxC/C0329

does not necessarily ensure safety and there could be non-negligible risk (or probability)330

of exposure to high concentrations (though smaller compared to maxC/C0). This section331

examines the probability density functions (PDFs) and the cumulative density functions332

(CDFs) associated with the exposure to pollutants.333

The PDFs of concentrations recorded by the virtual walkers (Fig. 9a, c, e, g) show334

a much fatter tail for A2, indicating high probability of exposure to peak concentrations335

for agents walking in this avenue due to its immediate vicinity to the source. As336

dispersion occurs on larger spatiotemporal scales, the tail becomes progressively337

thinner for increasing Ai and a few local peaks are seen, e.g. around C/C0 = 0.5×10−3 for338

A3 and A4 in panel a (β = 90o), which reflect the spatial variability of the exposure339

risk during pedestrian walking. Emergence of the local peak concentrations340

is presumably attributed to the atmospheric turbulence, which occurs in very341

short-time intervals and is more sensitive to the spatial location than to the342

wind direction (Roth et al., 2015). As an agent moves along the avenue,343

perturbations of the atmospheric turbulence from the canyon circulations344

and the channel flows set in alternately.345

As β is decreased, influence of the channel flow is gradually diminished and pollutants346

disperse more evenly in the crosswind direction, which agrees with the numerical results347

of Branford et al. (2011) and Coceal et al. (2014). For β = 45o (panel g), the PDF looks348

relatively smoother (evidently for A2) and the flow is statistically symmetric about the349

dominant wind direction. The results imply that staggered arrangement of the building350

array may help avoid early exposure to high concentrations for agents walking in the351

avenue near the pollutant source due to the immediate blockage of the building obstacles.352

The CDFs help quantify the cumulative risks of exposure to different ranges of con-353

centrations. It can be seen the CDF curves (Fig. 9b, d, f, h) start to diverge for increased354

C/C0. The curve associated with downwind Ai (more notably for small β, e.g. panel355

h) spans relatively narrower range of C/C0, indicating that agents walking in avenues356

far from the pollutant source are less likely exposed to extremely high concentrations357

(hereafter Cextreme, herein C/C0 ≳ 1× 10−3 for example), in contrast to agents in the av-358
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Figure 9: Probability statistics of the normalised scalar concentrations (C/C0) recorded by the walking

agents. (left panels) PDFs (shown as step functions). For clarity, statistics in each bin are normalised

such that the bar heights sum to 100, x−axis is clipped at C/C0 = 0.001, and y−axis capped at 10. The

smoother curves in the inset of panel g plot the kernel density estimates of the step functions. (right

panels) CDFs.
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enues near the pollutant source. However, the CDF curves become increasingly steeper359

at the high-concentration end when Ai is increased, implying the growing cumulative360

risk, FC/C0 , of exposure to highly polluted air (hereafter Chigh, though smaller than the361

extremes, Cextreme).362

3.2.3. PDFs and CDFs for fixed receptors363

Fig. 10 plots the PDFs and CDFs for fixed receptors distributed along the agent364

walking tracks (cf. Eq. 5). Although they exhibit quite similar patterns compared to the365

results recorded by the moving agents (see Fig. 9 analysed in Sec. 3.2.2), the curves herein366

are obviously more smoother. The difference implies that the spatial variability of367

the exposure risk during pedestrian walking cannot be sufficiently captured368

using data recorded by fixed receptors, which corresponds to an Eulerian type369

of analysis.370

Another notable difference is the behaviour of the PDF tail for the near-source avenue,371

i.e. A2 (the step functions plotted in green in left panels). For the fixed receptors herein,372

the fat PDF tail persists across all β. By contrast, the sensitivity to β is well reflected373

in the data recorded by the walking agents (cf. Fig. 9 left panels). This is because374

the concentrations collected by the moving receptors along walking track A2 may not375

contain a wide range of concentrations before dispersion occurs on larger spatiotemporal376

scales, irrespective of the wind direction. In other words, data collected by fixed receptors377

throughout the entire simulation period naturally contain a wider range of concentrations378

than that recorded by the walking agents during dispersion.379

A direct implication of the thicker PDF tail for A2 under β = 45o (see the step380

function in Fig. 10g) compared to that recorded by the walkers (see Fig. 9g) is that381

pollutant exposure to the extremes in A2 interpreted from the data for fixed receptors382

tends to be overestimated. A similar trend tends to be so for A3 under β = 90o (see383

Fig. 10a versus Fig. 9a); however, the sensitivity to β is gradually diminished for avenues384

further downstream, wherein the pollutant cloud has grown substantially in size and385

dispersion occurs on much larger spatiotemporal scales.386

3.3. Route evaluation387
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Figure 10: As in Fig. 9, but for fixed receptors, namely the spatial data collected at fixed grid points

discretely distributed along the agent walking tracks.
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3.3.1. Moving receptors388

PDFs and CDFs assess the probability aspects of exposure to the entire spectrum of389

recorded concentrations; however, it is more important to quantify the exposure risk to390

the air that is more severely polluted. For a high-concentration range of concern, C/C0 ∈391

[a, b], the integrated probability of exposure, P (or exposure risk), can be quantified as392

PChigh
≡ FC/C0(b)− FC/C0(a), (7)

where F denotes the cumulative probability, and see Fig. 9 for reference of the high-393

concentration range, [a, b] ≡ [0.9 × 10−4, 2.0 × 10−4], which is chosen herein purely for394

demonstration purpose with no loss of generality. Similarly, the integrated exposure risk395

to the extremes reads396

PCextreme ≡ 1− FC/C0(b). (8)

Fig. 11 plots the exposure risks for different Ai and β. It can be seen that the397

integrated probability of exposure to the high concentrations, PChigh
, roughly ranks as398

P (A6) > P (A5) > P (A4) > P (A3) > P (A2) (Fig. 11a). PChigh
shows a similar monotonic399

sensitivity to β (Fig. 11b), and there is P (β45o) > P (β60o) > P (β75o) > P (β90o). For the400

integrated probability of exposure to the extremes, PCextreme , an opposite dependence (by401

definition) is seen on Ai and β, respectively.402

The results in Fig. 11 indicate that evacuation routes during pollutant dispersion403

strongly depend on the meteorological condition (herein β) and the position of the recep-404

tor (namely the dynamically changing location of the agents walking along Ai). During405

emergency response, the risk of pollutant exposure may be greatly reduced if406

one could scientifically decide the priority of moving to further avenues first407

or adjusting the walking direction immediately for given Ai and β. With no loss408

of generality, we analyse four scenarios: A, B, C and D (annotated in Fig. 11a left panel409

and schematically sketched in Fig. 11a right panel), with each scenario corresponding to410

different values of β and Ai.411

It can be seen if agents are located in avenues very close to the pollutant source (as412

scenarios B and C) and are walking at small β (e.g. 45o, as scenario B) with respect413

to the dominant wind, it is always safe for agents to move towards farther avenues and414

simultaneously increase β to reduce PCextreme meanwhile keeping PChigh
low. If agents are415

in the same avenue, but walking at large β (e.g. 90o, as location C), they are suggested416
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Figure 11: Integrated probability of exposure to high concentrations, [a, b], P (a < C/C0 ≤ b) (i.e.

PChigh
, see Eq. 7) for different (a) Ai; and (b) β. Note that the thicker line (colored in black in panel

a and in orange in panel b) plots P (C/C0 > b) (i.e. PCextreme
, see Eq. 8) and for clarity, results are

only shown for one case: β = 45o in panel a and A6 in panel b. To the right of panel a is a schematic

representation of four evacuation scenarios, A, B, C and D. Each scenario corresponds to different values

of Ai and β.
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to further increase β (i.e. to deviate more from the dominant wind direction). Although417

spending time moving to farther avenues also reduces PCextreme , it is perhaps not the418

primary concern during emergency response as PCextreme is already at a very low level.419

If agents are located in remote avenues of a few blocks to the accidental venue (as420

scenarios A and D) and are walking at small β (e.g. 45o, as scenario A) with respect to421

the dominant wind, they are suggested to increase β first to quickly decrease PChigh
and422

then direct towards even farther avenues. The evacuation pathway is the same as that423

for scenario C. If agents are in the same avenue, but walking at large β (e.g. 90o, as424

scenario D), they are in a relatively much safer condition, but are suggested to stay as425

far as possible to further decrease PCextreme . The evacuation route planning is similar to426

that for scenario B.427

It is obvious that if agents’ locations are in the same avenue with the pollutant source428

(i.e. in A1), evacuation routes should be immediately opposite to the dominant wind.429

3.3.2. Fixed receptors430

Similarly to Fig. 11, Fig. 12 plots the integrated probability of exposure to the high431

concentration range, Chigh, but for fixed receptors. Although the general patterns seem432

quite similar to Fig. 11, a few nontrivial differences in the details of PChigh
versus Ai433

(panel a) and β (panel b) are noteworthy.434

For avenues near the source, PChigh
appears lower than that experienced by the walkers435

(cf. Fig. 11a), indicating an underestimation of the exposure risk to the high concentra-436

tions actually experienced by a walker. This is particularly so for large β (cf. Fig. 11b).437

The results imply that although similar evacuation routes as described in the above sec-438

tion (Sec. 3.3.1) may be suggested, the integrated probability of exposure along the439

same route cannot be accurately predicted based on the Eulerian estimates.440

4. Discussion441

A modified arrangement of the roughness grid may be thought as equivalent to rotat-442

ing the wind (Branford et al., 2011; Marucci and Carpentieri, 2020; Blunn et al., 2022).443

The layout of the building obstacles directly affects pollutant exposure. For agents mov-444

ing along an avenue near the pollutant source, a staggered array (for which the wind445

perpendicular to the avenue is rotated) is shown to help in the avoidance of early ex-446

posure to high concentrations due to the immediate blockage of the near-field building447
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Figure 12: As in Fig. 11, but for fixed receptors, namely the spatial data collected at fixed grid points

discretely distributed along the agent walking tracks.

blocks. The simplified urban topography represents a convenient starting point in the448

literature (e.g. Wang and Ngan, 2021; Li and Katul, 2022); however, spatial character-449

istics of the mean flow and turbulence in realistic urban districts of high inhomogeneity450

may vary greatly (Giometto et al., 2016; Hadavi and Pasdarshahri, 2021), wherein the451

obstruction of solid obstacles could change ventilation and hence exposure qualitatively452

(Blunn et al., 2022; Liu et al., 2022).453

As a typical simplification, neutral stratification, which represents an ide-454

alised micro-meteorological condition (cf. Nazarian et al., 2018; Hadavi and455

Pasdarshahri, 2021; Lee et al., 2023; Li et al., 2023), was assumed in the cur-456

rent work. Under thermal stratification, the center of mass of the pollutant457

cloud can either descend or be elevated by the buoyancy forcing (Park and458
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Baik, 2013; Ma and Cheng, 2023). It was shown in Duan and Ngan (2020)459

that the thermal internal boundary layer for an aligned building array can460

be four times thicker for a ∆T = 12K ground heating compared to that for461

a ∆T = −2K ground cooling, where ∆T denotes the temperature increase at462

the ground level. Ventilation improves for the former and deteriorates for463

the latter, leading to varying ventilation timescales (the mean tracer age was464

found to increase by up to 25% for ∆T = −4K and to decrease by up to 80%465

for ∆T = 8K) and hence that the PDFs and CDFs of pollutant concentra-466

tions experienced by the virtual walkers would differ significantly compared467

to that under neutral stratification. However, the exact sensitivity of pollu-468

tant exposure for moving agents to the the boundary-layer stability remains469

unclear.470

During accidental releases of hazardous pollutants, both the toxicity and the dura-471

tion of exposure are important concerns (Greene and Morris, 2006; Scungio et al., 2018).472

The latter is being investigated in ongoing work using tracer age statistics; however,473

the former has remained not fully addressed because as in many studies in the litera-474

ture a tracer gas is oftentimes assumed to be passive and inert for simplicity (e.g. Gao475

et al., 2022). The toxicity aspect could be worth exploring in future work. Although a476

continuously-released source (opposed to the impulse source specified in the477

current study) may preclude the quantification of pollutant decay (this is why478

it is not used herein), it allows the calculation of exposure for a statistically-479

steady pollutant field, which is also of great concern in the literature (e.g.480

Marucci and Carpentieri, 2020; Wang and Ngan, 2021).481

A few other simplifications are also enforced to simplify the problem, such as the482

fixed agent departure location, departure time and the constant walking speed. Al-483

though a direct extrapolation of the results to real urban environmental sce-484

narios is not straightforward, they should serve as a useful baseline reference485

for exposure risk assessment and evacuation route planning for urban regions486

with well-aligned avenues. Despite the idealised agent walking routes, no as-487

sumptions are imposed on the implementation of the methodology presented488

in the current work, therefore it can be applied to more interesting cases,489

e.g. for more real origin-destination-based walking trajectories (Tilahun and490

24



Levinson, 2010; Kim and Chung, 2018), which requires further efforts.491

5. Conclusions492

Pollutant dispersion and exposure have been conventionally quantified493

based on statistics for fixed receptors, namely fixed grid points discretely dis-494

tributed in a computational domain. Subsequent spatial or temporal averages495

may not accurately quantify the exposure of walkers (or moving receptors).496

The current study investigates pollutant exposure of virtually walking agents497

(which essentially emulate the pedestrians that walk along the avenues of a498

real urban district) to an impulse release of gaseous pollutants. The imple-499

mentation of virtual walkers in LES for pollutant exposure represents the500

main novelty of this study.501

The dispersion of pollutants is driven by a turbulent flow developed over an idealised502

urban district, an aligned array of unit-aspect-ratio canyons, which implies a skimming503

flow regime. Impacts of the angle (β) between the agent walking direction (which is504

fixed to simplify the problem) and the dominant wind direction is examined. Timescales505

associated with the decay of the scalar mean and variance both exhibit a monotonic506

dependence on β (Sec. 3.1), indicating temporally variable exposure risks. It is shown507

that timely evacuation is still possible even if agents are in an avenue adjacent to the508

release point; however, the results suggest that higher walking speeds much be considered509

as a walker moves towards avenues further downwind of the domain to ensure an adequate510

time for evacuation.511

For the initial-value problem considered herein, we demonstrate that the512

actual exposure can differ from simple Eulerian estimates: the maximum513

concentration exposed by a walker interpreted from data recorded by the514

fixed receptors along the same walking track is found to be overestimated by515

a few orders of magnitude. The exposure risks for moving receptors along different516

avenues, Ai, are quantified using the PDFs and CDFs of the recorded concentrations for517

different β (Sec. 3.2), and evacuation route planning for minimised exposure risks to the518

polluted air analysed.519

Intuitively, one would expect the exposure risk to be lower along an evac-520

uation route that deviates more from the dominant wind direction and be521
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farther from the release point. The former is based on the fact that lateral522

spread of pollutants is much slower than dispersion downwind; for the latter,523

far-field pollutant concentrations generally have decayed to a substantially524

low level. In most of the scenarios that differ in β and Ai, the results sug-525

gest evacuation routes towards a direction that deviates as much as possible526

from the dominant wind direction (Sec. 3.3) and, under certain circumstances,527

walkers are recommended to be contemporarily evacuated towards avenues528

further downstream; however, this does not always ensure reduced exposure529

(further demonstrated in Appendix B). The results imply that decision of the530

priority of moving to further avenues downstream first or deviating immedi-531

ately from the dominant wind direction for given Ai and β can be important532

during emergency response.533
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Appendix A. Model validation543

The current LES model has been extensively validated for urban-scale turbulent544

boundary-layer flows (Gronemeier et al., 2020) and pollutant dispersion (Resler et al.,545

2020). We have previously validated this model for a single street canyon (Duan et al.,546

2019) and an idealised building array (Duan and Ngan, 2020). Following Belcher et al.547

(2015), the model herein is validated against the experimental data obtained from the548

EnFlo wind tunnel at the University of Surrey and the DNS data of Branford et al.549

(2011). We consider a grid of aligned cubic building blocks and a 45o wind with respect550

to the frontal building facades, identical in setup to that in the DNS (see Fig. A.13).551
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In both the DNS and the wind-tunnel experiments, a continuous pollutant source552

was applied, whereby a statistically-steady state scalar field was obtained. By contrast,553

the current work is focused on an instantaneous source (Eq. 1). To better align with554

the initial-value problem investigated in the current study, we attempt to expand the555

validation in a harder way that differs from the conventional ones (e.g. Cheng et al.,556

2008; Duan et al., 2019), namely a steady scalar field is reconstructed via integration of557

the results for an instantaneous release. A formal description of the integration can be558

found in Lo and Ngan (2015) and is therefore not elaborated here.559

Fig. A.14 compares the normalised centreline concentrations. While the decay down-560

wind of the source is well captured, the overprediction of the concentration in the first561

sampling cell is notable. The discrepancy may be attributed to the differences between562

the source setups: the source was discretised as a Gaussian bell over a few grid points563

and was prescribed at z = 0.0625H in the DNS, while the LES applied a purely areal564

source. Far from the source (x/H > 6), the LES shows excellent agreement with the565

measurements and the DNS.566

Fig. A.15 plots the lateral concentration profiles at different distances (2
√
2H, 3

√
2H,567

6
√
2H and 8

√
2H) from the source cell measured along the diagonal. There are a few568

large discrepancies near the plume centre, e.g. in panels a and b. Similar discrepancies are569

also seen in the DNS of Branford et al. (2011). Despite that, the lateral distributions are570

reasonably well estimated for various downwind distances and the current LES actually571

shows improved agreement with the experiments compared to the DNS at some locations572

(e.g. x/H = 4 and 10 in panel b). It is noteworthy that excellent agreement with the573

wind-tunnel measurements and the DNS data is obtained for the profile tails, suggesting574

that the plume width is well predicted.575

Appendix B. Exposure risks along a diagonal route576

In real urban districts, pedestrians may either walk along an avenue or577

cross a street. While it is difficult to specify a walking trajectory that satisfies578

personal preferences, we estimate the integrated probabilities of exposure to579

highly and extremely polluted air (i.e. PChigh
(Eq. 7) and PCextreme (Eq. 8), see580

Sec. 3.3) along the diagonal of the domain. This specification represents a581

scenario that includes both pedestrian walking and crossing behavious in a582
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Figure A.13: Schematic diagram of an aligned building array considered in the DNS of Branford et al.

(2011) and used for the validation of the current LES model. The arrow denotes the 45° wind. The

numbers annotate the rows (y/W ) and columns (x/W ), as well as the associated grid points. Filled

triangles and circles indicate sampling positions for the lateral (crosswind) and centreline (diagonal)

profiles, respectively. A delta-function ground-level source (Eq. 1) covers the grid points of 60 − 80

(highlighted in green).

real pedestrian network.583

While one would intuitively expect the exposure risk to be lower along an584

evacuation route that deviates more from the dominant wind direction and585

be farther from the release point (the diagonal route accounts for the impact586

of both), a monotonic dependence is not guaranteed. Fig. B.16 shows that587
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Figure A.14: Comparison of the centreline concentrations normalised by the concentration in the source

cell, Csc. Crosses: the current LES model; Circles: DNS of Branford et al. (2011); Squares: wind-tunnel

data from the EnFlo wind tunnel at the University of Surrey (Belcher et al., 2015).

PChigh
and PCextreme do not change monotonically with β.588

References589

S. E. Belcher, O. Coceal, E. V. Goulart, A. C. Rudd, and A. G. Robins. Processes590

controlling atmospheric dispersion through city centres. Journal of Fluid Mechanics,591

763:51–81, 2015.592

Matteo Bernardini, Sergio Pirozzoli, and Paolo Orlandi. Velocity statistics in turbulent593

channel flow up to reτ = 4000. Journal of Fluid Mechanics, 742:171–191, 2014. doi:594

10.1017/jfm.2013.674.595

Bert Blocken, Rob Vervoort, and Twan van Hooff. Reduction of outdoor particulate596

matter concentrations by local removal in semi-enclosed parking garages: A prelimi-597

nary case study for Eindhoven city center. Journal of Wind Engineering and Indus-598

trial Aerodynamics, 159:80–98, 2016. ISSN 0167-6105. doi: https://doi.org/10.1016/599

29



(a)

2.5 5.0 7.5
x/H

0.0

0.1

0.2

C
/C

sc

LES

DNS

exp.

(b)

5 10
x/H

0.00

0.05

0.10

0.15

C
/C

sc

LES

DNS

exp.

(c)

5 10 15
x/H

0.00

0.02

0.04

C
/C

sc

LES

DNS

exp.

(d)

7.5 10.0 12.5 15.0
x/H

0.01

0.02

0.03
C
/C

sc
LES

DNS

exp.

Figure A.15: Lateral profiles of the normalised concentrations at different perpendicular distances from

the source: (a) 2
√
2h; (b) 3

√
2h; (c) 6

√
2h; (d) 8

√
2h. Crosses: the current LES model; Circles: DNS

of Branford et al. (2011); Squares: wind-tunnel data from the EnFlo wind tunnel at the University of

Surrey (Belcher et al., 2015).

j.jweia.2016.10.008. URL https://www.sciencedirect.com/science/article/pii/600

S0167610516304536.601

Lewis P. Blunn, Omduth Coceal, Negin Nazarian, Janet F. Barlow, Robert S. Plant,602

Sylvia I. Bohnenstengel, and Humphrey W. Lean. Turbulence characteristics across603

a range of idealized urban canopy geometries. Boundary-Layer Meteorology, 182(2):604

275–307, 2022. ISSN 1573-1472. doi: 10.1007/s10546-021-00658-6. URL https:605

//doi.org/10.1007/s10546-021-00658-6.606

S. Branford, O. Coceal, T. G. Thomas, and S. E. Belcher. Dispersion of a point-source607

30

https://www.sciencedirect.com/science/article/pii/S0167610516304536
https://www.sciencedirect.com/science/article/pii/S0167610516304536
https://www.sciencedirect.com/science/article/pii/S0167610516304536
https://doi.org/10.1007/s10546-021-00658-6
https://doi.org/10.1007/s10546-021-00658-6
https://doi.org/10.1007/s10546-021-00658-6


90o75o60o45o

β

0.10

0.15

0.20

0.25

0.30

P
PChigh

PCextreme

Figure B.16: PChigh
and PCextreme

for a diagonal walking route for different β.

release of a passive scalar through an urban-like array for different wind directions.608

Boundary-Layer Meteorology, 139(3):367–394, 2011. ISSN 0006-8314. doi: 10.1007/609

s10546-011-9589-1. URL http://dx.doi.org/10.1007/s10546-011-9589-1.610

I. P. Castro and A. G. Robins. The flow around a surface-mounted cube in uniform and611

turbulent streams. Journal of Fluid Mechanics, 79(2):307–335, 1977. doi: 10.1017/612

S0022112077000172.613

Hong Cheng and Ian P. Castro. Near wall flow over urban-like roughness. Boundary-Layer614

Meteorology, 104(2):229–259, 2002. ISSN 0006-8314. doi: 10.1023/A:1016060103448.615

URL http://dx.doi.org/10.1023/A%3A1016060103448.616

W. C. Cheng, Chun-Ho Liu, and Dennis Y. C. Leung. Computational formulation for617

the evaluation of street canyon ventilation and pollutant removal performance. At-618

mospheric Environment, 42(40):9041 – 9051, 2008. ISSN 1352-2310. doi: https:619

//doi.org/10.1016/j.atmosenv.2008.09.045. URL http://www.sciencedirect.com/620

science/article/pii/S1352231008008443.621

Tracy N. H. Chung and Chun-Ho Liu. On the mechanism of air pollutant re-622

moval in two-dimensional idealized street canyons: A large-eddy simulation approach.623

31

http://dx.doi.org/10.1007/s10546-011-9589-1
http://dx.doi.org/10.1023/A%3A1016060103448
http://www.sciencedirect.com/science/article/pii/S1352231008008443
http://www.sciencedirect.com/science/article/pii/S1352231008008443
http://www.sciencedirect.com/science/article/pii/S1352231008008443


Boundary-Layer Meteorology, 148(1):241–253, 2013. ISSN 0006-8314. doi: 10.1007/624

s10546-013-9811-4. URL http://dx.doi.org/10.1007/s10546-013-9811-4.625

Jean Claus, O. Coceal, T. Glyn Thomas, S. Branford, S.E. Belcher, and Ian P. Castro.626

Wind-direction effects on urban-type flows. Boundary-Layer Meteorology, 142(2):265–627

287, 2012. ISSN 0006-8314. doi: 10.1007/s10546-011-9667-4. URL http://dx.doi.628

org/10.1007/s10546-011-9667-4.629

Omduth Coceal, Elisa V. Goulart, Simon Branford, T. Glyn Thomas, and Stephen E.630

Belcher. Flow structure and near-field dispersion in arrays of building-like ob-631

stacles. Journal of Wind Engineering and Industrial Aerodynamics, 125:52–68,632

2014. ISSN 0167-6105. URL http://www.sciencedirect.com/science/article/633

pii/S0167610513002729.634

Dongjin Cui, Xingdi Li, Jianlin Liu, Lei Yuan, Cheuk Ming Mak, Yue Fan, and Kenny635

Kwok. Effects of building layouts and envelope features on wind flow and pollutant636

exposure in height-asymmetric street canyons. Building and Environment, 205:108177,637

2021. ISSN 0360-1323. doi: https://doi.org/10.1016/j.buildenv.2021.108177. URL638

https://www.sciencedirect.com/science/article/pii/S0360132321005783.639

M. J. Davidson, K. R. Mylne, C. D. Jones, J. C. Phillips, R. J. Perkins, J. C. H.640

Fung, and J. C. R. Hunt. Plume dispersion through large groups of obstacles-641

a field investigation. Atmospheric Environment, 29(22):3245 – 3256, 1995. ISSN642

1352-2310. doi: http://dx.doi.org/10.1016/1352-2310(95)00254-V. URL http://www.643

sciencedirect.com/science/article/pii/135223109500254V.644

M. J. Davidson, W. H. Snyder, R. E. Lawson Jr, and J. C. R. Hunt. Wind tunnel645

simulations of plume dispersion through groups of obstacles. Atmospheric Environ-646

ment, 30(22):3715 – 3731, 1996. ISSN 1352-2310. doi: http://dx.doi.org/10.1016/647

1352-2310(96)00103-3. URL http://www.sciencedirect.com/science/article/648

pii/1352231096001033.649

F. T. DePaul and C. M. Sheih. A tracer study of dispersion in an urban street canyon.650

Atmospheric Environment (1967), 19(4):555 – 559, 1985. ISSN 0004-6981. doi:651

https://doi.org/10.1016/0004-6981(85)90034-4. URL http://www.sciencedirect.652

com/science/article/pii/0004698185900344.653

32

http://dx.doi.org/10.1007/s10546-013-9811-4
http://dx.doi.org/10.1007/s10546-011-9667-4
http://dx.doi.org/10.1007/s10546-011-9667-4
http://dx.doi.org/10.1007/s10546-011-9667-4
http://www.sciencedirect.com/science/article/pii/S0167610513002729
http://www.sciencedirect.com/science/article/pii/S0167610513002729
http://www.sciencedirect.com/science/article/pii/S0167610513002729
https://www.sciencedirect.com/science/article/pii/S0360132321005783
http://www.sciencedirect.com/science/article/pii/135223109500254V
http://www.sciencedirect.com/science/article/pii/135223109500254V
http://www.sciencedirect.com/science/article/pii/135223109500254V
http://www.sciencedirect.com/science/article/pii/1352231096001033
http://www.sciencedirect.com/science/article/pii/1352231096001033
http://www.sciencedirect.com/science/article/pii/1352231096001033
http://www.sciencedirect.com/science/article/pii/0004698185900344
http://www.sciencedirect.com/science/article/pii/0004698185900344
http://www.sciencedirect.com/science/article/pii/0004698185900344


G. Duan and K. Ngan. Sensitivity of turbulent flow around a 3-D building array to urban654

boundary-layer stability. Journal of Wind Engineering and Industrial Aerodynamics,655

193:103958, 2019. ISSN 0167-6105. doi: https://doi.org/10.1016/j.jweia.2019.103958.656

URL http://www.sciencedirect.com/science/article/pii/S0167610519305495.657

G. Duan and K. Ngan. Influence of thermal stability on the ventilation of a 3-D building658

array. Building and Environment, 183:106969, 2020. doi: https://doi.org/10.1016/j.659

buildenv.2020.106969.660

G. Duan, J. G. Jackson, and K. Ngan. Scalar mixing in an urban canyon. En-661

vironmental Fluid Mechanics, 19(4):911–939, Aug 2019. ISSN 1573-1510. doi:662

10.1007/s10652-019-09690-0.663

Jörg Franke, Antti Hellsten, K. Heinke Schlünzen, and Bertrand Carissimo. The COST664

732 best practice guideline for CFD simulation of flows in the urban environment: a665

summary. International Journal of Environment and Pollution, 44(1-4):419–427, 2011.666

doi: 10.1504/IJEP.2011.038443. URL http://www.inderscienceonline.com/doi/667

abs/10.1504/IJEP.2011.038443.668

S. Gao, M. Kurppa, C. K. Chan, and K. Ngan. Technical note: Dispersion of669

cooking-generated aerosols from an urban street canyon. Atmospheric Chemistry670

and Physics, 22(4):2703–2726, 2022. doi: 10.5194/acp-22-2703-2022. URL https:671

//acp.copernicus.org/articles/22/2703/2022/.672

Massimo Germano, Ugo Piomelli, Parviz Moin, and William H. Cabot. A dynamic673

subgrid-scale eddy viscosity model. Physics of Fluids A: Fluid Dynamics (1989-1993),674

3(7):1760–1765, 1991.675

M. G. Giometto, A. Christen, C. Meneveau, J. Fang, M. Krafczyk, and M. B. Par-676

lange. Spatial characteristics of roughness sublayer mean flow and turbulence over a677

realistic urban surface. Boundary-Layer Meteorology, 160(3):425–452, 2016. ISSN678

1573-1472. doi: 10.1007/s10546-016-0157-6. URL http://dx.doi.org/10.1007/679

s10546-016-0157-6.680

Natasha A. Greene and Vernon R. Morris. Assessment of public health risks associated681

with atmospheric exposure to pm2.5 in washington, dc, usa. International journal of682

environmental research and public health, 3:86–97, Mar 2006.683

33

http://www.sciencedirect.com/science/article/pii/S0167610519305495
http://www.inderscienceonline.com/doi/abs/10.1504/IJEP.2011.038443
http://www.inderscienceonline.com/doi/abs/10.1504/IJEP.2011.038443
http://www.inderscienceonline.com/doi/abs/10.1504/IJEP.2011.038443
https://acp.copernicus.org/articles/22/2703/2022/
https://acp.copernicus.org/articles/22/2703/2022/
https://acp.copernicus.org/articles/22/2703/2022/
http://dx.doi.org/10.1007/s10546-016-0157-6
http://dx.doi.org/10.1007/s10546-016-0157-6
http://dx.doi.org/10.1007/s10546-016-0157-6


T. Gronemeier, K. Surm, F. Harms, B. Leitl, B. Maronga, and S. Raasch. Validation684

of the dynamic core of the PALM model system 6.0 in urban environments: LES and685

wind-tunnel experiments. Geoscientific Model Development Discussions, 2020:1–26,686

2020. doi: 10.5194/gmd-2020-172.687

Mohammad Hadavi and Hadi Pasdarshahri. Impacts of urban buildings on microcli-688

mate and cooling systems efficiency: Coupled CFD and BES simulations. Sustain-689

able Cities and Society, 67:102740, 2021. ISSN 2210-6707. doi: https://doi.org/10.690

1016/j.scs.2021.102740. URL https://www.sciencedirect.com/science/article/691

pii/S2210670721000354.692

Lejian He, Jian Hang, Xuemei Wang, Borong Lin, Xiaohui Li, and Guangdong Lan.693

Numerical investigations of flow and passive pollutant exposure in high-rise deep street694

canyons with various street aspect ratios and viaduct settings. Science of The Total695

Environment, 584-585:189–206, 2017. ISSN 0048-9697. doi: https://doi.org/10.1016/696

j.scitotenv.2017.01.138. URL https://www.sciencedirect.com/science/article/697

pii/S004896971730147X.698

Stefan Heinz. Realizability of dynamic subgrid-scale stress models via stochastic analysis.699

Monte Carlo Methods and Applications, 14(4):311–329, 2008. doi: doi:10.1515/MCMA.700

2008.014. URL https://doi.org/10.1515/MCMA.2008.014.701

L.J. Hunter, G.T. Johnson, and I.D. Watson. An investigation of three-dimensional702

characteristics of flow regimes within the urban canyon. Atmospheric Environment.703

Part B. Urban Atmosphere, 26(4):425 – 432, 1992. ISSN 0957-1272. doi: http://704

dx.doi.org/10.1016/0957-1272(92)90049-X. URL http://www.sciencedirect.com/705

science/article/pii/095712729290049X.706

A. Inagaki and M. Kanda. Turbulent flow similarity over an array of cubes in near-707

neutrally stratified atmospheric flow. Journal of Fluid Mechanics, 615:101–120, 11708

2008. ISSN 1469-7645. doi: 10.1017/S0022112008003765. URL http://journals.709

cambridge.org/article_S0022112008003765.710

Guoyi Jiang and Ryuichiro Yoshie. Large-eddy simulation of flow and pollutant dis-711

persion in a 3D urban street model located in an unstable boundary layer. Building712

and Environment, 142:47 – 57, 2018. ISSN 0360-1323. doi: https://doi.org/10.1016/713

34

https://www.sciencedirect.com/science/article/pii/S2210670721000354
https://www.sciencedirect.com/science/article/pii/S2210670721000354
https://www.sciencedirect.com/science/article/pii/S2210670721000354
https://www.sciencedirect.com/science/article/pii/S004896971730147X
https://www.sciencedirect.com/science/article/pii/S004896971730147X
https://www.sciencedirect.com/science/article/pii/S004896971730147X
https://doi.org/10.1515/MCMA.2008.014
http://www.sciencedirect.com/science/article/pii/095712729290049X
http://www.sciencedirect.com/science/article/pii/095712729290049X
http://www.sciencedirect.com/science/article/pii/095712729290049X
http://journals.cambridge.org/article_S0022112008003765
http://journals.cambridge.org/article_S0022112008003765
http://journals.cambridge.org/article_S0022112008003765


j.buildenv.2018.06.015. URL http://www.sciencedirect.com/science/article/714

pii/S0360132318303585.715

P. Kastner-Klein and E. J. Plate. Wind-tunnel study of concentration fields in716

street canyons. Atmospheric Environment, 33:3973 – 3979, 1999. ISSN 1352-717

2310. doi: http://dx.doi.org/10.1016/S1352-2310(99)00139-9. URL http://www.718

sciencedirect.com/science/article/pii/S1352231099001399.719

Sung Hoo Kim and Jin-Hyuk Chung. Exploration on origin–destination-based travel720

time variability: Insights from seoul metropolitan area. Journal of Transport721

Geography, 70:104–113, 2018. ISSN 0966-6923. doi: https://doi.org/10.1016/722

j.jtrangeo.2018.05.021. URL https://www.sciencedirect.com/science/article/723

pii/S0966692317305483.724

G.E. Lau and K. Ngan. Analysing urban ventilation in building arrays with the age725

spectrum and mean age of pollutants. Building and Environment, 131:288 – 305,726

2018. ISSN 0360-1323. doi: https://doi.org/10.1016/j.buildenv.2018.01.010. URL727

http://www.sciencedirect.com/science/article/pii/S0360132318300106.728

Seungyeon Lee, Seon-Young Park, Jae-Jin Kim, and Minjoong J. Kim. Thermal effects on729

dispersion of secondary inorganic aerosols in an urban street canyon. Urban Climate, 47:730

101375, 2023. ISSN 2212-0955. doi: https://doi.org/10.1016/j.uclim.2022.101375. URL731

https://www.sciencedirect.com/science/article/pii/S2212095522002930.732

Marcus Oliver Letzel, Carolin Helmke, Edward Ng, Xipo An, Alan Lai, and Siegfried733

Raasch. LES case study on pedestrian level ventilation in two neighbourhoods in Hong734

Kong. Meteorologische Zeitschrift, 21(6):575–589, 12 2012. URL http://dx.doi.org/735

10.1127/0941-2948/2012/0356.736

Qi Li and Gabriel Katul. Bridging the urban canopy sublayer to aerodynamic parameters737

of the atmospheric surface layer. Boundary-Layer Meteorology, 185(1):35–61, 2022.738

ISSN 1573-1472. doi: 10.1007/s10546-022-00723-8. URL https://doi.org/10.1007/739

s10546-022-00723-8.740

Xian-Xiang Li, Tiangang Yin, Leslie Norford, and Chao YUAN. Estimation of anthro-741

pogenic heat from buildings based on various data sources in singapore. Urban Climate,742

01 2023.743

35

http://www.sciencedirect.com/science/article/pii/S0360132318303585
http://www.sciencedirect.com/science/article/pii/S0360132318303585
http://www.sciencedirect.com/science/article/pii/S0360132318303585
http://www.sciencedirect.com/science/article/pii/S1352231099001399
http://www.sciencedirect.com/science/article/pii/S1352231099001399
http://www.sciencedirect.com/science/article/pii/S1352231099001399
https://www.sciencedirect.com/science/article/pii/S0966692317305483
https://www.sciencedirect.com/science/article/pii/S0966692317305483
https://www.sciencedirect.com/science/article/pii/S0966692317305483
http://www.sciencedirect.com/science/article/pii/S0360132318300106
https://www.sciencedirect.com/science/article/pii/S2212095522002930
http://dx.doi.org/10.1127/0941-2948/2012/0356
http://dx.doi.org/10.1127/0941-2948/2012/0356
http://dx.doi.org/10.1127/0941-2948/2012/0356
https://doi.org/10.1007/s10546-022-00723-8
https://doi.org/10.1007/s10546-022-00723-8
https://doi.org/10.1007/s10546-022-00723-8


Chun-Ho Liu, Dennis Y. C. Leung, and Mary C. Barth. On the prediction of air and744

pollutant exchange rates in street canyons of different aspect ratios using large-eddy745

simulation. Atmospheric Environment, 39(9):1567–1574, 2005.746

Yixun Liu, Chun-Ho Liu, Guy P. Brasseur, and Christopher Y.H. Chao. Wavelet747

analysis of the atmospheric flows over real urban morphology. Science of The To-748

tal Environment, page 160209, 2022. ISSN 0048-9697. doi: https://doi.org/10.1016/749

j.scitotenv.2022.160209. URL https://www.sciencedirect.com/science/article/750

pii/S0048969722073090.751

K. W. Lo and K. Ngan. Characterising the pollutant ventilation characteristics of street752

canyons using the tracer age and age spectrum. Atmospheric Environment, 122:611 –753

621, 2015. ISSN 1352-2310. doi: http://dx.doi.org/10.1016/j.atmosenv.2015.10.023.754

K. W. Lo and K. Ngan. Characterizing ventilation and exposure in street canyons using755

Lagrangian particles. Journal of Applied Meteorology and Climatology, 56(5):1177–756

1194, 2017. doi: 10.1175/JAMC-D-16-0168.1.757

K. W. Lo and K. Ngan. Multiscale parameterisation of passive scalars via wavelet-758

based numerical homogenisation. Applied Mathematical Modelling, 82:217 – 234, 2020.759

ISSN 0307-904X. doi: https://doi.org/10.1016/j.apm.2020.01.018. URL http://www.760

sciencedirect.com/science/article/pii/S0307904X20300184.761

Huatao Ma and Wai-Chi Cheng. Effects of unstable thermal stratification on the flow762

characteristics in an idealized rural-to-urban transition region: A large-eddy simulation763

study. Building and Environment, page 109971, 2023. ISSN 0360-1323. doi: https:764

//doi.org/10.1016/j.buildenv.2022.109971. URL https://www.sciencedirect.com/765

science/article/pii/S036013232201201X.766

Avril Mansfield, Elizabeth L. Inness, and William E. Mcilroy. Chapter 13 - stroke. In767

Brian L. Day and Stephen R. Lord, editors, Balance, Gait, and Falls, volume 159768

of Handbook of Clinical Neurology, pages 205–228. Elsevier, 2018. doi: https://doi.769

org/10.1016/B978-0-444-63916-5.00013-6. URL https://www.sciencedirect.com/770

science/article/pii/B9780444639165000136.771

B. Maronga, S. Banzhaf, C. Burmeister, T. Esch, R. Forkel, D. Fröhlich, V. Fuka, K. F.772

Gehrke, J. Geletič, S. Giersch, T. Gronemeier, G. Groß, W. Heldens, A. Hellsten,773

36

https://www.sciencedirect.com/science/article/pii/S0048969722073090
https://www.sciencedirect.com/science/article/pii/S0048969722073090
https://www.sciencedirect.com/science/article/pii/S0048969722073090
http://www.sciencedirect.com/science/article/pii/S0307904X20300184
http://www.sciencedirect.com/science/article/pii/S0307904X20300184
http://www.sciencedirect.com/science/article/pii/S0307904X20300184
https://www.sciencedirect.com/science/article/pii/S036013232201201X
https://www.sciencedirect.com/science/article/pii/S036013232201201X
https://www.sciencedirect.com/science/article/pii/S036013232201201X
https://www.sciencedirect.com/science/article/pii/B9780444639165000136
https://www.sciencedirect.com/science/article/pii/B9780444639165000136
https://www.sciencedirect.com/science/article/pii/B9780444639165000136


F. Hoffmann, A. Inagaki, E. Kadasch, F. Kanani-Sühring, K. Ketelsen, B. A. Khan,774

C. Knigge, H. Knoop, P. Krč, M. Kurppa, H. Maamari, A. Matzarakis, M. Mauder,775

M. Pallasch, D. Pavlik, J. Pfafferott, J. Resler, S. Rissmann, E. Russo, M. Salim,776

M. Schrempf, J. Schwenkel, G. Seckmeyer, S. Schubert, M. Sühring, R. von Tils,777

L. Vollmer, S. Ward, B. Witha, H. Wurps, J. Zeidler, and S. Raasch. Overview of the778

PALM model system 6.0. Geoscientific Model Development, 13(3):1335–1372, 2020.779

doi: 10.5194/gmd-13-1335-2020.780

Davide Marucci and Matteo Carpentieri. Dispersion in an array of buildings in stable781

and convective atmospheric conditions. Atmospheric Environment, 222:117100, 2020.782

ISSN 1352-2310. doi: https://doi.org/10.1016/j.atmosenv.2019.117100. URL http:783

//www.sciencedirect.com/science/article/pii/S1352231019307393.784

Shahin Masoumi-Verki, Payam Gholamalipour, Fariborz Haghighat, and Ursula Eicker.785

Embedded LES of thermal stratification effects on the airflow and concentration786

fields around an isolated high-rise building: Spectral and POD analyses. Building787

and Environment, 206:108388, 2021. ISSN 0360-1323. doi: https://doi.org/10.1016/788

j.buildenv.2021.108388. URL https://www.sciencedirect.com/science/article/789

pii/S036013232100785X.790

A.L.V. Melo, J.M. Santos, N.C. Reis, I.P. Castro, E. V Goulart, and Z.T. Xie. Influence791

of wind direction and source location on peak-to-mean concentration ratios in urban792

environments. Journal of Wind Engineering and Industrial Aerodynamics, 232:105264,793

2023. ISSN 0167-6105. doi: https://doi.org/10.1016/j.jweia.2022.105264. URL https:794

//www.sciencedirect.com/science/article/pii/S0167610522003609.795

Ziwei Mo and Chun-Ho Liu. Wind tunnel measurements of pollutant plume dispersion796

over hypothetical urban areas. Building and Environment, 132:357 – 366, 2018. ISSN797

0360-1323. doi: https://doi.org/10.1016/j.buildenv.2018.01.046. URL http://www.798

sciencedirect.com/science/article/pii/S0360132318300647.799

Olfat Mohamed and Heather Appling. 5 - clinical assessment of gait��the authors800

extend appreciation to dana craig, heather worden, and edmond ayyappa, whose801

work in prior editions provided the foundation for this chapter. In Kevin K. Chui,802

Milagros ”Millee” Jorge, Sheng-Che Yen, and Michelle M. Lusardi, editors, Or-803

37

http://www.sciencedirect.com/science/article/pii/S1352231019307393
http://www.sciencedirect.com/science/article/pii/S1352231019307393
http://www.sciencedirect.com/science/article/pii/S1352231019307393
https://www.sciencedirect.com/science/article/pii/S036013232100785X
https://www.sciencedirect.com/science/article/pii/S036013232100785X
https://www.sciencedirect.com/science/article/pii/S036013232100785X
https://www.sciencedirect.com/science/article/pii/S0167610522003609
https://www.sciencedirect.com/science/article/pii/S0167610522003609
https://www.sciencedirect.com/science/article/pii/S0167610522003609
http://www.sciencedirect.com/science/article/pii/S0360132318300647
http://www.sciencedirect.com/science/article/pii/S0360132318300647
http://www.sciencedirect.com/science/article/pii/S0360132318300647


thotics and Prosthetics in Rehabilitation (Fourth Edition), pages 102–143. Elsevier,804

St. Louis (MO), fourth edition edition, 2020. ISBN 978-0-323-60913-5. doi: https:805

//doi.org/10.1016/B978-0-323-60913-5.00005-2. URL https://www.sciencedirect.806

com/science/article/pii/B9780323609135000052.807

A. S. Monin and A. Obukhov. Basic laws of turbulent mixing in the surface layer of the808

atmosphere. Contrib. Geophys. Inst. Acad. Sci. USSR, 151:163–187, September 1954.809

Monin1954.810

Negin Nazarian, Alberto Martilli, and Jan Kleissl. Impacts of realistic urban heating,811

part i: Spatial variability of mean flow, turbulent exchange and pollutant dispersion.812

Boundary-Layer Meteorology, 166(3):367–393, 2018. ISSN 1573-1472. doi: 10.1007/813

s10546-017-0311-9. URL https://doi.org/10.1007/s10546-017-0311-9.814

Wai-Yin Ng and Chi-Kwan Chau. A modeling investigation of the impact of street815

and building configurations on personal air pollutant exposure in isolated deep urban816

canyons. Science of The Total Environment, 468-469:429–448, jan 2014. doi: 10.1016/817

j.scitotenv.2013.08.077.818

Ioannis Panagiotou, Marina K.-A. Neophytou, David Hamlyn, and Rex E. Britter.819

City breathability as quantified by the exchange velocity and its spatial variation820

in real inhomogeneous urban geometries: An example from central london urban821

area. Science of The Total Environment, 442:466–477, 2013. ISSN 0048-9697. doi:822

https://doi.org/10.1016/j.scitotenv.2012.09.001. URL https://www.sciencedirect.823

com/science/article/pii/S0048969712011928.824

Seung-Bu Park and Jong-Jin Baik. A large-eddy simulation study of thermal effects825

on turbulence coherent structures in and above a building array. Journal of Applied826

Meteorology and Climatology, 52(6):1348–1365, 2013.827

Seung-Bu Park, Jong-Jin Baik, and Sang-Hyun Lee. Impacts of mesoscale wind on828

turbulent flow and ventilation in a densely built-up urban area. Journal of Applied829

Meteorology and Climatology, 54(4):811–824, 2015. ISSN 1558-8424. doi: 10.1175/830

JAMC-D-14-0044.1. URL http://dx.doi.org/10.1175/JAMC-D-14-0044.1.831

R. T. Pierrehumbert. Tracer microstructure in the large-eddy dominated regime. Chaos,832

Solitons & Fractals, 4(6):1091–1110, 1994.833

38

https://www.sciencedirect.com/science/article/pii/B9780323609135000052
https://www.sciencedirect.com/science/article/pii/B9780323609135000052
https://www.sciencedirect.com/science/article/pii/B9780323609135000052
https://doi.org/10.1007/s10546-017-0311-9
https://www.sciencedirect.com/science/article/pii/S0048969712011928
https://www.sciencedirect.com/science/article/pii/S0048969712011928
https://www.sciencedirect.com/science/article/pii/S0048969712011928
http://dx.doi.org/10.1175/JAMC-D-14-0044.1


J. Resler, K. Eben, J. Geletič, P. Krč, M. Rosecký, M. Sühring, M. Belda, V. Fuka,834

T. Halenka, P. Huszár, J. Karlický, N. Benešová, J. Ďoubalová, K. Honzáková, J. Keder,835

Š. Nápravníková, and O. Vlček. Validation of the PALM model system 6.0 in real836

urban environment; case study of Prague-Dejvice, Czech Republic. Geoscientific Model837

Development Discussions, 14:1–57, 2020. doi: 10.5194/gmd-2020-175.838

Matthias Roth, Atsushi Inagaki, Hirofumi Sugawara, and Manabu Kanda. Small-scale839

spatial variability of turbulence statistics, (co)spectra and turbulent kinetic energy840

measured over a regular array of cube roughness. Environmental Fluid Mechanics,841

15(2):329–348, Apr 2015. ISSN 1573-1510. doi: 10.1007/s10652-013-9322-3. URL842

https://doi.org/10.1007/s10652-013-9322-3.843

M. Schröter, J. Bange, and S. Raasch. Simulated airborne flux measurements in a les844

generated convective boundary layer. Boundary-Layer Meteorology, 95(3):437–456,845

2000. ISSN 1573-1472. URL https://doi.org/10.1023/A:1002649322001.846

M. Scungio, L. Stabile, V. Rizza, A. Pacitto, A. Russi, and G. Buonanno. Lung cancer847

risk assessment due to traffic-generated particles exposure in urban street canyons: A848

numerical modelling approach. Science of The Total Environment, 631-632:1109–1116,849

2018. ISSN 0048-9697. doi: https://doi.org/10.1016/j.scitotenv.2018.03.093. URL850

https://www.sciencedirect.com/science/article/pii/S0048969718308490.851

Matthias Sühring and Siegfried Raasch. Heterogeneity-induced heat-flux patterns in852

the convective boundary layer: Can they be detected from observations and is853

there a blending height?–a large-eddy simulation study for the litfass-2003 experi-854

ment. Boundary-Layer Meteorology, 148(2):309–331, 2013. ISSN 1573-1472. URL855

https://doi.org/10.1007/s10546-013-9822-1.856

Nebiyou Y. Tilahun and David M. Levinson. A moment of time: Reliability in route857

choice using stated preference. Journal of Intelligent Transportation Systems, 14(3):858

179–187, 2010. doi: 10.1080/15472450.2010.484751. URL https://doi.org/10.1080/859

15472450.2010.484751.860

Abhishek Tiwary, Alan Robins, Anil Namdeo, and Margaret Bell. Air flow and con-861

centration fields at urban road intersections for improved understanding of personal862

exposure. Environment International, 37(5):1005 – 1018, 2011. ISSN 0160-4120. doi:863

39

https://doi.org/10.1007/s10652-013-9322-3
https://doi.org/10.1023/A:1002649322001
https://www.sciencedirect.com/science/article/pii/S0048969718308490
https://doi.org/10.1007/s10546-013-9822-1
https://doi.org/10.1080/15472450.2010.484751
https://doi.org/10.1080/15472450.2010.484751
https://doi.org/10.1080/15472450.2010.484751


http://doi.org/10.1016/j.envint.2011.02.006. URL http://www.sciencedirect.com/864

science/article/pii/S0160412011000377.865

Alexandra Tzella and Jacques Vanneste. Dispersion in rectangular networks: Effective866

diffusivity and large-deviation rate function. Physical Review Letters, 117(11), 9 2016.867

ISSN 0031-9007. doi: 10.1103/PhysRevLett.117.114501.868

Sotiris Vardoulakis, Keith Dear, and Paul Wilkinson. Challenges and opportunities for869

urban environmental health and sustainability: the healthy-polis initiative. Environ-870

mental health : a global access science source, 15 Suppl 1:30, Mar 2016.871

C. Wang and W. Anderson. Turbulence coherence within canonical and realistic ae-872

olian dune-field roughness sublayers. Boundary-Layer Meteorology, 173(3):409–434,873

Dec 2019. ISSN 1573-1472. doi: 10.1007/s10546-019-00477-w. URL https://doi.874

org/10.1007/s10546-019-00477-w.875

Huanhuan Wang and Keith Ngan. Effects of inhomogeneous ground-level pollutant876

sources under different wind directions. Environmental Pollution, 289:117903, 2021.877

ISSN 0269-7491. doi: https://doi.org/10.1016/j.envpol.2021.117903. URL https:878

//www.sciencedirect.com/science/article/pii/S0269749121014858.879

Huanhuan Wang, Peter Brimblecombe, and Keith Ngan. Particulate matter inside and880

around elevated walkways. Science of The Total Environment, page 134256, 2019.881

ISSN 0048-9697. doi: https://doi.org/10.1016/j.scitotenv.2019.134256. URL http:882

//www.sciencedirect.com/science/article/pii/S0048969719342391.883

Huanhuan Wang, Peter Brimblecombe, and Keith Ngan. A numerical study of lo-884

cal traffic volume and air quality within urban street canyons. Science of The To-885

tal Environment, 791:148138, 2021. ISSN 0048-9697. doi: https://doi.org/10.1016/886

j.scitotenv.2021.148138. URL https://www.sciencedirect.com/science/article/887

pii/S0048969721032095.888

Y. Wang, Y.-F. Ma, D. Muñoz Esparza, J. Dai, C. W. Y. Li, P. Lichtig, R. C. W.889

Tsang, C.-H. Liu, T. Wang, and G. P. Brasseur. Coupled mesoscale-les modeling of air890

quality in a polluted city using wrf-les-chem. EGUsphere, 2022:1–31, 2022. doi: 10.891

5194/egusphere-2022-1208. URL https://egusphere.copernicus.org/preprints/892

egusphere-2022-1208/.893

40

http://www.sciencedirect.com/science/article/pii/S0160412011000377
http://www.sciencedirect.com/science/article/pii/S0160412011000377
http://www.sciencedirect.com/science/article/pii/S0160412011000377
https://doi.org/10.1007/s10546-019-00477-w
https://doi.org/10.1007/s10546-019-00477-w
https://doi.org/10.1007/s10546-019-00477-w
https://www.sciencedirect.com/science/article/pii/S0269749121014858
https://www.sciencedirect.com/science/article/pii/S0269749121014858
https://www.sciencedirect.com/science/article/pii/S0269749121014858
http://www.sciencedirect.com/science/article/pii/S0048969719342391
http://www.sciencedirect.com/science/article/pii/S0048969719342391
http://www.sciencedirect.com/science/article/pii/S0048969719342391
https://www.sciencedirect.com/science/article/pii/S0048969721032095
https://www.sciencedirect.com/science/article/pii/S0048969721032095
https://www.sciencedirect.com/science/article/pii/S0048969721032095
https://egusphere.copernicus.org/preprints/egusphere-2022-1208/
https://egusphere.copernicus.org/preprints/egusphere-2022-1208/
https://egusphere.copernicus.org/preprints/egusphere-2022-1208/


Jeffrey C. Weil, Peter P. Sullivan, and Chin-Hoh Moeng. The use of large-eddy simulations894

in lagrangian particle dispersion models. J. Atmos. Sci., 61(23):2877–2887, December895

2004. ISSN 0022-4928. doi: 10.1175/JAS-3302.1. URL http://dx.doi.org/10.1175/896

JAS-3302.1.897

Louis J. Wicker and William C. Skamarock. Time-splitting methods for elastic models898

using forward time schemes. Monthly weather review, 130(8):2088–2097, August 2002.899

ISSN 0027-0644. doi: 10.1175/1520-0493(2002)130<2088:TSMFEM>2.0.CO;2. URL900

http://dx.doi.org/10.1175/1520-0493(2002)130<2088:TSMFEM>2.0.CO;2.901

J. H. Williamson. Low-storage Runge-Kutta schemes. Journal of Computational Physics,902

35(1):48–56, 1980.903

Paulina P.Y. Wong, Poh-Chin Lai, Ryan Allen, Wei Cheng, Martha Lee, Anthony904

Tsui, Robert Tang, Thuan-Quoc Thach, Linwei Tian, Michael Brauer, and Ben-905

jamin Barratt. Vertical monitoring of traffic-related air pollution (TRAP) in urban906

street canyons of Hong Kong. Science of The Total Environment, 670:696 – 703,907

2019. ISSN 0048-9697. doi: https://doi.org/10.1016/j.scitotenv.2019.03.224. URL908

http://www.sciencedirect.com/science/article/pii/S0048969719312161.909

Yang Xing and Peter Brimblecombe. Dispersion of traffic derived air pollutants into910

urban parks. Science of The Total Environment, 622-623:576 – 583, 2018. ISSN911

0048-9697. doi: https://doi.org/10.1016/j.scitotenv.2017.11.340. URL http://www.912

sciencedirect.com/science/article/pii/S0048969717333983.913

Toshiya Yoshida, Tetsuya Takemi, and Mitsuaki Horiguchi. Large-eddy-simulation study914

of the effects of building-height variability on turbulent flows over an actual urban915

area. Boundary-Layer Meteorology, 168(1):127–153, 2018. ISSN 1573-1472. URL916

https://doi.org/10.1007/s10546-018-0344-8.917

Xin Zhang, Chan Lu, Yuguo Li, Dan Norbäck, Padmini Murthy, Radim J. Sram, and918

Qihong Deng. Early-life exposure to air pollution associated with food allergy in chil-919

dren: Implications for ‘one allergy’ concept. Environmental Research, 216:114713,920

2023. ISSN 0013-9351. doi: https://doi.org/10.1016/j.envres.2022.114713. URL921

https://www.sciencedirect.com/science/article/pii/S0013935122020400.922

41

http://dx.doi.org/10.1175/JAS-3302.1
http://dx.doi.org/10.1175/JAS-3302.1
http://dx.doi.org/10.1175/JAS-3302.1
http://dx.doi.org/10.1175/1520-0493(2002)130<2088:TSMFEM>2.0.CO;2
http://www.sciencedirect.com/science/article/pii/S0048969719312161
http://www.sciencedirect.com/science/article/pii/S0048969717333983
http://www.sciencedirect.com/science/article/pii/S0048969717333983
http://www.sciencedirect.com/science/article/pii/S0048969717333983
https://doi.org/10.1007/s10546-018-0344-8
https://www.sciencedirect.com/science/article/pii/S0013935122020400


Yu Zhao, Chaowen Jiang, and Xiaocheng Song. Numerical evaluation of turbu-923

lence induced by wind and traffic, and its impact on pollutant dispersion in street924

canyons. Sustainable Cities and Society, 74:103142, 2021. ISSN 2210-6707. doi:925

https://doi.org/10.1016/j.scs.2021.103142. URL https://www.sciencedirect.com/926

science/article/pii/S2210670721004248.927

Xing Zheng and Jiachuan Yang. Impact of moving traffic on pollutant transport in928

street canyons under perpendicular winds: A cfd analysis using large-eddy simu-929

lations. Sustainable Cities and Society, 82:103911, 2022. ISSN 2210-6707. doi:930

https://doi.org/10.1016/j.scs.2022.103911. URL https://www.sciencedirect.com/931

science/article/pii/S2210670722002335.932

42

https://www.sciencedirect.com/science/article/pii/S2210670721004248
https://www.sciencedirect.com/science/article/pii/S2210670721004248
https://www.sciencedirect.com/science/article/pii/S2210670721004248
https://www.sciencedirect.com/science/article/pii/S2210670722002335
https://www.sciencedirect.com/science/article/pii/S2210670722002335
https://www.sciencedirect.com/science/article/pii/S2210670722002335


 

Graphical Abstract



 Exposure to an impulse release are quantified for virtual walkers using LES. 

 Spatial variability of the exposure risk is well captured by moving receptors. 

 Actual exposure of pedestrians can differ from simple Eulerian estimates.  

 Evacuation routes are discussed for different walker locations and winds. 
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Abstract10

Urban air quality studies have primarily focused on pollutant dispersion; however, spa-11

tial or temporal concentrations collected at discretely distributed grid points (or fixed12

receptors) do not reflect the actual pollutant exposure of pedestrians. Using large-eddy13

simulation (LES) with virtual walkers implemented, this study investigates pollutant ex-14

posure of walking agents (or moving receptors) in an urban turbulent boundary-layer15

flow developed over an aligned building array under the influence of different wind di-16

rections. The spatial variability of the exposure risks are found to be better captured17

by the moving receptors than the fixed receptors along the same agent walking tracks.18

We demonstrate that the actual exposure can differ significantly from results interpreted19

from data recorded by the fixed receptors (corresponding to Eulerian estimates) and20

show that large discrepancies occur in avenues near the source, wherein dispersion of the21

point release has not occurred on larger spatiotemporal scales. In most scenarios, opti-22

mal evacuation routes are shown to be ones that deviate as much as possible from the23

dominant wind direction; however, one needs to decide the priority of moving to further24

avenues first or immediately adjusting the walking direction. The results should serve25

as a useful baseline reference for environmental health impact assessment and evacua-26

tion route planning against hazardous releases of air pollutants in more complex urban27

environments.28
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1. Introduction30

Rapid urbanization has significantly accelerated anthropogenic and industrial activi-31

ties in and around urban areas. Emissions of gaseous pollutants are imposing increasingly32

growing risks to urban air quality (Wong et al., 2019; Zheng and Yang, 2022; Wang et al.,33

2022). In the case of accidental releases of hazardous pollutants, accurate prediction34

of the exposure risk to the polluted air is vital for effective emergency response and35

evacuation route planning.36

In the pollutant dispersion literature, researcher are more concerned about the time-37

mean concentration. Numerical modelling (e.g. Lo and Ngan, 2020; Masoumi-Verki et al.,38

2021), measurements (e.g. Jiang and Yoshie, 2018; Mo and Liu, 2018; Xing and Brim-39

blecombe, 2018; Marucci and Carpentieri, 2020) and analytical (e.g. Belcher et al., 2015;40

Tzella and Vanneste, 2016) studies have highlighted scalar statistics, such as concentration41

fields in urban districts (Blocken et al., 2016), flux exchanges across the canopy (Chung42

and Liu, 2013; Panagiotou et al., 2013) and mixing with the clean air (Duan et al., 2019).43

Assessments of exposure have typically been made for fixed receptors, namely based on44

data recorded at the grid points discretely distributed over the computational domain45

(Scungio et al., 2018; Wang et al., 2019; Cui et al., 2021; Zhang et al., 2023). Subse-46

quent results are interpreted from Eulerian calculations of the pollutant fields–associated47

diagnostics essentially rely on spatiotemporal averages (e.g. Tiwary et al., 2011; Ng and48

Chau, 2014; He et al., 2017). Although this approach simplifies the calculation, it neglects49

outliers and assumes homogeneity, which can be of critical impact during emergency re-50

sponse.51

The risk of exposure may vary greatly as a receptor moves from one position to52

another. Using LES and a Lagrangian stochastic model (LSM) (Weil et al., 2004), Lo53

and Ngan (2017) quantified the exposure in terms of the total time spent by a pollutant54

particle in the region of concern. Although the residence time (a measure of exposure) was55

calculated by integration along particle trajectories, the ‘clock’ was spatially fixed in the56

region of concern, which is equivalent to setting a fixed receptor. Therefore, the method57

cannot extend to simulating the pedestrian walking behaviour, and hence the spatial58

variability of exposure along the walking route cannot be captured. Recent attention on59

exposure in the urban air quality literature has been directed towards vehicle-induced60

emissions (Zhao et al., 2021; Zheng and Yang, 2022); however, they represent moving61

2



sources rather than moving receptors. Accurate prediction of the exposure risk of walking62

agents in urban districts has remained a concern challenging urban environmental health63

and sustainability (Vardoulakis et al., 2016).64

The exposure of moving agents to air pollution depends on the meteorological forc-65

ing such as wind, which directly affects the pattern of the scalar field, specifically the66

center-of-mass translation downstream and the crosswind spread by turbulent diffusion67

(Davidson et al., 1995). The combined effects essentially define the size of a polluted68

area and, by extension, the spatially varying exposure risks. Obviously, influence of ur-69

ban topography can be important as well. For example, for an aligned grid of building70

obstacles, the windward building facades are by definition perpendicular to the dominant71

wind; however, the arrangement of the array can be viewed as staggered when the wind72

direction is rotated. For the former, advection by the mean flow along the street (i.e.73

channelling) is non-negligible; for the latter, the channel flow is diminished–a pollutant74

scalar undergoes a more winding path as in a staggered array and the obstruction of75

building facades can be important (Blunn et al., 2022). Therefore, wind direction can be76

of qualitatively impact on pollutant exposure.77

Multiple timescales are involved in the quantification of exposure. This can be of par-78

ticular importance during emergency response against environmental incidents of toxic79

chemicals. It is well known that the mean concentration within a unit-aspect-ratio80

street canyon decays exponentially fast for an instantaneous pollutant source (DePaul81

and Sheih, 1985); however, safety is not necessarily ensured even if an agent’s walking82

speed is on a timescale shorter than that for the decay. One needs to compete with the83

timescale associated with ventilation (that is how quickly pollutants are removed from84

the control domain) and mixing (namely how rapidly a pollutant scalar mixes with the85

clean air). As pollutants disperse downwind, it is unknown if a walking agent can have86

sufficient time to be evacuated before the ambient air gets highly contaminated.87

To understand pollutant exposure of moving receptors, the paper is organized as88

below. Sec. 2.1 describes the geometry of an idealised urban district represented by a89

grid of aligned building cuboids. Sec. 2.2 provides further details of the model setups with90

the focus on the moving agents and the forcing. The LES model is described in Sec. 2.391

with the model validation given in Appendix A. Sec. 3.1 presents the decay of the92

mean concentrations and the scalar variances, wherein the associated decay timescales93
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Figure 1: Schematic diagram of virtual agents walking along the avenues of an aligned building array.

(a) 3D view of the computational domain; (b) plan view with the walking agents indicated. The blob

highlighted in red in avenue A1 denotes an instantaneous ground-level pollutant release (see Eq. 1). The

virtual walkers move along the avenues in the spanwise direction, y, and β denotes the angle between the

agent walking direction with respect to the dominant wind direction. Lx = Ly = 16H and Lz = 6.5H

denote the domain dimensions, where H is the height of the building cuboid.

are quantified. The PDFs and CDFs of pollutant exposure are analysed in Sec. 3.2,94

wherein exposure risks are compared for moving and fixed receptors, and evacuation95

routes planning for four scenarios discussed in Sec. 3.3. Discussion and summary are96

given in Sec. 4 and Sec. 5, respectively.97

2. Methodology98

2.1. Urban geometry99

As in many previous studies of urban pollutant dispersion (e.g. Davidson et al., 1995;100

Marucci and Carpentieri, 2020), we consider an idealised urban district represented by101

an array of regularly aligned building cuboids (see Fig. 1 for a schematic diagram). The102

building array consists of 8 building rows × 8 building columns. As in Duan and Ngan103

(2019), unblocked rows and columns are referred to as “streets” and “avenues”, respec-104

tively.105

The domain dimensions are Lx = 320 × ∆x = 320m (= 16H) in the east-west (or106

x) direction, Ly = 320 × ∆y = 320m (= 16H) in the north-south (i.e spanwise or y107

4



direction) and Lz = 130 × ∆z = 130m (= 6.5H) in the vertical (z), comparable with108

Wang and Ngan (2021) and Ma and Cheng (2023). The spatial resolution is isotropic,109

i.e. ∆x = ∆y = ∆z = 1m (= H/20), which meets the suggested best practices for urban110

computational fluid dynamics that the canyon walls be separated by at least 10 grid points111

(Franke et al., 2011). The building widths (W ), avenue widths and street widths are equal112

to the building height H = 20m, which implies a homogeneous urban topography, i.e.113

the canyon aspect ratios in x and y directions are unity (ARx = ARy = H/W = 1),114

and reduced ventilation in the turbulent flow of the skimming flow regime (Hunter et al.,115

1992).116

2.2. Forcing and moving agents117

An impulse area source is prescribed at the ground level of a street-avenue intersection118

from the leading corner of the array. After the flow has reached statistical stationarity,119

pollutant is released at time t0, implying a source flux,120

S = S0δ(x− x⃗0, t− t0), (1)

where S0 denotes a source emission strength, which is specified arbitrarily as a constant,121

and x⃗0 denotes a source location. As opposed to a continuously released source (e.g.122

Marucci and Carpentieri, 2020; Wang and Ngan, 2021), the construction of the initial-123

value problem herein allows the quantification of pollutant decay rates and associated124

decay timescales (DePaul and Sheih, 1985).125

The flow is forced by a prescribed pressure gradient, ∆P . Following Wang and Ngan126

(2021) and Blunn et al. (2022), an approaching wind of θ ∈ [0o, 45o] with regard to the127

x−axis is considered, which is equivalent to a β ∈ [45o, 90o] wind with respect to the128

agent walking direction (along the y− axis). Because the current work is focused on the129

exposure of moving agents, the latter notation, β, is used (see Fig. 1). For β = 90o,130

∆P = 0.6× 10−3 Pam−1, which generates the familiar canyon circulations within the131

building rows and channel flows along the streets. For a 45o wind, the building obstacles132

form a staggered array (Coceal et al., 2014). For completeness, the flow patterns are133

presented in Fig. 2. It can be seen the counter-rotating wake vortices are altered as the134

dominant wind is rotated and the symmetry of the vortex pair is retained for the β = 45o135

diagonal wind. The streamline geometries agree well with previous studies of turbulent136
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Figure 2: Streamline geometries for different β. The flows are shaded by the nondimensionalized mean

vertical velocity component, wherein ⟨·⟩H denotes temporal and vertical averaging for z/H = [0, 1]. UH

corresponds to the absolute velocity slightly above the roof level.

flow around building cuboids of an aligned array (e.g. Claus et al., 2012; Coceal et al.,137

2014; Wang and Ngan, 2021).138

The Reynolds number based on the building height (H) and the freestream wind speed139

(Uref) is Re ≡ UrefH/ν ∼ O(106), which is comparable with the LES study of Wang and140

Anderson (2019) and Blunn et al. (2022), but is a few orders of magnitude greater than141

Inagaki and Kanda (2008) and Cheng and Castro (2002) because they considered scaled142

urban topographies, and is smaller than Liu et al. (2022) by two orders of magnitude143

because the maximum building height (180m) of a real urban district was used as the144

characteristic length scale. The Re implies that the turbulent flow is in the fully rough145

regime (Castro and Robins, 1977).146

6



(a)

0 1 2
〈u〉/Vagent

0

1

2

3

4

5

6
z/
H

β
90o

75o

60o

45o

(b)

0 2
〈u〉/Vagent

0

1

2

3

4

5

6

z/
H

β
90o

75o

60o

45o

Figure 3: Vertical profiles of the streamwise velocity component, u, normalised by the agent walking

speed, Vagent. (a) Ensemble average along the middle of the repeating streets, y/W = 2N + 1.5; (b) en-

semble average along the middle of the repeating building rows, y/W = 2N+0.5, where N = 0, 1, · · · , 6.

Dashed horizontal line indicates z/H = 1. ⟨·⟩ denotes temporal and horizontal averaging.

Virtual agents (i.e. moving receptors) initially set near the south boundary of the147

building array (see Fig. 1) start walking along the avenues at the instant of the tracer148

release (at t0, see Eq. 1). Once the north boundary is reached, the walkers reenter the do-149

main from the south boundary and walk north once more. This prescription is maintained150

from the source release till the end of the simulation, whereby pollutant concentrations151

(C) experienced during the periodic walking along the avenues are recorded. It is note-152

worthy that the moving agents essentially emulate the pedestrian walking behaviour in153

real urban environments.154

Implementation of the virtual walkers in LES essentially follows the virtual flight155

measurements of Schröter et al. (2000) and Sühring and Raasch (2013). The agent156

walking speed, Vagent = 1.34m s−1, specified herein lies in the range of average walking157

speeds of 1.0m s−1 − 1.5m s−1 for adults (Mansfield et al., 2018; Mohamed and Appling,158

2020). For a moderate wind considered in the current study, Vagent/⟨u⟩ > 1 in the159

pedestrian region, where ⟨u⟩ is the mean streamwise velocity component (see Fig. 3).160

Data recorded by the moving receptors will be compared with that for fixed receptors161

(yn), namely the grid points discretely distributed along the agent walking tracks in the162

y−direction. Therefore, the subscript n indicates the spanwise grid index.163
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2.3. Large-eddy simulation164

The boundary-layer flow and scalar dispersion are simulated using PALM 6.0 (Maronga165

et al., 2020), which is a LES model developed specifically for atmospheric and oceanic166

boundary layer studies. The model is based on the implicitly filtered non-hydrostatic167

and incompressible Boussinesq equations. Subgrid-scale (SGS) fluxes are parameterised168

using a dynamic SGS model according to Germano et al. (1991) and Heinz (2008), which169

allows the occurrence of backscatter (namely negative values of SGS eddy viscosity) while170

ensuring stability. The SGS eddy viscosity and diffusivity are obtained from additional171

prognostic equations for the SGS turbulent kinetic energy based on the assumption that172

energy transport by SGS eddies is proportional to the local gradients of the mean quan-173

tities. Detailed descriptions of the governing equations of the LES model can be found in174

Lau and Ngan (2018) and Maronga et al. (2020). Therefore, they are not repeated here.175

As in Liu et al. (2005), periodic boundary conditions are applied in the lateral di-176

rections, whereby an infinitely spread urban region is assumed. To prevent nonphysical177

accumulation of pollutants within the domain, concentrations at the lateral edges are178

set to zero after Wang et al. (2021). At solid surfaces, there is no-slip for the velocity179

components and Neumann (zero-gradient) for scalars. A Neumann boundary condition180

is also applied at the domain top. Unresolved Reynolds shear stresses near walls are181

parameterised by assuming a constant-flux layer between the roughness height, z0, and182

the first grid layer following the Monin-Obukhov similarity theory (MOST) (Monin and183

Obukhov, 1954). As in previous studies (Park et al., 2015; Yoshida et al., 2018; Duan184

and Ngan, 2020), the roughness lengths for momentum and passive scalar are identical,185

with z0 = 0.1m, which is representative of very rough walls (Letzel et al., 2012).186

A third-order Runge-Kutta time-stepping scheme (Williamson, 1980) combined with187

an upwind-biased fifth-order finite differencing scheme is applied in solving the advection188

terms for momentum and scalar. This combination has proven effective for ensuring accu-189

racy and algorithmic simplicity (Wicker and Skamarock, 2002). The Courant-Friedrichs-190

Lewy (CFL) criterion was set to 0.9 with variable integration timesteps (∼ 0.2 s) to guar-191

antee numerical stability. The Poisson equation for pressure is solved with the multigrid192

method, which is highly optimised for Intel processors used for running the current model.193

The 3-D model was initialised with a stationary-state wind profile obtained from a194

10−hour run of a 1-D model with a Reynolds-average based turbulence parametrisation195

8



(Maronga et al., 2020). A 6−hour spin up, ∼ 200t∗ (where t∗ ≡ H/u∗ denotes the196

eddy turnover timescale and u∗ ∼ 0.2m s−1 is the friction velocity), ensures that the197

turbulent boundary layer has become fully developed and the flow has reached statistical198

stationarity. Data are subsequently collected at time intervals of ∆t = 10 s (∼ 0.1t∗, about199

four times higher than the temporal resolution of Blunn et al. (2022)) for a duration200

of 3600 s (∼ 36t∗), which are sufficient for the initial-value problem considered herein201

(Bernardini et al., 2014).202

Validation of the LES model is presented in Appendix A.203

3. Results and analyses204

3.1. Scalar decay and mixing205

3.1.1. Decay of volume-averaged concentrations206

The removal of pollutants from the control domain (the region for z/H ≤ 1, hereafter207

D), i.e. ventilation, directly affects the scalar concentration inside the canyons and hence208

the exposure of walking agents to the polluted air at different locations. For a release of209

pollutants at an initial instant (Eq. 1), ventilation can be quantified by the decay rate of210

⟨C⟩(t)/C0, the normalised concentration spatially averaged over D. Herein, C0 denotes211

the bulk average of the concentration at initial time t0.212

Physically, the change of β should not alter the exponentially decaying nature of213

⟨C⟩(t)/C0 (Davidson et al., 1996). The familiar exponential decay function (DePaul and214

Sheih, 1985), viz.215

⟨C⟩(t)/C0 ∼ exp(− t

τr
), (2)

where τr is known as the retention time (the time required for ⟨C⟩(t)/C0 to reach e−1),216

should always hold for a unit-aspect-ratio 2D street canyon (Duan et al., 2019) and a217

cubic 3D building array (Duan and Ngan, 2020). Fig. 4 plots the history of ⟨C⟩(t)/C0.218

It can be seen that the exponentially decaying behaviour persists when β varies: the219

minimum R2 is 0.98. The slight change of the slope reflects the sensitivity to the wind220

direction.221

Longer retention of pollutants within the domain implies high risk of exposure. Fig. 5222

shows that the removal of pollutants from D accelerates as the wind rotates towards223

the canyon axis (i.e. increased β). This is presumably because ventilation routes below224
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Figure 4: Decay of the normalised concentrations, ⟨C⟩(t)/C0, for different β. As in Duan and Ngan

(2020), the initial-stage spin up is excluded in the fitting. For clarity, the time axis is clipped at 1000 s.
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Figure 5: Retention time, τr (Eq. 2), associated with the decay of the mean concentrations for different

β. The timescale is obtained from least squares regression of the decay of ⟨C⟩(t)/C0 plotted in Fig. 4.

z/H < 1 are altered when β is changed. For β = 90o, ventilation is enhanced by the225

channel flow along the streets (Blunn et al., 2022). By contrast, for β = 45o, the wind226

blows diagonally and ventilation is similar to that in a staggered array (Claus et al.,227

2012), where the pollutant scalar undergoes a more winding trajectory (Coceal et al.,228

2014).229
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3.1.2. Variance decay230

The decay of the mean concentration analysed in the above section measures how231

quickly pollutants are removed and the volume averaging tacitly assumes homogeneity of232

concentrations in the control domain. An obvious limitation is that it does not quantify233

inhomogeneity and little can be said about how rapidly air inside the canopy bulk gets234

polluted; however, this can be of particular importance for emergency response because it235

gives a sense of the effectiveness of evacuation to avoid exposure to the air that is highly236

mixed with the pollutants.237

The scalar variance, σ2
C
(t) ≡ (C − ⟨C⟩)2, has proven an effective probe to the in-238

homogeneity and was successfully applied to the quantification of scalar mixing (Duan239

et al., 2019). The variance-decay rate characterises the rapidity of mixing (Pierrehumbert,240

1994), which provides a useful timescale for emergency response reference.241

It can be seen in Fig. 6 that the decay stages of the nondimensionalized scalar variance,242

⟨σ2
C
⟩(t)/C2

0 , differ slightly between early and late times, similarly to the decay of the mean243

concentrations (Fig. 4 in Sec. 3.1.1). However, unlike that for a 2D canyon (Duan et al.,244

2019), the initial-stage decay is established almost immediately after the source release245

and the transition to the late stage occurs much smoother. This is likely due to the246

fact that for a 2D canyon the variance decay (at long times) is dominantly driven by247

ventilation across the roof-level open boundary, whist for a 3D array, pollutants also248

escape through the sides (Kastner-Klein and Plate, 1999; Jiang and Yoshie, 2018).249

Given that the late-time change of scalar variances is primarily driven by the removal250

of pollutants from the control domain (Duan and Ngan, 2020), the timescale associated251

with the variance decay, τσ, can be defined in a similar manner as that for the decay of252

the mean (Eq. 2), viz.253

⟨σ2
C
⟩(t)/C2

0 ∼ exp(− t

τσ
). (3)

Fig. 7 plots τσ for different β. Although the amplitudes do not differ much, τσ exhibits254

a clear linear scaling with β (R2 = 0.89, as τr does, cf. Fig. 5), implying that a well255

planned β, namely evacuation direction with respect to the dominant wind, could reduce256

the risk of exposure to the air before it is highly mixed with the pollutants.257

It is noteworthy that even a small difference in the variance decay timescale can be258

non-negligible during emergency response when this time difference is translated into a259

spatial difference. For example, a 10 s difference in time can lead to around 15m difference260
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Figure 7: Scalar variance-decay timescales, τσ, for different β. Similarly to Fig. 4, the initial transition

is excluded in the least squares regression of the exponentially decaying function, Eq. (3).

in space (even under the current normal walking speed, 1.34m s−1×10 s ≈ 13.4m), which261

measures the distance from one avenue to another for densely-packed urban regions.262

3.1.3. Avoidance of air mixed with pollutants263

A practical concern is if a normal agent walking speed specified in the current study264

ensures a safe avoidance of the contaminated air. While an accurate calculation needs to265

account for time-varying meteorological forcing, the geometrical complexity of the urban266
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topography and the uncertainty of the pedestrian walking behaviour in realistic scenarios,267

a rough estimate follows.268

The calculation of the timescale associated with the virtual walker, τagent ≡ L/Vagent,269

is straightforward; however, the characteristic length scale, L, is not unique. Taking270

the domain dimension as the characteristic length scale (Ly = 320m, see Sec. 2.2) and271

given Vagent = 1.34m s−1, τagent = 238 s; taking the avenue width as the characteristic272

length scale (W = 20m), τagent = 15 s. The former τagent is larger than the timescale273

associated with the scalar mixing (evaluated for the entire domain, cf. Fig. 7), implying274

an insufficient time at the current walking speed to escape out of the control domain275

to completely avoid exposure to the polluted air, whilst the latter is smaller than τagent,276

indicating that if a walker is near the source (on a spatial scale of one avenue width),277

there is still adequate time for an effective evacuation to be made.278

3.2. Exposure risks279

3.2.1. Exposure to maxC/C0280

The spatial variability of exposure, which cannot be captured by the mean and vari-281

ance, is now examined. While the decay of the mean (Sec. 3.1.1) and variance (Sec. 3.1.2)282

cannot be applied directly to walking agents, because they correspond to an Eulerian cal-283

culation, one can quantify the maximum pollutant concentration, maxC/C0, to which a284

virtual walker is exposed. Letting Cwalker denote the concentrations recorded by a walker285

(i.e. Cwalker are a subset of the Eulerian concentrations, C), maxC/C0 reads286

maxC/C0(Ai, β) ≡ max(Cwalker)(Ai, β). (4)

Obviously, maxC/C0 depends on which avenue (Ai) the agent walks along and the wind287

direction, β.288

Figs. 8a,b summarise the maxC/C0 recorded by the agents walking along different289

avenues (Ai, panel a) and for different β (panel b). Fig. 8a shows that maxC/C0 decreases290

rapidly away from the source, particularly for large β in the first few avenues (note the291

logarithmic scale of the ordinates and the lease-squares regression plotted in the inset for292

reference). The maxC/C0 for β = 45o remains smaller than that for other β across all293

Ai. This is because the building blockage, which protects pedestrians from immediate294

exposure to peak concentrations (Wang and Ngan, 2021; Melo et al., 2023), is more295

prominent for the β = 45o diagonal wind (for which the building arrangement is effectively296
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Figure 8: Sensitivity of (a,b) maxC/C0 (Eq. 4) recorded by the walking agents and (c,d) maxAi
C/C0

(Eq. 5) recorded by the fixed receptors discretely distributed along the agent walking tracks to Ai and

β; (e,f) relative differences between maxC/C0 and maxAi
C/C0 (Eq. 6). For reference, the dash-dotted

lines in the insets of panels a and c plots the least-squares regression of maxC/C0 versus Ai for β = 45o.

Note the logarithmic scale of the ordinates for panels a-d.

staggered, see Fig. 2). It will be seen in the latter section (Sec. 3.2.2) that this result297

is also supported by the PDFs. Fig. 8b shows that the maxC/C0 exhibits an increasing298

trend with β (when the dominant wind direction deviates more from the agent walking299
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direction), and the amplitude of maxC/C0 is particularly high for A2, the avenue close300

to the source. If an agent is walking in the avenue near the pollutant source (e.g. in A2),301

the results suggest evacuation routes towards farther avenues so as to quickly reduce the302

exposure to maxC/C0, and to decrease β so as to keep maxC/C0 at a relatively lower303

level.304

The maxC/C0 recorded by the walking agents, Eq.(4), may be compared with the305

maximum concentration recorded by the fixed receptors (yn) discretely distributed along306

the same walking track (Ai) of concern (see Sec. 2.2), max Ai
C/C0,307

max Ai
C/C0(Ai, β) ≡ max(C)(yn ∈ Ai, β), (5)

Although the patterns of maxC/C0 versus Ai and β (Figs. 8a,b, respectively) and max Ai
C/C0308

versus Ai and β (Figs. 8c,d, respectively) appear quite similar, it can be seen that the309

relative differences (Figs. 8e,f, respectively), viz.310

rmaxC/C0 =
max Ai

C/C0 −maxC/C0

maxC/C0

(%), (6)

are markedly high. While it may seem unsurprising that the concentrations collected311

for fixed locations can differ from that recorded in a moving frame, the difference is312

surprisingly large for the initial-value problem considered herein, especially for the avenue313

adjacent to the pollutant source (i.e. A2) and under the forcing of β = 45o. The results314

indicate that the exposure of a walker to the maximum concentration interpreted from315

data recorded by the fixed receptors can be significantly overestimated and the actual316

maximum concentration experienced by the walker can be much smaller.317

3.2.2. PDFs and CDFs for moving receptors318

The maximum concentrations, maxC/C0, analysed in the above section do not pro-319

vide a complete picture of exposure. Furthermore, decreasing the exposure to maxC/C0320

does not necessarily ensure safety and there could be non-negligible risk (or probability)321

of exposure to high concentrations (though smaller compared to maxC/C0). This section322

examines the probability density functions (PDFs) and the cumulative density functions323

(CDFs) associated with the exposure to pollutants.324

The PDFs of concentrations recorded by the virtual walkers (Fig. 9a, c, e, g) show325

a much fatter tail for A2, indicating high probability of exposure to peak concentrations326

for agents walking in this avenue due to its immediate vicinity to the source. As dis-327

persion occurs on larger spatiotemporal scales, the tail becomes progressively thinner for328
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Figure 9: Probability statistics of the normalised scalar concentrations (C/C0) recorded by the walking

agents. (left panels) PDFs (shown as step functions). For clarity, statistics in each bin are normalised

such that the bar heights sum to 100, x−axis is clipped at C/C0 = 0.001, and y−axis capped at 10. The

smoother curves in the inset of panel g plot the kernel density estimates of the step functions. (right

panels) CDFs.
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increasing Ai and a few local peaks are seen, e.g. around C/C0 = 0.5 × 10−3 for A3329

and A4 in panel a (β = 90o), which reflect the spatial variability of the exposure risk330

during pedestrian walking. Emergence of the local peak concentrations is presumably331

attributed to the atmospheric turbulence, which occurs in very short-time intervals and332

is more sensitive to the spatial location than to the wind direction (Roth et al., 2015).333

As an agent moves along the avenue, perturbations of the atmospheric turbulence from334

the canyon circulations and the channel flows set in alternately.335

As β is decreased, influence of the channel flow is gradually diminished and pollutants336

disperse more evenly in the crosswind direction, which agrees with the numerical results337

of Branford et al. (2011) and Coceal et al. (2014). For β = 45o (panel g), the PDF looks338

relatively smoother (evidently for A2) and the flow is statistically symmetric about the339

dominant wind direction. The results imply that staggered arrangement of the building340

array may help avoid early exposure to high concentrations for agents walking in the341

avenue near the pollutant source due to the immediate blockage of the building obstacles.342

The CDFs help quantify the cumulative risks of exposure to different ranges of con-343

centrations. It can be seen the CDF curves (Fig. 9b, d, f, h) start to diverge for increased344

C/C0. The curve associated with downwind Ai (more notably for small β, e.g. panel345

h) spans relatively narrower range of C/C0, indicating that agents walking in avenues346

far from the pollutant source are less likely exposed to extremely high concentrations347

(hereafter Cextreme, herein C/C0 ≳ 1× 10−3 for example), in contrast to agents in the av-348

enues near the pollutant source. However, the CDF curves become increasingly steeper349

at the high-concentration end when Ai is increased, implying the growing cumulative350

risk, FC/C0 , of exposure to highly polluted air (hereafter Chigh, though smaller than the351

extremes, Cextreme).352

3.2.3. PDFs and CDFs for fixed receptors353

Fig. 10 plots the PDFs and CDFs for fixed receptors distributed along the agent354

walking tracks (cf. Eq. 5). Although they exhibit quite similar patterns compared to355

the results recorded by the moving agents (see Fig. 9 analysed in Sec. 3.2.2), the curves356

herein are obviously more smoother. The difference implies that the spatial variability of357

the exposure risk during pedestrian walking cannot be sufficiently captured using data358

recorded by fixed receptors, which corresponds to an Eulerian type of analysis.359

Another notable difference is the behaviour of the PDF tail for the near-source avenue,360
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Figure 10: As in Fig. 9, but for fixed receptors, namely the spatial data collected at fixed grid points

discretely distributed along the agent walking tracks.
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i.e. A2 (the step functions plotted in green in left panels). For the fixed receptors herein,361

the fat PDF tail persists across all β. By contrast, the sensitivity to β is well reflected362

in the data recorded by the walking agents (cf. Fig. 9 left panels). This is because363

the concentrations collected by the moving receptors along walking track A2 may not364

contain a wide range of concentrations before dispersion occurs on larger spatiotemporal365

scales, irrespective of the wind direction. In other words, data collected by fixed receptors366

throughout the entire simulation period naturally contain a wider range of concentrations367

than that recorded by the walking agents during dispersion.368

A direct implication of the thicker PDF tail for A2 under β = 45o (see the step369

function in Fig. 10g) compared to that recorded by the walkers (see Fig. 9g) is that370

pollutant exposure to the extremes in A2 interpreted from the data for fixed receptors371

tends to be overestimated. A similar trend tends to be so for A3 under β = 90o (see372

Fig. 10a versus Fig. 9a); however, the sensitivity to β is gradually diminished for avenues373

further downstream, wherein the pollutant cloud has grown substantially in size and374

dispersion occurs on much larger spatiotemporal scales.375

3.3. Route evaluation376

3.3.1. Moving receptors377

PDFs and CDFs assess the probability aspects of exposure to the entire spectrum of378

recorded concentrations; however, it is more important to quantify the exposure risk to379

the air that is more severely polluted. For a high-concentration range of concern, C/C0 ∈380

[a, b], the integrated probability of exposure, P (or exposure risk), can be quantified as381

PChigh
≡ FC/C0(b)− FC/C0(a), (7)

where F denotes the cumulative probability, and see Fig. 9 for reference of the high-382

concentration range, [a, b] ≡ [0.9 × 10−4, 2.0 × 10−4], which is chosen herein purely for383

demonstration purpose with no loss of generality. Similarly, the integrated exposure risk384

to the extremes reads385

PCextreme ≡ 1− FC/C0(b). (8)

Fig. 11 plots the exposure risks for different Ai and β. It can be seen that the386

integrated probability of exposure to the high concentrations, PChigh
, roughly ranks as387

P (A6) > P (A5) > P (A4) > P (A3) > P (A2) (Fig. 11a). PChigh
shows a similar monotonic388
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Figure 11: Integrated probability of exposure to high concentrations, [a, b], P (a < C/C0 ≤ b) (i.e.

PChigh
, see Eq. 7) for different (a) Ai; and (b) β. Note that the thicker line (colored in black in panel

a and in orange in panel b) plots P (C/C0 > b) (i.e. PCextreme , see Eq. 8) and for clarity, results are

only shown for one case: β = 45o in panel a and A6 in panel b. To the right of panel a is a schematic

representation of four evacuation scenarios, A, B, C and D. Each scenario corresponds to different values

of Ai and β.

sensitivity to β (Fig. 11b), and there is P (β45o) > P (β60o) > P (β75o) > P (β90o). For the389

integrated probability of exposure to the extremes, PCextreme , an opposite dependence (by390

definition) is seen on Ai and β, respectively.391

The results in Fig. 11 indicate that evacuation routes during pollutant dispersion392

strongly depend on the meteorological condition (herein β) and the position of the recep-393

tor (namely the dynamically changing location of the agents walking along Ai). During394
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emergency response, the risk of pollutant exposure may be greatly reduced if one could395

scientifically decide the priority of moving to further avenues first or adjusting the walk-396

ing direction immediately for given Ai and β. With no loss of generality, we analyse four397

scenarios: A, B, C and D (annotated in Fig. 11a left panel and schematically sketched in398

Fig. 11a right panel), with each scenario corresponding to different values of β and Ai.399

It can be seen if agents are located in avenues very close to the pollutant source (as400

scenarios B and C) and are walking at small β (e.g. 45o, as scenario B) with respect401

to the dominant wind, it is always safe for agents to move towards farther avenues and402

simultaneously increase β to reduce PCextreme meanwhile keeping PChigh
low. If agents are403

in the same avenue, but walking at large β (e.g. 90o, as location C), they are suggested404

to further increase β (i.e. to deviate more from the dominant wind direction). Although405

spending time moving to farther avenues also reduces PCextreme , it is perhaps not the406

primary concern during emergency response as PCextreme is already at a very low level.407

If agents are located in remote avenues of a few blocks to the accidental venue (as408

scenarios A and D) and are walking at small β (e.g. 45o, as scenario A) with respect to409

the dominant wind, they are suggested to increase β first to quickly decrease PChigh
and410

then direct towards even farther avenues. The evacuation pathway is the same as that411

for scenario C. If agents are in the same avenue, but walking at large β (e.g. 90o, as412

scenario D), they are in a relatively much safer condition, but are suggested to stay as413

far as possible to further decrease PCextreme . The evacuation route planning is similar to414

that for scenario B.415

It is obvious that if agents’ locations are in the same avenue with the pollutant source416

(i.e. in A1), evacuation routes should be immediately opposite to the dominant wind.417

3.3.2. Fixed receptors418

Similarly to Fig. 11, Fig. 12 plots the integrated probability of exposure to the high419

concentration range, Chigh, but for fixed receptors. Although the general patterns seem420

quite similar to Fig. 11, a few nontrivial differences in the details of PChigh
versus Ai421

(panel a) and β (panel b) are noteworthy.422

For avenues near the source, PChigh
appears lower than that experienced by the walkers423

(cf. Fig. 11a), indicating an underestimation of the exposure risk to the high concentra-424

tions actually experienced by a walker. This is particularly so for large β (cf. Fig. 11b).425

The results imply that although similar evacuation routes as described in the above sec-426
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Figure 12: As in Fig. 11, but for fixed receptors, namely the spatial data collected at fixed grid points

discretely distributed along the agent walking tracks.

tion (Sec. 3.3.1) may be suggested, the integrated probability of exposure along the same427

route cannot be accurately predicted based on the Eulerian estimates.428

4. Discussion429

A modified arrangement of the roughness grid may be thought as equivalent to rotat-430

ing the wind (Branford et al., 2011; Marucci and Carpentieri, 2020; Blunn et al., 2022).431

The layout of the building obstacles directly affects pollutant exposure. For agents mov-432

ing along an avenue near the pollutant source, a staggered array (for which the wind433

perpendicular to the avenue is rotated) is shown to help in the avoidance of early ex-434

posure to high concentrations due to the immediate blockage of the near-field building435

blocks. The simplified urban topography represents a convenient starting point in the436
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literature (e.g. Wang and Ngan, 2021; Li and Katul, 2022); however, spatial character-437

istics of the mean flow and turbulence in realistic urban districts of high inhomogeneity438

may vary greatly (Giometto et al., 2016; Hadavi and Pasdarshahri, 2021), wherein the439

obstruction of solid obstacles could change ventilation and hence exposure qualitatively440

(Blunn et al., 2022; Liu et al., 2022).441

As a typical simplification, neutral stratification, which represents an idealised micro-442

meteorological condition (cf. Nazarian et al., 2018; Hadavi and Pasdarshahri, 2021; Lee443

et al., 2023; Li et al., 2023), was assumed in the current work. Under thermal stratifica-444

tion, the center of mass of the pollutant cloud can either descend or be elevated by the445

buoyancy forcing (Park and Baik, 2013; Ma and Cheng, 2023). It was shown in Duan and446

Ngan (2020) that the thermal internal boundary layer for an aligned building array can447

be four times thicker for a ∆T = 12K ground heating compared to that for a ∆T = −2K448

ground cooling, where ∆T denotes the temperature increase at the ground level. Ventila-449

tion improves for the former and deteriorates for the latter, leading to varying ventilation450

timescales (the mean tracer age was found to increase by up to 25% for ∆T = −4K and451

to decrease by up to 80% for ∆T = 8K) and hence that the PDFs and CDFs of pollutant452

concentrations experienced by the virtual walkers would differ significantly compared to453

that under neutral stratification. However, the exact sensitivity of pollutant exposure for454

moving agents to the the boundary-layer stability remains unclear.455

During accidental releases of hazardous pollutants, both the toxicity and the duration456

of exposure are important concerns (Greene and Morris, 2006; Scungio et al., 2018). The457

latter is being investigated in ongoing work using tracer age statistics; however, the former458

has remained not fully addressed because as in many studies in the literature a tracer gas459

is oftentimes assumed to be passive and inert for simplicity (e.g. Gao et al., 2022). The460

toxicity aspect could be worth exploring in future work. Although a continuously-released461

source (opposed to the impulse source specified in the current study) may preclude the462

quantification of pollutant decay (this is why it is not used herein), it allows the calcu-463

lation of exposure for a statistically-steady pollutant field, which is also of great concern464

in the literature (e.g. Marucci and Carpentieri, 2020; Wang and Ngan, 2021).465

A few other simplifications are also enforced to simplify the problem, such as the fixed466

agent departure location, departure time and the constant walking speed. Although a467

direct extrapolation of the results to real urban environmental scenarios is not straight-468
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forward, they should serve as a useful baseline reference for exposure risk assessment469

and evacuation route planning for urban regions with well-aligned avenues. Despite the470

idealised agent walking routes, no assumptions are imposed on the implementation of the471

methodology presented in the current work, therefore it can be applied to more interest-472

ing cases, e.g. for more real origin-destination-based walking trajectories (Tilahun and473

Levinson, 2010; Kim and Chung, 2018), which requires further efforts.474

5. Conclusions475

Pollutant dispersion and exposure have been conventionally quantified based on statis-476

tics for fixed receptors, namely fixed grid points discretely distributed in a computational477

domain. Subsequent spatial or temporal averages may not accurately quantify the expo-478

sure of walkers (or moving receptors). The current study investigates pollutant exposure479

of virtually walking agents (which essentially emulate the pedestrians that walk along the480

avenues of a real urban district) to an impulse release of gaseous pollutants. The imple-481

mentation of virtual walkers in LES for pollutant exposure represents the main novelty482

of this study.483

The dispersion of pollutants is driven by a turbulent flow developed over an idealised484

urban district, an aligned array of unit-aspect-ratio canyons, which implies a skimming485

flow regime. Impacts of the angle (β) between the agent walking direction (which is486

fixed to simplify the problem) and the dominant wind direction is examined. Timescales487

associated with the decay of the scalar mean and variance both exhibit a monotonic488

dependence on β (Sec. 3.1), indicating temporally variable exposure risks. It is shown489

that timely evacuation is still possible even if agents are in an avenue adjacent to the490

release point; however, the results suggest that higher walking speeds much be considered491

as a walker moves towards avenues further downwind of the domain to ensure an adequate492

time for evacuation.493

For the initial-value problem considered herein, we demonstrate that the actual expo-494

sure can differ from simple Eulerian estimates: the maximum concentration exposed by495

a walker interpreted from data recorded by the fixed receptors along the same walking496

track is found to be overestimated by a few orders of magnitude. The exposure risks for497

moving receptors along different avenues, Ai, are quantified using the PDFs and CDFs498

of the recorded concentrations for different β (Sec. 3.2), and evacuation route planning499
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for minimised exposure risks to the polluted air analysed.500

Intuitively, one would expect the exposure risk to be lower along an evacuation route501

that deviates more from the dominant wind direction and be farther from the release502

point. The former is based on the fact that lateral spread of pollutants is much slower503

than dispersion downwind; for the latter, far-field pollutant concentrations generally have504

decayed to a substantially low level. In most of the scenarios that differ in β and Ai, the505

results suggest evacuation routes towards a direction that deviates as much as possible506

from the dominant wind direction (Sec. 3.3) and, under certain circumstances, walkers507

are recommended to be contemporarily evacuated towards avenues further downstream;508

however, this does not always ensure reduced exposure (further demonstrated in Ap-509

pendix B). The results imply that decision of the priority of moving to further avenues510

downstream first or deviating immediately from the dominant wind direction for given511

Ai and β can be important during emergency response.512
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Appendix A. Model validation522

The current LES model has been extensively validated for urban-scale turbulent523

boundary-layer flows (Gronemeier et al., 2020) and pollutant dispersion (Resler et al.,524

2020). We have previously validated this model for a single street canyon (Duan et al.,525

2019) and an idealised building array (Duan and Ngan, 2020). Following Belcher et al.526

(2015), the model herein is validated against the experimental data obtained from the527

EnFlo wind tunnel at the University of Surrey and the DNS data of Branford et al.528
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(2011). We consider a grid of aligned cubic building blocks and a 45o wind with respect529

to the frontal building facades, identical in setup to that in the DNS (see Fig. A.13).530

In both the DNS and the wind-tunnel experiments, a continuous pollutant source531

was applied, whereby a statistically-steady state scalar field was obtained. By contrast,532

the current work is focused on an instantaneous source (Eq. 1). To better align with533

the initial-value problem investigated in the current study, we attempt to expand the534

validation in a harder way that differs from the conventional ones (e.g. Cheng et al.,535

2008; Duan et al., 2019), namely a steady scalar field is reconstructed via integration of536

the results for an instantaneous release. A formal description of the integration can be537

found in Lo and Ngan (2015) and is therefore not elaborated here.538

Fig. A.14 compares the normalised centreline concentrations. While the decay down-539

wind of the source is well captured, the overprediction of the concentration in the first540

sampling cell is notable. The discrepancy may be attributed to the differences between541

the source setups: the source was discretised as a Gaussian bell over a few grid points542

and was prescribed at z = 0.0625H in the DNS, while the LES applied a purely areal543

source. Far from the source (x/H > 6), the LES shows excellent agreement with the544

measurements and the DNS.545

Fig. A.15 plots the lateral concentration profiles at different distances (2
√
2H, 3

√
2H,546

6
√
2H and 8

√
2H) from the source cell measured along the diagonal. There are a few547

large discrepancies near the plume centre, e.g. in panels a and b. Similar discrepancies are548

also seen in the DNS of Branford et al. (2011). Despite that, the lateral distributions are549

reasonably well estimated for various downwind distances and the current LES actually550

shows improved agreement with the experiments compared to the DNS at some locations551

(e.g. x/H = 4 and 10 in panel b). It is noteworthy that excellent agreement with the552

wind-tunnel measurements and the DNS data is obtained for the profile tails, suggesting553

that the plume width is well predicted.554

Appendix B. Exposure risks along a diagonal route555

In real urban districts, pedestrians may either walk along an avenue or cross a street.556

While it is difficult to specify a walking trajectory that satisfies personal preferences, we557

estimate the integrated probabilities of exposure to highly and extremely polluted air (i.e.558

PChigh
(Eq. 7) and PCextreme (Eq. 8), see Sec. 3.3) along the diagonal of the domain. This559
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Figure A.13: Schematic diagram of an aligned building array considered in the DNS of Branford et al.

(2011) and used for the validation of the current LES model. The arrow denotes the 45° wind. The

numbers annotate the rows (y/W ) and columns (x/W ), as well as the associated grid points. Filled

triangles and circles indicate sampling positions for the lateral (crosswind) and centreline (diagonal)

profiles, respectively. A delta-function ground-level source (Eq. 1) covers the grid points of 60 − 80

(highlighted in green).

specification represents a scenario that includes both pedestrian walking and crossing560

behavious in a real pedestrian network.561

While one would intuitively expect the exposure risk to be lower along an evacuation562

route that deviates more from the dominant wind direction and be farther from the release563

point (the diagonal route accounts for the impact of both), a monotonic dependence is564
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Figure A.14: Comparison of the centreline concentrations normalised by the concentration in the source

cell, Csc. Crosses: the current LES model; Circles: DNS of Branford et al. (2011); Squares: wind-tunnel

data from the EnFlo wind tunnel at the University of Surrey (Belcher et al., 2015).

not guaranteed. Fig. B.16 shows that PChigh
and PCextreme do not change monotonically565

with β.566
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