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Abstract  6 

Fields of Lagrangian (𝑇𝐿) and Eulerian (𝑇𝐸) time scales of the turbulence within a regular 7 

array of two-dimensional obstacles of unit aspect ratio have been determined by means of 8 

a water-channel experiment reproducing a neutral boundary layer. It has been found a 9 

strong spatial inhomogeneity of both the scales and their ratio, 𝛽 = 𝑇𝐿/𝑇𝐸. The results 10 

provide useful information for numerical modelling of pollutant dispersion in urban areas. 11 
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1 Introduction 13 

Pollutant dispersion can be simulated numerically via the Lagrangian approach, where the 14 

concentration field is calculated by simulating the trajectories of fictitious particles released 15 

from the source (Thomson 1987). That requires knowledge of the Lagrangian integral time 16 

scale of the turbulence, 𝑇𝐿 = ∫ 𝜌𝐿(𝜏)𝑑𝜏
∞

0
 (𝜌𝐿 is the Lagrangian autocorrelation function 17 

of the velocity (Monin and Yaglom 1971) and  𝑑𝜏  is the time lag). Since the direct 18 

measurement of 𝑇𝐿  requires particle trajectories long enough to get meaningful 𝜌𝐿 , its 19 

estimation is not an easy task, especially in the case of canopy flows (Shnapp et al. 2020). 20 

Knowledge of 𝑇𝐿  is also of interest also for simulating pollutant dispersion via the 21 

Eulerian approach, in which the concentration can be calculated through Reynolds-22 

averaged Navier‒Stokes (RANS) models. As a matter of fact, in this approach, one of the 23 

open problems is the choice of the turbulent diffusivity of mass, 𝐷𝑡 . Kikumoto (2020) 24 
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introduced the concept of "concentration diffusivity limiter with travel time", by which it 25 

is possible to model 𝐷𝑡 with the flight time scaled by 𝑇𝐿. 26 

Since Eulerian statistics can be easily determined from fixed-point measurements, a 27 

convenient alternative to the direct estimation of 𝑇𝐿 is to measure TE and then evaluate the 28 

Lagrangian scale by means of the coefficient :  𝑇𝐿 = 𝛽𝑇𝐸 (Corrsin 1963), where  𝑇𝐸 =29 

∫ 𝜌𝐸𝑑𝜏
∞

0
 is the Eulerian time scale of the turbulence and 𝜌𝐸  is the Eulerian velocity 30 

autocorrelation function. 𝛽  is a parameter greater than unity, whose value is generally 31 

obtained empirically from experimental and numerical experiments (Fattal 2021), 32 

obtaining expressions that are valid for flat terrain (Anfossi et al. 2006), sparse urban 33 

canopies (Nironi et al. 2015), or above arrays of obstacles (Di Bernardino et al. 2017). 34 

However, to our knowledge, 𝛽 has not still determined within urban canyons. 35 

The aim of this study is the evaluation of 𝛽 within a two-dimensional canyon with unit 36 

aspect ratio (AR=1) that, to our knowledge, has never been investigated. 37 

2 Experimental Setup and Time Scales Measurements 38 

The experimental set-up and conditions are the same as in Di Bernardino et al. (2015), to 39 

which the reader is referred for all the details. Figure 1 shows the water channel and some 40 

of the main parameters of the experiment. Fluid particle velocities were measured by a 41 

feature tracking technique (Cenedese et al. 2005) over a rectangular region 60 mm long (x-42 

axis) and 40 mm high (z-axis), lying on the vertical x–z plane passing through the centre 43 

of the channel and aligned with the mean flow.  44 

 45 

Fig. 1 Layout of the experimental set-up and list of the main experimental variables. The vector map reports 46 

the average velocity field 47 
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A 2-mm thick laser light sheet (5-W) illuminated the measurement plane. The framed 48 

area was located 30 buildings downstream of the first building so as to minimize any 49 

influence from the change in roughness between the roughness elements (pebbles) and the 50 

building array. 10,000 images were acquired during the experiment by means of a high-51 

speed video camera at 250 Hz. The dataset consists of about 3000 sparse velocity samples 52 

per frame. 53 

Both the Eulerian and Lagrangian autocorrelations were calculated in the cavity based 54 

on the magnitude of the velocity vector, u = |u|: 𝜌𝐸(𝜏) = (𝑢′(𝑡)𝑢′(𝑡 + 𝜏)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ) /σ2, where 55 

prime indicates the fluctuation around the mean, the overbar is the time average,  σ2 is the 56 

variance of u, and t the time. The trajectories of synthetic fluid particles were reconstructed 57 

by integrating the instantaneous (Eulerian) 2D velocity fields following the procedure 58 

described in Stocchino et al. (2011). The procedure assumes that crossflow motions are 59 

non-dominant as observed in the symmetry plane of two-dimensional canopies by Di 60 

Bernardino et al. (2017). Then, 𝜌𝐿(𝒙, 𝜏)  , was computed using the expression of the 61 

Lagrangian autocorrelation function reported in Di Bernardino et al. (2017) where the 62 

details of the procedure can be found. Under the assumption of (Eulerian) statistical 63 

stationarity, the statistical ensemble of trajectories used for the computation of the 64 

Lagrangian autocorrelation was obtained releasing a set of 50 particles with a random 65 

initial position in the neighbourhood of x (Gaussian distribution with a 0.05H standard 66 

deviation, with H indicating the building height) at 5 frame intervals, thus resulting in a 67 

dataset of 100,000 trajectories per each initial position. Correlations and integral time 68 

scales were computed within the canyon on a set of initial positions consisting of a 7x7 69 

equispaced grid. 70 

 71 

3 Results and Discussion 72 

Figure 2a-c show the maps of 𝑇𝐿 , 𝑇𝐸 , and , respectively. The reader can refer to Di 73 

Bernardino et al. (2015) and (2017) for other turbulence statistics, as well as for the vertical 74 

profiles of 𝑇𝐿  and 𝑇𝐸  above the canopy. Both scales have been normalized by 𝐻/𝑈𝐹 , 75 

where 𝑈𝐹 is the free-stream velocity. The salient feature of 𝑇𝐿 (Fig. 2a) is the presence of 76 

a maximum localized at the center of the cavity vortex (see Fig. 1), where particles tend to 77 
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circulate longer. Lower 𝑇𝐿 are confined within the shear layer at the cavity top, which plays 78 

a key role in the exchange of air and scalars between the canopy and the overlying region 79 

(Louka et al. 2000). 80 

 81 

 82 

Fig. 2 Maps of 𝑇𝐿(panel a) and 𝑇𝐸 (panel b), normalized by TS and 𝛽 = 𝑇𝐿/𝑇𝐸 (panel c). Panel (d) shows 83 

the vertical profiles of 𝑇𝐿, 𝑇𝐸 and 𝛽 averaged horizontally within the cavity 84 

 85 

It is worth mentioning that the 𝑇𝐿 maximum is ~0.5 𝑇𝑆 (here, 𝑇𝑆 = 𝐻/𝑢∗,𝑟𝑒𝑓 = 1.17 s 86 

is the characteristic time scale of the cavity), while the mean 𝑇𝐿 in the cavity is ~0.15𝑇𝑆. 87 

From this it can be deduced that the assumption of 𝑇𝐿 constancy must be taken with the 88 

due caution (see also Fig. 2d, where the vertical profile of 𝑇𝐿 averaged along the horizontal 89 

is shown). In contrast, 𝑇𝐸 decreases with the height and it is lower than 𝑇𝐿 except that near 90 

the bottom. Apart from the lower region, the ratio 𝛽 = 𝑇𝐿/𝑇𝐸 is generally higher than one 91 

and shows a maximum (3) in the middle of the cavity, i.e., where 𝑇𝐿 is a maximum. 92 

The average 𝛽 in the cavity is about 1.3, not far from 𝛽 = 1.5 chosen by Lin et al. 93 

(2021) in their RANS model to optimize the simulated concentration field within a square 94 
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cavity (AR=1). Conversely, the uneven distribution of 𝑇𝐿 differs from that published by 95 

Shnapp et al. (2020), where 𝑇𝐿 was practically independent of height. A possible reason 96 

could be the different geometrical configuration considered by those authors, i.e., a highly 97 

inhomogeneous, three-dimensional canopy. 98 
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