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After the summer 2015 chlorine releases during the Jack Rabbit II field experiment at Dugway Proving Ground, a special sonic anemometer study was carried out in October 2015 and March 2016.

The goal was to provide documented wind fields in similar conditions to the actual releases and to study building wakes without risk for the instruments. This study included 30 sonic anemometers that were placed around these "buildings" to best capture the recirculating regions. Building wakes are important for the dispersion of pollutants in cities and around industrial plants and therefore we have selected two time periods during March 2016, in order to present model to model and model to data comparisons. There are four models involved in the comparison ranging from a diagnostic wind model with wake parameterization and Lagrangian particle dispersion and a CFD model with a k-ε turbulence closure and solving the Eulerian dispersion equation. Detailed comparisons are carried out for the wind speed and for the turbulence level. Six virtual releases are added in the simulations to investigate how the wake resolving method can affect the dispersion. For the wind speed comparison, the models give fair to good comparison with the sonic measurements. However, for the turbulence comparison the results clearly show a need for improvement, even for the k-ε closure, which still provides the best results. For the concentrations, for which there is no corresponding measurements, we find that the simulations are much closer than for the turbulence comparison.

Introduction

Accidental release and dispersion of pollutant gases and vapours contaminate the environment and can cause severe problems to the population living in the neighbourhood of industries and storage areas, where hazardous and toxic materials are handled. Clearly, determining the distribution of the hazardous substances and their impact areas is important for supporting both the safety measures to prevent accidents and the response to mitigate their effects.

The hazardous gases and vapours, such as chlorine (Hanna et al. 2012 and2016), are often initially denser than the ambient air, because the emitted substance may have high molecular weight and/or low release temperature, and/or because of high storage pressure and the resulting generation of aerosols. Dense clouds may disperse quite differently from a neutral gas and, therefore, additional effects are to be taken into account, such as the horizontal gravity spreading, the cloud slumping in sloping terrain and interacting with obstacles [START_REF] Britter | Atmospheric dispersion of dense gases[END_REF]. These features have to be appropriately modelled when simulating the dispersion.

In industrial or urban area the presence of obstacles to the flow come to complicate the situation as they can have an additional effect on the mean flow, the turbulence and the dispersion, in particular on heavy gas. In addition, dispersion simulation for risk analysis and emergency response purposes poses specific difficulties, related to inhomogeneous and complex terrain, presence of buildings and other large roughness obstacles and possible occurrences of low-wind speed and atmospheric stable conditions.

Emergency response needs a compromise between fast and accurate estimates of dispersion to start reacting to an accidental release, especially for urban and industrial environments. However, rapidity and accuracy are often contradictory and work has to be dedicated to better evaluate the different options by comparing models to models and models to observations. Dispersion simulation in these situations is generally performed by means of empirical models, Gaussian models or by Lagrangian particle dispersion (LPD) models coupled with simplified flow field models. In the preparedness phase and post-event analysis, advanced computational fluid dynamics (CFD) models are also used for both flow and dispersion. The LPD approach is a compromise between the limitations of the simpler integral models and the accuracy, complexity and computational time demand of CFD models [START_REF] Castelli | Validation of a Lagrangian particle dispersion model with wind tunnel and field experiments in urban environment[END_REF]. The motivation of the present paper is to explore the impact of these differences on the resulting fields using field data, pursuing new developments and, at the same time, consolidating our research in this context (Trini Castelli et al. 2017[START_REF] Milliez | Numerical simulations of pollutant dispersion in an idealized urban area, for different meteorological conditions[END_REF], Hanna et al. 2002). In fact, a fundamental aspect when dealing with dispersion in built environments is the availability of an accurate and reliable flow field, which has to reproduce the specific features of recirculation zones and wakes that develop when the flow interacts with the obstacles (see, for instance, [START_REF] Britter | Quality assurance and improvement of microscale meteorological models[END_REF][START_REF] Schatzmann | Quality assurance and improvement of microscale meteorological models[END_REF]. CFD prognostic models are the most advanced modelling tools for solving complex geometries, but in emergency response, due to time constraints, mostly diagnostic approaches are used. It is thus of interest to investigate and quantify the differences in the performances between the different modelling approaches, in order to provide an insight on their strengths and limitations.

When treating releases in built environment, the simulations of building effects need to be properly validated with detailed datasets in real atmospheric conditions. Extensive intercomparisons and evaluations of both flow and dispersion models for releases in built environments have been carried out during the European Cooperation in Science and Technology (COST) ES1006 Action "Evaluation, improvement and guidance for the use of local-scale emergency prediction and response tools for airborne hazards in built environments" (COST ES1006 2012, 2015a,b,c), for both continuous and puff releases, for wind-tunnel urban mock-ups and in real field cases. Based on the Action's results, best-practices and guidelines for the use of modelling tools in emergency response context have been released. In this framework, the specific issues related to dense gases have been discussed, but no experimental data were available for the modelling exercises and tests.

In the frame of the Jack Rabbit II Project and field experimental campaign at the Dugway proving ground, in Utah, USA [START_REF] Nicholson | Final Test report for Jack Rabbit (JR) II[END_REF]Fox et al., 2020), where chlorine release experiments have been performed in presence of obstacles, a special sonic anemometer study was carried out, in October 2015 and March 2016, making available a quality-checked dataset with the required characteristics for evaluating flow models [START_REF] Pirhalla | Urban Wind Field Analysis from the Jack Rabbit II Special Sonic Anemometer Study[END_REF]. Based on the observed data, turbulence parameterisations and closures in flow and dispersion models can be tested when applied to simulate turbulent wind flows, and related pollutant dispersion, within built environments and urban areas. The opportunity of studying both the flow dynamics within obstacles and the specific characteristics of dense-gas dispersion, make the JR II datasets particularly attractive for testing and validating modelling systems. Previous experimental field campaigns, such as the Mock Urban Setting Test (MUST, Biltoft 2001, Yee and[START_REF] Yee | Concentration fluctuation measurements in a plume dispersing through a regular array of obstacles[END_REF], in the same Dugway proving-ground area, the Joint Urban 2003 (JU2003, [START_REF] Allwine | Joint Urban 2003: study overview and instrument locations[END_REF] in Oklahoma City, providing flow data, were however not specifically setup to investigate the wake effect and turbulence features around the obstacles. Mostly, turbulence closures and parameterisations, and their related performance, are tested and evaluated in simplified geometry and using wind-tunnel observations (see for example Hanna et al. 2002). All this makes the ad-hoc JR II sonic-anemometer experiment definitely valuable for the assessment of the turbulence treatment in numerical flow models.

In this work, our interest is indeed to evaluate different flow models against the sonic-anemometer measurements located around the JRII mock buildings, for studying their ability to capture and reproduce the complexity of the dynamics within obstacles but also the turbulence level which is in direct relation to the dispersion capability of the flow. An intercomparison among an advanced CFD model, a fast momentum solver, and a diagnostic mass-consistent code, applied to simulate the flow inside the buildings setup, is proposed. The rationale behind this choice is to evaluate and compare the performances of different approaches, in a range of complexity and computational cost, in complex conditions where the plume dynamics is heavily conditioned by the turbulent processes, assessing their skills and possible limits. Detailed comparisons are carried out for the wind speed, direction and turbulence around the obstacles, where instruments in the wake are available, and at different levels. Some statistical measures of the differences are also discussed, to assess the agreement between predictions and observations and among the different flow models. In the comparison of the simulations we also use some virtual tracer releases to investigate how the observed wake differences affect the dispersion in the different modelling approaches, the Eulerian CFD model and a Lagrangian stochastic particle dispersion model. In this case, we illustrate a model-to-model comparison, since no simultaneous concentration measurements are available during the anemometric experiments.

The approach and methodology adopted and the validation metrics are detailed in Section 2, a short description of the sonic anemometer study is provided in Section 3. The main characteristics of the modelling systems are depicted in Section 4, and the configuration of the models for the case studies is included in Section 5. In Section 6 the comparisons for the flow dynamics and in Section 7 the concentration fields are discussed. In Section 8 Conclusions are drawn.

Methodology presentation

The goal of the paper is the validation of the simulation of the wake behind buildings and its effect on dispersion of pollutants using the Jack Rabbit II (JRII) field experiment. Sonic anemometers were not used during JRII releases in the CONEX array because they would be destroyed by the presence of chlorine. Therefore, special campaigns were carried out during about 40 days in fall 2015 and spring 2016 with CONEXs in place, but no chlorine was released.

Other studies have been comparing simulations of the chlorine releases with concentration measurements (Fox et al. 2020[START_REF] Pirhalla | Urban Wind Field Analysis from the Jack Rabbit II Special Sonic Anemometer Study[END_REF], Gomez et al., 2020) but although they use the upwind tower for the local boundary conditions they do not have measurements to validate the flow field inside the building array.

In the present study we use the special sonic campaign [START_REF] Pirhalla | Urban Wind Field Analysis from the Jack Rabbit II Special Sonic Anemometer Study[END_REF] to do a detailed comparison of the flow field, including wake effects inside the building array, four different type of models ranging from very fast parameterized wake models [START_REF] Röckle | Bestimmung der Strömungsverhältnisse im Bereich komplexer Bebauungsstrukturen[END_REF] to full CFD using k-ε turbulence closure, k being the turbulent kinetic energy and ε its dissipation. In these comparisons with observations, we will focus on the wind modifications by the buildings and the turbulence level created.

Because all the models presented are used for atmospheric dispersion simulations, we decided to go one step further and compute concentration fields for six fictitious sources that will allow us discussing the impact of these velocity field differences on the concentration simulated by the different models.

A statistical analysis is performed, to assess the agreement and difference between the predicted and observed flow fields, and to quantify the model to model comparison related to the concentration field.

To evaluate the capability of the model in capturing the features of the flow inside a built-up area, the comparison between predicted and observed variables, O P φ φ , , or between the predictions from the different models, is based on some statistical metrics, estimating the agreement and the deviation: the Correlation coefficient COR, the fraction within a factor of two FAC2, the Index of Agreement IA (Doran and Horst 1985), the normalized mean square error NMSE and the normalized absolute difference NAD, defined as follows with the overbar designating the average over the ensemble of available pairs of observation, predictions:
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The statistical analysis is based on a limited number of pairs (around 30), corresponding to quantities measured and predicted, which only partially covers the complex recirculation's around two obstacles, yet it is providing a useful quantification for the comparison by sampling the main area (upwind, downwind and on the sides at different vertical levels).

Description of the JRII sonic anemometric field study

An overview of the Jack Rabbit II (JRII) experimental field campaign is presented and detailed in Fox et al. (2020). The description of the sonic anemometer experiments and the analysis of the observed data are given in [START_REF] Pirhalla | Urban Wind Field Analysis from the Jack Rabbit II Special Sonic Anemometer Study[END_REF]: here we recall the basic information useful for the comprehension of the numerical simulations we have been performing.

The measurements involve 30 sonic anemometers placed to document the flow field around two of these obstacles: 17 sonic anemometers were placed near the stack of CONEX (2 wide by 3 high: 4.88 m x 6.05 m x 7.77 m)and 13 near the 12-m long CONEX (12.19 m x 2.44 m x 2.59 m; Figure 1).

Sonic "towers" were located upwind and downwind of obstacles: upstream (south) of the area an instrumented 32 m tower was setup for detailing the incoming flow, providing flow profiles at 5 levels (2,4,8,16 and 32 m height). Thirty-minute average mean and turbulence variables were calculated from the raw 10Hz sonic data. Time periods documented by the 32 m tower were selected for further analysis of data from sonic anemometers within array: main information about the selected periods are reported in Table 1.

We operated a further selection to identify two case studies for the present numerical simulations and model intercomparison. The time periods are chosen during March 2016, when data from more sonic anemometers are available. In order to use the 32-m tower observations and inflow data input for the model runs, we considered the cases when the wind direction is Southerly. Since the array of building is aligned in the direction 165°, we considered several wind conditions in the 150-180° sector, characterised by various wind speeds. In order to start simulating test cases that can be simpler for the flow dynamics and stability conditions, we filtered 30-min periods with relatively moderate wind speeds and considered periods where mainly neutral stratification is characterizing the boundary-layer stability. Among the possible daily experiments, the final selection was for March 24 th because two sub-periods match the selection criteria and measurements are available for all 30 sonic anemometers.

The final selected subperiods were for 11:00 and 13:30.

The six fictitious sources considered in this work for the dispersion simulation have been positioned

three by three in two rows, upwind of the largest and the tallest CONEX (see Figure 1, right), in order to consider releases for different obstacles configurations. Three sources, C1-C3, were located just upstream of the first instrumented CONEX, one in the centre and two on each side, so that the dispersion occur in the area well documented by the sonic anemometers. The other three, C4-C6, were placed in the wake of the first two rows, including the instrumented one, and just upstream of the tall CONEX stack which is the other well instrumented area. 

Description of the modelling systems

The CFD Code_Saturne and the Lagrangian particle MicroSPRAY interfaced with MicroSWIFT mass-consistent model are applied in this study. References and a short description of the two models are provided in the following subsections, highlighting the specific features of interest here.

CFD Code_Saturne

Code_Saturne (CS) is a general purpose open source CFD code (www.code-saturne.org) [START_REF] Archambeau | Code_Saturne : a finite volume code for the computation of turbulent incompressible flows -industrial applications[END_REF]) in which an atmospheric module has been developed for simulations of the

Atmospheric Boundary Layer (ABL). It can run in Large Eddy Simulation (LES) mode and in

Reynolds Average Navier Stokes Equations (RANS) mode, the mode that we will use here as it corresponds to current operational studies (LES is used in research mode).

This numerical model has been previously used to simulate 20 different releases during the MUST campaign [START_REF] Biltoft | Customer report for mock urban setting test[END_REF], and carried very close geographically to the JRII releases, with varying meteorological conditions (Milliez and Carissimo 2007, here after MC07). Recently, a more recent version of the same model but still on the same MUST field experiment has been used to compare

Lagrangian and Eulerian dispersion modelling [START_REF] Bahlali | Atmospheric dispersion using a Lagrangian stochastic approach: application to an idealized urban area under neutral and stable meteorological conditions[END_REF] and also to develop a data assimilation methodology for using urban wind measurements (Defforge et al. 2020). Details about the model equations and simulation conditions can be found in MC07. Here we just mention that in the basic CFD code, an atmospheric option has been introduced for atmospheric simulations which includes the equation for potential temperature, modifications of the buoyancy production/destruction of turbulence and modification for the rough surface stratified wall law. Here because we will restrict to neutral meteorological conditions, we will not solve for potential temperature and assume constant density and the dynamical equations for the Reynolds Average fields reduce to the exact following equations: (10)
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The turbulent viscosity ; A is computed as follows for the mixing length model:

; A = BC D ! E F-(7 -(7 (11) 
with B the Von Karman constant (0.4), C D the mixing length and -GH the deformation rate tensor.

For the k-ε model :
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with I = 0.09 an experimentally determined constant.

These two turbulence closures are very different [START_REF] Pope | Turbulent Flows[END_REF]: the mixing length (hereafter CS_lm) can be considered very crude, especially with obstacles while the k-ε (hereafter CS_ke) is usually considered the first level of closure capable of handling the presence of obstacle with a good precision (although not perfect).

Micro-SWIFT-SPRAY

Micro-Swift-Spray (MSS, [START_REF] Tinarelli | Micro-SWIFT-SPRAY (MSS): A new modelling system for the simulation of dispersion at microscale. General description and validation[END_REF], and its parallel version (PMSS), is a modelling system constituted by the microscale versions of SWIFT diagnostic flow model and SPRAY Lagrangian particle dispersion model [START_REF] Tinarelli | Review and validation of Micro-Spray, a Lagrangian particle model of turbulent dispersion[END_REF]. In recent years, MSS applications have been oriented to application and validation in built-up areas, for impact and risk assessment (Trini Castelli et al. 2017;[START_REF] Castelli | Validation of a Lagrangian particle dispersion model with wind tunnel and field experiments in urban environment[END_REF][START_REF] Tinarelli | Assessment of the sensitivity to the input condition with a Lagrangian Particle Model in UDINEE Project[END_REF]. Recently, the code has been updated implementing a parallel configuration using the MPI paradigm, generating the PMSS code [START_REF] Oldrini | Description and preliminary validation of the PMSS fast response parallel atmospheric flow and dispersion solver in complex built-up areas[END_REF] that was used in this context.

SWIFT is a terrain-following 3D diagnostic mass-consistent model providing wind, turbulence, and temperature fields. A first-guess computation of the flow fields is performed, using available surface and profile measurements and/or output fields from atmospheric prognostic models. The first guess is then adjusted on the basis of parameterized analytical zones around buildings [START_REF] Röckle | Bestimmung der Strömungsverhältnisse im Bereich komplexer Bebauungsstrukturen[END_REF], which resolve recirculating regions around and between obstacles. On the adjusted flow field, the mass conservation is imposed, assuring the mass consistency. In the 'momentum' version of SWIFT [START_REF] Tinarelli | Micro-SWIFT-SPRAY (MSS): A new modelling system for the simulation of dispersion at microscale. General description and validation[END_REF], the continuity equation is modified using an artificial compressibility method (Gowardhan et al. 2011), where an artificial speed for pressure waves is considered. In the momentum equation, the turbulent Reynolds stress tensor is modelled by a mixing-length zero-order closure. The turbulence is parameterized as superimposition of a background turbulence, related to the large scale motions and calculated through boundary-layer parameterizations (for example, Hanna 1982), and the turbulence generated by obstacles and buildings. This last is modelled assuming the equilibrium between production and dissipation, on the basis of the local wind shear and the mixing length. The production term and the deformation rate tensor -(7 are linked through the turbulent viscosity ; A , which is evaluated using the shear of the flow and a mixing length Lm, defined as the closest distance to the surrounding buildings with a clipping value:

; A = L D E M 2-(7 -7( (13) 
The turbulent viscosity enters the formulations for the turbulent variables needed by Spray Lagrangian model, as the local wind velocity standard deviations N O PQRSP :

N O PQRSP = T E ; A U V T/W ( 14 
)
where U = 2.3 is the Kolmogorov constant for the inertial subrange and ε is the dissipation of the turbulent kinetic energy. In the regions influenced by the obstacles, the local turbulence is added up to background turbulence to compute the total wind velocity variances:
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The Lagrangian time scales are then computed as: where Ui is the mean wind velocity vector, here provided by SWIFT, and 3 s( is a velocity accounting for the buoyancy effects. More details about the explicit form of the equations can be found in [START_REF] Tinarelli | Review and validation of Micro-Spray, a Lagrangian particle model of turbulent dispersion[END_REF].
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In SPRAY the concentrations are computed in 3D cells counting the particles in them:

( = t t u v∆A ∆x∆y∆z ( 19 
)
where Q is the tracer emission rate (kg s -1 ), Δt is the emission time step (s), Ni is the number of particle in the i-th cell at each Δt, Np is the total number of particles emitted at each Δt, ΔxΔyΔz is the volume of the i-th cell.

SPRAY model is able to account for the presence of obstacles, treating bouncing against obstacles and computing deposition on floor, walls and roofs; it is able to simulate plume without initial momentum and with initial arbitrarily oriented momentum, negative or positive buoyancy, elevated and ground level emissions, instantaneous and continuous emissions, time varying sources, cloud spread at the ground due to gravity, and particle reflection at the domain bottom in presence of a dense cloud [START_REF] Anfossi | A new Lagrangian particle model for the simulation of dense gas dispersion[END_REF].

Configuration of the model simulations

The simulations were performed on the entire domain including all obstacles (Figure 1, left panel), to allow a realistic comparison with the data measured by the sonic anemometers (30 min averages). The flow models were run in steady-state configuration, using as driving input (boundary condition) a wind velocity profile extrapolated by the 32-m tower observations at 11:00 and 13:30, for the two tests. In Figure 2 the upstream wind speed profile fitted to the measurements and used for the simulations is plotted for both cases, highlighting that at 13:30 the wind speed is larger than at 11:00.

The turbulence is considered to correspond to neutral stability, and values have been deduced from the available wind measurements (neutral logarithmic wind profile) for the surface roughness z0 of 0.0112 m and 0.0177 m and friction velocity 3 * of 0.27 ms -1 and 0.35 ms -1 respectively for the 11:00 and 13:30 configurations.

In order to evaluate the effect of the different flow models on the tracer dispersion, six virtual sources have been considered in the area of the domain where the sonic anemometers were working (Figure 1, right panel). The emitted flux corresponds to a normalized rate of one unit per second of a neutral gas for a source at 1-m height. In the following the configuration of the two models, Code_Saturne and PMSS, is summarized. 

CFD-Code Saturne

Code_Saturne is applied in RANS mode with two turbulent closures described above: using a mixing 13 length approach (CS_lm) with a value lm=1 and a k-ε two equation model (CS_ke) previously used on similar set up (MUST). They both run on the same unstructured grid meshed around the obstacles and shown in Figure 3 (left). This mesh is variable in resolution ranging from 0.25m around the buildings to 1m on the sides for a total of 3 million cells. For each of the meteorological profile shown above, the simulations are run until a stationary state is reached. As the meteorological conditions are neutral the simulations are performed with constant density without the need for temperature boundary conditions. For the scalar dispersion, unit source terms are used in the cell surrounding the specified location. 

MicroSwiftSpray

PMSS has been applied in two configurations, using respectively the flow model SWIFT in the diagnostic (PMSS_D hereafter) or in the 'momentum' version (PMSS_M hereafter). In both the configurations, the simulations are performed in steady state. Wind and turbulence fields given as input to the dispersion model are considered in a stationary condition. This is also true, in particular, for PMSS_M, where the 'momentum' version of SWIFT is run in order to reach a steady-state solution. The computational domain covers a 120 × 140 × 300 m 3 volume, including all the obstacle array depicted in Figure 1. Meteorological data are represented in horizontal on a regular grid with a step of 0.5 m (241 × 281 points) and an irregular grid (43 points) in vertical, having a resolution varying from 0.1 m (close to the flat ground) to 40 m (close to the domain top, 300 m above ground, level). Obstacles are represented through a projection of the real geometry on the meteorological grid, filling the corresponding cells. In this respect, the layout of complex obstacles is described through the combination of rectangular prisms, with an approximation of half cell (0.25 m in our case). Figure 3 (right) illustrates the horizontal computational domain, grid and obstacles considered for PMSS.

In both meteorological configurations, the background turbulence is considered in neutral case, considering the values for the friction velocity 3 * deduced from the vertical profiles of the wind entering the domain.

Concentrations are represented on a grid having the same horizontal structure of the meteorological one and a vertical irregular grid having a resolution varying from 0. second hour the averaged concentration field is computed. This procedure takes a small portion (less than 1%) of the total simulation time. For each source, 15 particles are emitted every 0.1 s, such a high emission frequency is adopted to ensure a good continuity of the particle plume close to the source. A minimum resolution (contribution of the concentration by a single particle) is of 1.5 x10 -5 units.

Simulation of the flow field

Qualitative comparison between models

For the comparison among the model outputs we will mostly focus on the zoomed area including the sonic anemometers and the virtual sources (Figure 1, right). In the four cases, we have performed all the comparisons but choose to illustrate the differences using the most sophisticated approach (CS_ke) and the more advanced within the fastest (PMSS_M). The other results fall in between these two as will be seen below in the statistical comparisons. First let us compare a horizontal cross section of the wind speed at 1m above the ground for the two models PMSS_M and CS_ke (Figure 4).

In CS_ke simulation, the flow displays more details of the circulations around obstacles while in PMSS_M the flow tends to remain closer to the entering inflow direction, yet it is able to capture the main features around obstacles for both meteorological situations. If we now turn to statistical comparison between the 4 simulations (Table 2) we see that they mostly agree, as seen by the statistics. The deviation is larger between PMSS and CS_lm. The two versions of PMSS show an alternate better agreement with CS_ke: PMSS_D agrees better with CS_ke at 11:00, PMSS_M at 13:30. The two PMSS configuration behave similarly, whereas the two CS configurations show larger differences (FAC2 and NMSE) and their agreement is analogous as between CS_ke and PMSS cases. For the turbulence comparison between models (Table 3) the agreement is not as good. In PMSS, the background value (by definition uniform over the domain) is dominant, generating a minimum turbulent kinetic energy (tke) threshold; however, the obstacle-induced turbulence is effective inside the obstacle array (i.e. -15 m < X < 15 m) and modulates the final tke values with a behaviour similar to CS. From the statistics, we first observe that the two families (CS and PMSS) are well correlated among themselves but not between them. Among the two families, the best correlation is between PMSS_M and CS_ke but only of 0.37. For the fraction within a factor of 2 (FAC2) they are all above 50% excepted those involving CS_lm. 

Comparison between model predictions and sonic observations for the wind

In this section we present a qualitative and quantitative comparison of our simulations with the sonic observations. In Figure 6 we have plane section at z=1m comparing the sonic wind vectors with the two models PMSS_M and CS_ke while in Figure 7 we have a scatter diagram "measures vs observed" for all models and the two meteorological cases. Finally, in Table 4 we have a table of comparison statistics. In Figure 6 we can see the overall good agreement for speed and for PMSS_M and CS_ke but also a better agreement between CS_ke and the observations as it is generally seen better capturing the wind direction in between obstacles. Some of the largest differences in wind direction visible in that figure occur in the recirculating regions of the wakes (but not systematically). In these regions, small differences in position (horizontal and vertical) of the wake can lead to these large differences.

Comparison statistics over many more cases would be necessary to see if there is a systematic bias in the wake modelling.

From the scatter diagrams we see that the agreement with the observed wind speed is relatively fair, as also quantified by the statistics in Table 4. PMSS and CS_ke tend to overestimate the higher values, whereas CS_lm mostly tends to underestimate them. PMSS_M has always a (slightly) better performance than PMSS_D, CS_ke shows the best agreement, PMSS_D and CS_lm have analogous trends in the metrics for the two test cases. There is not a straightforward interpretation for the different behaviours, since the models in general did not show a systematic under-or over-estimation for the wind speed in past studies. The better performances of CS_ke and PMSS_M can be expected, because they are more refined models: CS_ke is the most advanced of all, PMSS_M is more advanced than its diagnostic version, by describing more physically the recirculation zones. Given that PMSS and CS_lm have different flow models (diagnostic/prognostic) but similar turbulence closures, the fact that CS_lm has often metrics similar to one of PMSS versions, when not worse (see FAC2), may indicate that the turbulence closure plays a key role in determining the performance of the models.

Table 4 Statistics of the predicted wind speed (ms -1 ) versus the observed values Model COR FAC2 IA NAD NMSE 11:00 13:30 11:00 13:30 11:00 13:30 11:00 13:30 11:00 13:30 PMSS_D 0.91 0.87 0.79 0.75 0.89 0.90 0.24 0.23 0.41 0.35 PMSS_M 0.94 0.90 0.82 0.79 0.93 0.93 0.22 0.19 0.32 0.25 CS_ke 0.94 0.94 0.96 0.89 0.95 0.95 0.14 0.14 0.14 0.13 CS_lm 0.87 0.89 0.64 0.57 0.90 0.93 0.23 0.20 0.34 0.28

Comparison between model predictions and sonic observations for turbulent kinetic energy

In Figure 8 and Table 5 we compare the simulation and observations for the turbulent kinetic energy for the four models. From the scatter plots and compared to the wind speed, we see that the overall agreement is much weaker. When compared to the observed tke, the predictions generally overestimate the observations; such overestimation is more enhanced for PMSS_D and CS_lm.

For PMSS, the minimum tke threshold, due to the dominant background value, is clearly visible in the scatter plots, spoiling the agreement with the observed values. This makes PMSS tke tend to flatten in a small range of values (0.75 -1), due to such minimum threshold turbulence. CS captures fairly the lower tke values, < 0.5 for 11:00 and < 1 for 13:30.

In Table 5 we confirm quantitatively the previous discussion with comparison statistics, where PMSS-CS overall agreement is much lower than for the wind speed. The correlation, FAC2 and IA are particularly low for all and only CS_ke is above 50%. NMSE is the largest for CS_lm.

With a more detailed analysis we have found that the largest overestimation occurs simultaneously for all simulations at S11L1 and S61L3 for 11:00 case, at S61L1 and S61L3 for 13:30 case. These sonic anemometers are located respectively upwind and centred with respect to the largest and the tallest obstacles in the measuring area, just downwind sources C2 and C5, thus conditions that are most critical for modelling the obstacle wakes.

Simulation of the dispersion and model to model comparison

In Figure 9 and 
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For Source C2 the concentration fields produced by PMSS show to be less sensitive than CS_ke to the initial wind direction and to the flow deviation induced by the obstacles. The main area of maximum concentration is similar, but PMSS misses the recirculation and deviation in the upwind wake of the larger obstacle in front of the source. The spread is similar so that the overall affected area is congruent between PMSS_M and CS_ke. As for Source 2, also for Source C5, CS_ke simulation reproduces a more enhanced lateral deviation of the plume at 13:30 given by a combination of the entering wind direction and the obstacle effect.

Such deviation is not fully captured by PMSS_M, where it looks much more restrained. This induces different spread patterns and affected areas. However, the zones with higher concentrations are still compatible.

In next Figure 11 and Figure 12 the x-profiles of concentration at y=76.5m are plotted for all four simulations and all six sources, at 11:00 and 13:30, respectively. there are similar values and better agreement between PMSS_D and CS_ke, as for 11:00. For C4, at 11:00 the agreement between the peak locations for both PMSS and CS_ke is very good, while a western shift is found for CS_lm. However, PMSS peak values are much higher than CS_ke, and more similar to CS_lm. CS_lm is different, showing a higher peak in correspondence to the second peak of CS_ke. At 13:30 the behaviour of the PMSS and CS runs is different, the peak are shifted, on the west for the PMSS ones, on the east for CS ones. The values are more similar between PMSS_D and CS_ke,

In general, there is a better agreement between PMSS runs and CS_ke, CS_lm is the most different.

PMSS and CS_ke are in agreement when capturing double peaks, but not always coherent in their locations. The spread is generally similar, and often the peak values agree. The differences already seen in the deviation of the plumes in Figure 9 and 10 are also found in this comparison.

The metrics for the model to model comparison computed at the sonic anemometers locations and at an x-line (points every 1m) along y=76.5m and z=1m are reported in Table 6 andTable 7, respectively. The statistics confirm and quantify the results detailed above, both at the sonic locations and considering the points at y=76.5m. While looking only at the sonic locations PMSS_D and PMSS_M show alternatively a better agreement with CS_ke, when considering all x-points at y=76.5m PMSS_M shows the best agreement with CS_ke for all metrics. To have an overall view on the comparison between the two statistical samples, in Figure 13 the scatter between PMSS_M and CS_ke is plotted for the sonic anemometer locations and the x-line (points every meter, total of 168 pairs) at y=76.5m. The spread is rather large, but most points distribute symmetrically with respect to the best-agreement line, indicating that there is not a definite bias between the two simulations. For the comparison, we retained a value of 10 -5 units as a reasonable minimum concentration, so that all lower values have been re-assigned such threshold. The points along the horizontal and vertical axes in Figure 13 correspond to the cases when one of the two models has a concentration equal or lower than the chosen threshold, while the other model provides a

higher concentration value at the same grid point. They thus record the occurrences for which the simulations are very different. It is worth noticing that such occurrences are confined in the lower range of values, from 10 -5 to 10 -3 units. 

Conclusions

The goal of this study was to assess and validate different approaches to resolve building wakes in numerical models at different levels of complexity, from simplified diagnostic models to more advanced CFD models using the Jack Rabbit II sonic field experiment (JRII). This type of study and The simulations were performed for the full domain with all 80 CONEXs present in the array, and with the boundary conditions derived from the four levels of the upstream 32 m tower data.

Detailed comparisons were carried out for the wind speed and for the turbulence level. Six virtual passive releases were also added in the simulations to investigate how the wake simulation can affect the dispersion.

For the wind speed, we have found a good overall agreement with the observations for all models, with a strong correlation within each family of models: PMSS_D with PMSS_M and CS_ke with CS_lm with more precision and details with the more advanced turbulence closure (CS_ke).

For the turbulence we have again a strong correlation within each family but a much weaker agreement with the observed values, with only CS_ke over 50% mark for the different statistics. For the PMSS family the parametrization gives a strong background turbulence and a relatively weaker obstacle turbulence and that explains the low correlation with the measurements. For the CS_lm, the poor results on turbulence are expected for the lowest level of turbulence closure that is considered very crude for obstacles.

In spite of the high sensitivity found for the turbulence, when we have compared the simulation results

for the concentrations of the six virtual sources, we found a much better agreement among the models.

For example, the correlation is above 80% within each family (PMSS and CS) and is around 50% for the two models that performed worse for the wakes (PMSS_D and CS_lm). The effect on the concentration field of the limitation in the turbulence representativeness could not be addressed and quantified, because measured concentration values are not available in the frame of the sonicanemometer experiments.

These differences in results have also to be related to the CPU usage: the CS_ke computation of 3M cells is of 46h total (460s on 360 cores of an HPC cluster), while the PMSS_D calculation is of 3 min for the flow field and 15min for the concentration on a desktop computer. The run-time is certainly a key issue when applying models to real cases, accidental releases and emergency response. Here we have seen that fast-running microscale flow models on average can provide performances comparable to advanced CFD models for the mean flow also in presence of obstacles, reassuring about their use in first reaction to emergencies. Yet they are not enough accurate in solving turbulence and this can have some impact on the proper simulation of the plume dynamics and its interaction with the obstacles, thus on the estimation of the concentration fields. More investigation is needed to address the real effect of such limitation, identifying possible improvements, through a comparison with real concentration data.

In perspective from the results achieved with existing models, we retain that there is further need to improve the turbulence parametrisations and closures around obstacles, not only in simpler models fast enough to be used for emergency responses in built area, but also in the CFD that could be further improved into full second order closure when more accurate and realistic results are needed and more time for computation is available. In addition, more meteorological conditions (non-neutral) need to be investigated with this dataset and more details could also be gained with comparisons with upcoming datasets from laboratory scale releases obtained in more controlled conditions. Gaining knowledge about the reliability and effectiveness of the turbulence parameterisation is important not only for improving the numerical models, but it has also implications for the theoretical treatment of the turbulent processes in the urban boundary layer.
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 1 Figure1. Sketch of the entire obstacle array (left) and zoom with locations of both the sonic anemometers, the towers (S11 and S32, 3 levels; S61 and S82, 4 levels), the masts (S23 and S73) and the virtual source C1 to C6 positions (right). The origin is the center of the concrete pad used for the chlorine releases (not considered here).

  16)SPRAY is a 3D Lagrangian Particle Dispersion Model, where the dispersion of an atmospheric tracer or contaminant is simulated following the trajectories of a large number of numerical particles. The trajectories are determined integrating in time the particle velocity, given by the sum of a transport component, defined as the local averaged wind and a stochastic component, representing the dispersion due to the atmospheric turbulence and obtained solving a 3D form of the Langevin equation for the random velocity, following[START_REF] Thomson | Criteria for the selection of stochastic models of particle trajectories in turbulent flows[END_REF]: k3 ( = l ( m, o, 5!k5 + p (7 m, o, 5!kq 7 5! (17) where 3 ( is the turbulent velocity, m is the particle position vector, and u the Lagrangian velocity vector. The term l ( m, o, 5!k5 is deterministic, it depends on the Eulerian probability density function of the turbulent velocity and it is determined from the Fokker-Planck equation. The p (7 m, o, 5!kq 7 5!is the stochastic diffusion term, where p (7 m, o, 5! is obtained from the Lagrangian structure function and related to the Kolmogorov constant U for the inertial subrange; kq 7 5! is the incremental Wiener process. The displacement k4 ( of the i-th particle is thus given by k4 ( = r ( + 3 ( + 3 s( !k5 (18)

Figure 2 :

 2 Figure 2: Wind speed profiles fitted with the neutral logarithmic law on March 24, at 11:00 (red left line and circles) and 13:30 (blue right line and circles), used in input to the flow model. The green circles indicated the wind speed measured at the 32-m tower.

Figure 3 :

 3 Figure 3: Computational grids used by Code_Saturne (left) and PMSS modelling system (right); In Code_Saturne the domain is meshed around the obstacles while in PMSS, the cells inside the obstacles are blocked.

  4 m (close to the flat ground) to 150 m (close to the domain top), counting particles inside the cells. For each release point, sources are represented releasing uniformly distributed computational particles inside a box of 25 × 25 × 25 cm 3 , centred at the height of 1m above the ground. To compute concentrations in a steady-state condition, the PSPRAY code is run for two hours and particles are sampled inside concentration cells starting from the second hour of each simulation. The first hour of simulation is used as a spin-up time in order to fill the domain with a statistically stationary number of particles. During the second hour, particles are sampled at a fixed frequency of 1 s to accumulate instantaneous concentrations, at the end of the
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 4 Figure 4: Comparison of the wind speed (m.s -1 ) cross sections at z=1m on the 24/3 at 11:00 (top) and 13:30 (bottom). CD_ke (left) and PMSS_M (right)

Figure 1

 1 Figure1for reference) as an example to discuss the differences between the flow simulated with the two Code_Saturne configurations and two PMSS models. The relative velocities are obtained by subtracting the entrance velocity at 1m.

Figure 5 :

 5 Figure 5: X-axis profiles of the relative magnitude of wind speed at z=1 m height and y=76.5 m for 11:00 (left) and 13:30 (right). PMSS shows a larger variability than CS, due to the relatively simplified flow model: the larger variation is due to the Y component of the wind velocity (not shown) while the X component is more similar to CS outputs. Using the 'momentum' version (PMSS_M) smooths the sharper velocity gradients observed in the diagnostic version (PMSS_D) and leads to values closer to CS. PMSS and CS are not always 'in phase', showing the overall flow in the building array is a little different in part due to the slight geometrical asymmetry. The agreement is better in the centre part of the obstacle area (-10m < X < 10 m). CS_lm shows less variability than all other due to its crude estimation of mixing.

Figure 6 :

 6 Figure 6: Comparison of wind vectors at 1m height for 24/3 at 11:00 (left) and 13:30 (right) for the sonics (black), CS_ke (blue) and PMSS_M (green). The sonic locations are indicated by red dots at the arrow base. The thick blue arrow at the bottom indicates the incoming wind direction (from the upstream tower), slightly off axis.

Figure 7 :

 7 Figure 7: Scatter plots for the wind speed predictions vs observations, for 11:00 (left) and 13:30 (right). Red circles: PMSS_D; dark orange dots: PMSS_M; green filled triangles: CS_ke; blue triangles: CS_lm simulations.

Figure 8 :

 8 Figure 8: Scatter plots for the tke predictions vs observations, for 11:00 (left) and 13:30 (right). Red circles: PMSS_D; dark orange dots: PMSS_M; green filled triangles: CS_ke; blue triangles: CS_lm simulations. [For CS_lm: 1 outlier (0.38;3.77) at 11:00, 2 outliers (0.46;4.46), (0.56;5.60) at 13:30.]

  Figure 10 the simulated concentration fields produced by CS_ke and PMSS_M simulations are plotted for the two test cases, at 11:00 and 13:30, and for Sources C2 and C5, respectively (other sources are not shown but are used in the comparison statistics).

Figure 9 :

 9 Figure 9: Comparisons of the concentration fields on 24/3, Source 2 at 11:00 (top) and 13:30 (bottom). CD_ke (left) and PMSS_M (right). All obstacles are present in the calculations but not graphically visible where the concentrations are too close to zero (PMSS_M).

Figure 10 :

 10 Figure 10: Same as figure 9 but for Source 5.

Figure 11 :

 11 Figure 11: Comparison of horizontal profiles of concentration (non-dimensional) at z=1m and y=76.5m for 24/3 at 11:00, Source 1 to 3 are on the left and 4 to 6 on the right.

Figure 12 .

 12 Figure 12. Same as Figure 11 but for March 24 at 13:30.

Figure 13 .

 13 Figure 13. Scatter plots of the non-dimensional concentrations, PMSS_M vs CS_ke, at the sonic anemometer locations (left) and at the x-points along y=76.5 m profile (right), at 11:00 (blue dots) and at 13:30 (orange triangles).

  model intercomparison aims at establishing the basis for improving the physical parameterisations in the numerical models, and provide indications for the proper application of different modelling approaches. The JRII dataset offers the uncommon opportunity to test flow models with field observations gathered in the wakes inside an obstacles' array, where the sonic anemometers have been placed with such specific purpose. After the summer 2015 chlorine releases during the Jack Rabbit II field experiment at Dugway Proving Ground, a special sonic anemometer study was carried out in October 2015 and March 2016. The goal was to provide documented wind fields in similar conditions to the actual releases and to study building wakes without risk for the instruments. A special emphasis was given to measure the flow around both a single CONEX and a 2 by 3 CONEX tower. This study included 30 sonic anemometers that were placed around these "buildings" to best capture the recirculating regions. Upstream of the building array a 32 m instrumented tower gives the incoming flow conditions.Building wakes are important for the dispersion of pollutants in cities and around industrial plants and therefore we have selected two time periods in order to present model to model and model to data comparisons. These periods are March 24, 2016 at 11:00 and 13:30, with neutral stratification, and the four different numerical tools are: a diagnostic "Röckle" type model (PMSS_D), the same model with an additional momentum resolution (PMSS_M) and a CFD model (Code_Saturne) with a mixing length turbulence closure (CS_lm) and a two equation k-ε turbulence closure (CS_ke), coupled with Lagrangian (PMSS) or Eulerian (CS) dispersion solution.

Table 1

 1 Selected

	Date	Time (UTC) Wind Direction Stability
	March 5 1730-1930	Southerly	U
		2030-2230	Southerly	U-N
	March 6 0730-1230	Southerly	S-N
	March 7 1500-1830	Southerly	N-U
	March 10 1800-2330	Southerly	U
	March 11 1130-1430	Southerly	S-N
	March 12 0100-0330	Southerly	S
		0500-0700	Southerly	S
	March 13 1800-2130	Southerly	U
	March 14 2230-0030	Northerly	N
	March 15 1430-1900	Southerly	U
	March 16 1400-1830	Southerly	N-U
	March 17 1500-1700	Southerly	U
	March 19 0200-0400	Northerly	N

time periods with quality-controlled measurements in the JRII sonic-anemometer field campaign on March 2016. Local time is UTC-06:00 before Daylight Saving Time (DST). Sunrise is ~1300 UTC (0700 local) before March 10 and ~1330-1400 UTC (0730-0800 local) after March 10. Sunset is ~0030 UTC (1830 local) before March 10 and ~0130 UTC (1930 local) after March 10. For each period the starting and ending time is given. The last column gives an indication of the stability over each period: N: neutral, U: unstable, S: stable.

  Where ; is the kinematic viscosity, 8 the density, -? is the Schmidt number. The turbulent fluxes of momentum 3′ ( 3′ 7 and concentration 3′ ( ?′ need to be determined by a turbulence closure model. A number of different models are available in CS and here we will concentrate on a simple mixing length model with no additional equation to solve and a well-known two equations k-ε turbulence closure adapted to the atmosphere as described in MC07. In these closures the turbulent fluxes are estimated as follows using a turbulent viscosity and a turbulent Schmidt number (-? A ; taken here as
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Table 2

 2 Statistics of the model vs model differences of predicted wind speed (ms -1 ) at all the sonic locations

	Model	COR	FAC2	IA	NAD	NMSE
		11:00				

13:30 11:00 13:30 11:00 13:30 11:00 13:30 11:00 13:30

  

	PMSS_D vs PMSS_M 0.98 0.97 0.93 0.89 0.99 0.98 0.07 0.08	0.03	0.05
	CS_ke vs CS_lm	0.94 0.92 0.68 0.61 0.97 0.96 0.17 0.19	0.21	0.28
	PMSS_D vs CS_ke	0.96 0.90 0.82 0.71 0.98 0.94 0.15 0.15	0.13	0.17
	PMSS_M vs CS_ke	0.92 0.94 0.75 0.89 0.94 0.97 0.17 0.12	0.20	0.09
	PMSS_D vs CS_lm	0.78 0.80 0.39 0.43 0.87 0.88 0.30 0.29	0.74	0.67
	PMSS_M vs CS_lm	0.85 0.88 0.36 0.36 0.92 0.93 0.29 0.26	0.58	0.46

Table 3

 3 Statistics of the model vs model predicted tke (m 2 s -2 ) at all the sonic locations

	Model	COR	FAC2	IA	NAD	NMSE
		11:00 13:30 11:00 13:30 11:00 13:30 11:00 13:30 11:00 13:30
	PMSS_D vs PMSS_M 0.81 0.81 1.00 1.00 0.70 0.70 0.06 0.06	0.07	0.06
	CS_ke vs CS_lm	0.74 0.64 0.57 0.57 0.58 0.50 0.28 0.33	1.12	1.31
	PMSS_D vs CS_ke	0.33 0.27 0.75 0.75 0.55 0.50 0.22 0.20	0.34	0.27
	PMSS_M vs CS_ke	0.37 0.27 0.75 0.79 0.52 0.41 0.18 0.17	0.21	0.18
	PMSS_D vs CS_lm	0.36 0.37 0.46 0.43 0.44 0.38 0.39 0.38	1.05	1.16
	PMSS_M vs CS_lm	0.29 0.28 0.43 0.46 0.19 0.14 0.39 0.39	1.17	1.31

  At 13:30 both CS peaks are shifted western with respect to PMSS ones. The values are larger for PMMS than CS_ke, closer to CS_lm value as at 11:00. For C6, at 11:00 the shapes of the curves are rather similar, but the PMSS peaks are shifted western with respect to CS peaks, and have a bit higher values. At 13:30 the behaviours are analogous to 11:00 case, CS_ke shows the lowest value.Source C2 represents a release upwind a larger obstacle. At 11:00, the bi-modal peaks are similarly captured by both PMSS and CS_ke. The peak values are a bit different, the spread is very similar; CS_lm is the most different. At 13:30 there is a good agreement for the peak location (the second for PMSS runs), and a similar spread for all runs. CS_ke has higher values than both PMSS, CS_lm has concentration values larger than all other ones. Source C5 represents a release upwind the tallest obstacle. At 11:00 both PMSS and CS_ke predict two peaks, but PMSS ones are shifted towards the west with respect to CS_ke, and the spread is a bit less. The peak values are similar but the largest peak is the first for CS_ke and the second for PMSS.

Table 6

 6 Statistics of the model vs model predicted concentrations (non-dimensional) at the sonic locations

	Model	COR	FAC2	IA	NAD	NMSE
		11:00 13:30 11:00 13:30 11:00 13:30 11:00 13:30 11:00 13:30
	PMSS_D vs PMSS_M 0.94 0.92 0.76 0.73 0.95 0.94 0.20 0.20	0.90 1.02
	CS_ke vs CS_lm	0.94 0.90 0.66 0.73 0.86 0.86 0.32 0.31	4.04 3.88
	PMSS_D vs CS_ke	0.71 0.58 0.60 0.51 0.83 0.74 0.35 0.44	2.87 4.17

Table 7

 7 Statistics of the model vs model predicted concentrations (non-dimensional) at y=76.5 m xgrid points, 1 m height

	Model	COR	FAC2	IA	NAD	NMSE
		11:00 13:30 11:00 13:30 11:00 13:30 11:00 13:30 11:00 13:30
	PMSS_D vs PMSS_M 0.99 0.98 0.76 0.80 0.99 0.99 0.11 0.12	0.26 0.29
	CS_ke vs CS_lm	0.82 0.94 0.53 0.64 0.85 0.92 0.33 0.28	2.26 1.25
	PMSS_D vs CS_ke	0.63 0.45 0.57 0.47 0.77 0.64 0.36 0.49	3.43 4.50
	PMSS_M vs CS_ke	0.66 0.50 0.66 0.53 0.80 0.68 0.34 0.45	3.09 4.08
	PMSS_D vs CS_lm	0.58 0.49 0.53 0.40 0.72 0.65 0.42 0.52	3.77 4.33
	PMSS_M vs CS_lm	0.60 0.55 0.48 0.45 0.72 0.68 0.44 0.49	4.17 4.46
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