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Abstract: Releases of harmful airborne materials may pasgriaus threat to the population in case of aidaat or
a malevolent action. In such a situation, a rediabid rapid assessment of the impacted areasighast interest for
the security services and their authorities to na@gd@sions and take appropriate protection measAsthese events
are more likely to occur in built-up (industrial orban) places, only 3D flow and dispersion moadetsadequate to
address these complex environments in possiblywegmeteorological conditions. This paper aimevaluate the
PMSS modelling system that comprises a diagnosticraomentum solving flow model and a Lagrangiarti€lar
Dispersion model. PMSS is validated on a panekpkamental test cases from the COST Action ES100®6th
idealized and real urban mock-ups, wind tunneliarfield trials, continuous and puffs releases. Thacentrations
predicted in various configurations of PMSS are parad to measurements on the basis of statistiealas. PMSS
proves to be compliant with the validation critegistablished in literature in the large majoritytloé test cases and
robust enough to be used in the context of emeygesponse, when fast but still reliable resulésregeded.
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INTRODUCTION

Atmospheric releases of potentially hazardous rizdsemay originate from accidents affecting indiastr
plants or malicious activities (sabotage or testoattack). As a threat for the population, theyy amajor
concern for the rescue team and their local oronati authorities seeking for reliable health impact
assessment of such events to take appropriateciooteneasures of the people.

Last years, improvements in modelling capabiliied computational resources have made 3D numerical
simulations more and more capable to deal with edgigrrain and complicated buildings geometry in
evolving meteorological conditions. However, flowdadispersion modelling in an industrial or urban
built-up area remains very challenging given theplex characteristics of this environment.

Most of the fast response systems devoted to diggein built-up areas rely on standard or modified
Gaussian models able to account for the effecthefndividual buildings and the global street reathv
However, they hardly apply to complex layouts ansient phenomena, like flow channeling and vostice
inside streets. By contrast, Computational Fluich@myics (CFD) models provide reference solutions by
solving the Navier-Stokes equations, thus propactount for complex flows in built-up areas, bufeu
from extreme computational times even on very laxg@puters. Thus, a trade-off is needed between the
accuracy of the flow resolution and the response tiespecially on limited calculation resources.



In this context, the Micro-SWIFT-SPRAY (MSS) (Timdii et al 2013) modelling system was developed
in order to provide a simplified, but rigorous d@ua of the flow and dispersion in built-up envirnants

in a limited amount of time. SWIFT is a 3D diagnosmass-consistent, terrain-following model taking
account of the buildings and providing the 3D fgelof wind, turbulence, and temperature. SPRAY is a
3D Lagrangian Particle Dispersion Model able tooact for the presence of buildings. In recent years
parallel versions of SWIFT and SPRAY have been lbpeal leading to the PMSS system (Oldebal.,
2017). Moreover, a momentum solver has been impitedein SWIFT (Oldriniet al, 2014) to simulate
more accurately velocity and pressure fields idthup environments than obtained with the diagmosti
flow model; this solver has been validated on agadéest cases (Oldrimt al, 2016).

After a brief description of the experimental teases, this paper is dedicated to the validatiqPSS

on experimental test cases from the COST ActionOBS1(Trini Castelli et al., 2016; Armand et al.,
2016). The tests include idealized and realisttanrmock-ups, wind tunnel and field trials, contins
and puff releases. In view of determining the deritsi and robustness of (P)MSS, the computations
were performed by independent teams of modelersngakarious choices regarding the meteorological
input data or the numerical options in (P)MSS. gkkdicted results were compared to measurements and
the performances of (P)MSS evaluated through &ttal analysis based on the fractional bias (Figg,
normalized mean square error (NMSE), and the fiaadf predictions over measurements in a factor of
0.5 to 2 (FAC?2). Following Hanna and Chang (20112¢, reference acceptance criteria for the restilts o
atmospheric dispersion in built environments &Bj kK 0.67, NMSE < 6, and FAC2 > 0.30.

BRIEF DESCRIPTION OF THE EXPERIMENTAL TEST CASES
Within the scope of COST Action ES1006, the boupdayer wind tunnel facility at the Environmental
Wind Tunnel Laboratory of Hamburg University wagddor the measurements in controlled conditions.

The Michelstadt experiment was designed as the first test for the validatibdispersion models in an
urban layout with the building structure represamtan idealized Central-European city. The urbamdwi
field was measured from a densely spaced griddBi@rent point sources were used and two opposite
wind directions were simulated. The concentraticasurements were positioned to be representative of
affected areas in various building configuratioBentinuous and puff releases were carried out atll b
non-blind and blind test cases established. Inbilvel tests, minimum information for the inflow was
available, as it would be the case during a reatlental or accidental situation.

The Complex Urban Terrain Experiment (CUTE) was designed to test dispersion models in rearurb
areas and it included results from field and windnel measurements. The experimental campaign was
carried out in the densely built-up downtown of en€al-European cityin the real-field test, the source
was located on a boat. SF6 was released continudushg the test and the samples at 20 measurement
points were analyzed after the trial by means ef gaomatography. In the wind tunnel tests, théesica
model of the city center was used and both contiswmd puff releases were considered.

ANALYSISOF MICHELSTADT WIND TUNNEL SIMULATION RESULTS

Continuous and puff releases from three sourceitnt@S2, S4 and S5 for the non-blind test and from
four source locations S5, S6, S7 and S8 for thedlikst were considered for the Michelstadt casayst
Three configurations of (P)MSS were run by indegenideams of modelers. As a matter of fact, even if
all relevant, the choices operated by users applfie same model may bring to rather differentltesu
Thus, the goal was to investigate the sensitivityR)MSS results to the the version of the modgllin
suite, the setting of the physical variables inutnpnd the numerical simulation parameters. Theainod
performances were evaluated by statistically commgathe numerical results with the observations
successively for the continuous releases and tfieglaases, for both the non-blind and blind tests

Michelstadt wind tunnel continuous releases

The scatter plots iffigure 1 compare the predicted and observed mean condentait the sensor
locations for all continuous releases. The sprestdiden predictions and observations is not nedgigib
yet a large part of the data lies inside the faofdwo area. The results of the blind test casesshghtly
less satisfying than the results of the non-bliest tases. The agreement is better for a releksg ta
place in an open square (like for the S2 souraa) fbr a release occurring in a complex environgant
street-canyon (S4 and S5 sources), at a cross&sadnd S7 sources) or inside a courtyard (S8 spurce
These considerations are confirmed when analyZiegptredicted mean concentration in terms of the
statistical metrics FB, NMSE and FAC2 as can ba& $sed able 1. Regarding FB, the results are mostly



acceptable according to the acceptance criteriBh 4F0.67. The results for FB are larger than zero,
indicating that the model applied for continuousirses tends to underestimate the observed mean
concentrations. Regarding NMSE, the model resuétsadthin the acceptance threshold value of 6 & th
non-blind test cases, while blind case resultsaber/e the acceptance criteria except for MSS_Aadh
NMSE is sensitive to far outliers, correspondingtedicted values that largely differ from obseimas,

even though they might occur rarely. Regarding FAtD2re is a satisfactory agreement of the model
results within the criterion applying to this sséital metric for both non-blind and blind tests.

Michelstadt wind tunnel puff releases

The scatter plots irigure 2 compare the predicted and observed mean dosadgsuéfrmean durations

at the sensor locations for all puff releases. Tdrgges of observed and predicted dosages are rather
different. In numerical simulations, minimum contrations are of order 0.1 ppmv with dosages taking
very low values. For the dosages calculated froenrtteasurements, only the puffs which exceeded 5
ppmv s were included in the evaluation. Given thellenging complexity of the tests, both blind and
non-blind cases show fair enough results, sincg tineely capture the passage of the puff even thwi
some underestimation of the dosage. While the sitadimean dosages are under-predicted, a reasonable
accuracy is obtained for the values greater tharppénv s. Less satisfying results are observed én th
blind cases due to the scarce input informationaliyi, for the puff duration results, only few ptirare
outside the factor of two area for all non-blindldind tests, well within the acceptance range.

The predicted mean dosage, mean peak concenteattmaged over 15 s, and mean duration are analyzed
in terms of the statistical metrics FB, NMSE andd2Aas reported iffable 2. (P)MSS tends to under-
estimate the mean dosage, given that FB exceedsctieptance limit 0.67 in most of the cases, bait th
scatter estimated through the NMSE keeps insiddinfieof NMSE < 6. The FAC2 value is acceptable
only for PMSS_B in the non-blind case. The poorfgrenance indicates that the model realization does
not capture the statistics of the puff PDF for fiasameter. The quality of the results is not systécally
better for the non-blind case than for the blin@.ofihis suggests that the performance of the misdel
well established and the difficulty in catching theean dosage is linked to the complexity of the tes
scenario and uncertainties of puff releases amediton. The mean puff duration is very well caumht

the model with all acceptance criteria, especiBINC2, respected. The quality of the results is &so

for the 15 s mean peak concentration and FAC2tisinvihe acceptance threshold alternatively for ohe

the two models in non-blind and blind test cases.

Figure 1. Michelstadt continuous releases. Scatter plothef Figure 2. Michelstadt puff releases. Scatter plots of thexlmted
predicted and measured mean concentrations, forailind and measured mean dosages (left) and puff meatiahs (right),
test cases (left: blue for S2, red for S4 and gfee85) and the for the non-blind test cases (S2, S4 and S5 squvtes colour)
blind test cases (right: blue for S5, red for Séeg for S7, purple and the blind test cases (S5, S6, S7 and S8 souedesolour).
for S8), for MSS_A (asterisks), PMSS_B (dots) aMBSS_C for MSS_A (asterisks) and PMSS_B (circles) confgians.

(triangles) configurations.

Table 1. Michelstadt continuous releases. COST ES10068tai Table 2. Michelstadt puff releases. COST ES1006 statistiwatrics
metrics for the three (P)MSS runs. Non-blind redsasom sources for two (P)MSS runs. Non-blind releases from sosi82, S4 and S5
S2, S4 and S5 and blind releases from sources6$575and S8.  and blind releases from sources S5, S6, S7 and S8.

Model FB NMSE FAC2 Model FB NMSE FAC2

MSS_A 0.68 4.35 0.46 Non-blind MSS_A 1.53 1.04 0.01

Non-blind testsPMSS B 0.11 2.15 0.64 Mean tests PMSS B 0.68 6.30 0.38
PMSS C 0.73 4.02 0.51 dosage Blind tests MSS A 1.25 4,94 0.15

MSS_A 0.64 2.07 0.41 PMSS B 1.17 3.84 0.08

Blind tests PMSS B 0.36 9.01 0.45 Non-blind MSS_A 1.25 3.05 0.13
PMSS C 0.67 11.55 0.38 15-s peak tests PMSS_ B -0.40 1.55 0.38

conc. . MSS A 0.65 2.81 0.31

Blind tests

PMSS_B 0.35 3.93 0.08

Non-blind MSS_A 0.09 0.07 0.92

Mean tests PMSS B 0.03 0.06 0.96
duration Blind tests MSS_A 011 0.18 0.86
PMSS_B 0.35 0.27 0.86




ANALYSISOF CUTE FIELD AND WIND TUNNEL EXPERIMENTS SIMULATION RESULTS

For CUTE, both field and wind tunnel continuous gnudf releases experiments were carried out. Here,
the goal was to investigate the sensitivity of #imulations to alternative (diagnostic or momentum
solving) flow models and meteorological input dnigithe dispersion of the tracer in (P)MSS.

Sensitivity to the turbulence intensityTwo sets of lower and higher turbulence inpuadeere evaluated
for computing the wind field driving PSPRAY modg&he turbulence intensity is partially depending on
the land-use, which here is very complex due tohéterogeneities related to the presence of a, rarer
industrial harbour area and the urban patt@mexpected, a stronger turbulence spreads angslilnore
the plume so that the high concentration zonesexiess far downwind the source. Having information
about e.g. the variances of the velocities, allbetser reproducing the turbulence level in the doma
Sensitivity to the wind direction profile For the field experiment continuous release, simulations
were performed using MSS scalar version. In MSS_®Wertical wind profile was calculated starting
from the only available measurement at 175 m gieethe modelers, keeping the direction homogenous
in vertical. In MSS_W?2, data coming from a nearbsather mast were used to build a wind profile with
directions that vary in the vertical following tla&ailable measurements. The different inputs haee t
effect to make the plume deviating in slightly difént directions, so that the affected areas #fereint.
Sensitivity to the flow model Flow computations were performed with both thegdostic and the
momentum versions of PSWIFT. The momentum versfd®SWIFT was found to be superior in solving
the flow inside the street canyons. Hence, it igeeted to provide a more physically sound and bildia
distribution of the tracer gas in a complex geomedtill, in this test case, it turned out that P8PRAY
concentration patterns were not drastically diffiérghen one wind model or the other was used.

CUTE in field and wind tunnel experiment continuous r eleases

The scatter plots ifrigure 3 compare the predicted and observed mean condentat the sensor
locations for CUTE both field and wind tunnel conibus release tests. They show a tendency towards
underestimation and a quite high degree of sctitahe weak concentrations while the simulatiorihef
highest concentrations is more satisfying. Forfillel experiment, the best agreement is obtainethén
configuration MSS_W?2 because a more relevant winelction profile was used in this case. For the
wind tunnel experiment, a fair agreement of thedjmtéons with the measurements is obtained in all
configurations, especially for the highest concaiins. (P)MSS performances are similar to thahdou
in the Michelstadt wind tunnel test cases withitifience of some input conditions illustrated.

These considerations are confirmed when analyZiegptredicted mean concentration in terms of the
statistical metrics FB, NMSE and FAC2 as can be s&& able 3. For the field experiment, the statistical
measures show a certain variability among the gonditions of (P)MSS. Half of the results indicate
biased FB and NMSE larger than the acceptancesliwtiile a FAC2 greater than 0.3 complying with the
acceptance criterion is documented. Given the lbsoklte concentrations, also the differences batwee
observed and predicted data are small, but theg hdarge relative weight. Here, results obtain&t w
the momentum (M) and diagnostic (D) flow modelsPiS8WIFT perform equivalently well in terms of
FAC2 while there is more scatter in PMSS_M compaceBMSS_D. Noticeably, concentrations are no
more systematically under-predicted when usingntioenentum flow model as it was the case with the
diagnostic one. For the wind tunnel, the statisticatrics are better than for the field experimand all
configurations meet the acceptance limits, gividgCR values much better than the required limit. FB
and FAC2 results obtained with PMSS_M improve withpect to results using PMSS_D.

CUTE wind tunnel puff releases

The scatter plots irrigure 4 compare the predicted and observed mean integiadentration or
dosage and the mean duration at the sensor losdtolCUTE wind tunnel puff releases. The pairethda
are few, thus the comparison and the related statido not represent a comprehensive validatist) te
yet they provide interesting insights. In both (B# runs, there is a tendency to underestimate the
integrated concentrations ranging betweehar@ 10 ppmv s, whereas the highest observed values are
well reproduced by the predictions. These resuksim line with the findings in Michelstadt cases f
puff releases. PMSS_D run tends to generate afangan duration than experimentally observed while
the mean durations predicted by MSS fits well theesved values.

The predicted mean dosage, mean peak concentr@fieraged over 15 s and the mean duration are
analyzed in terms of the statistical metrics FB, 8#/and FAC?2 as reported Trable 3. As for the wind
tunnel continuous release, the puff releases sesl@monstrate predominantly fair performance of the



model in both configurations. While MSS generat@®e better results compared to PMSS_D, the latter
one still gives acceptable results.

1o
A
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Figure 3. CUTE field experiment continuous release (left) Figure 4. CUTE wind tunnel puff releases. Scatter plot & th
and wind tunnel continuous release (right). Scatietr of predicted and measured mean dosage (left) and theation

the predicted and measured concentrations, fdj ($S_W1 (right), for MSS (asterisks) and PMSS_D (circles).
(green asterisks), MSS_W2 (orange asterisks), PIdSBlue

circles), PMSS_M (red circles), and for (right) M@fBeen

asterisks), PMSS_D (blue circles), PMSS_M (redes)c

Table 3. CUTE continuous and puff releases. COST ES1006&ttali metrics for various (P)MSS runs.

Model FB NMSE FAC2

PMSS D 0.03 5.59 0.35

. . PMSS M -1.07 23.01 0.32
Field Experiment Cont. release Mean conc. MSS W1 0.96 1137 0.30
MSS_W2 -0.30 3.01 0.57

PMSS_D -0.34 1.75 0.38

Cont. release Mean conc. PMSS_M -0.07 2.09 0.47

MSS -0.21 2.27 0.35

' Mean dosage PMSS_D -0.47 2.63 0.38
Wind tunnel MSS -0.53 1.67 0.44
Puff releases 15-s peak conc. PMSS D 0.77 271 038

MSS -0.17 0.44 0.50

Mean duration PMSS_D -0.72 0.64 0.27

MSS -0.03 0.04 1.00

CONCLUSIONS

The validation of (P)MSS has been performed agaimesexperimental results performed in the frame of
the COST Action ES1006 with an increase in the derity level, from the wind tunnel mock-up scale
to full scale real situations, from stationary pksro highly variable puff releases, also fromagdostic
flow model to a model solving the momentum equatf@nly a part of the (P)MSS validation exercise is
presented is this paper; the reader can find a exdraustive presentation in Trini Castellial. (2018).

The statistical analysis for (P)MSS in various ogumfations has shown that in most of the test ¢dbes
(P)MSS performances are within the acceptancerieriiefined for modelling in urban environments.
Moreover, (P)MSS proved to be robust even whenintpatith poor information input (as is the case
during the response phase of an accidental or imadicsituation) and various physical and numerical
parametrizations of the modelling system.

Even for the puff releases, (P)MSS was able tacad the deflection of the plume axis with respgect
its initial direction due to the effect of buildirgjructures on ground-level wind flow in Michelstahd
CUTE test cases. Notwithstanding the variabilitytted results from the different model configuragpn
the dispersion patterns and the the areas affbgtéte plumes are always consistent among them.

Sensitivity tests on the input flow data showed #lightly different wind directions or turbulentevels

lead to substantially distinct affected areas. Thpusper meteorological data are of outmost impmea

in achieving reliable simulations. For accidentahwlicious releases, it may be not easy to havarate

and timely observed data. However, the planning sénsor network, to assure a continuous monitoring
of the meteorological situation, is certainly fédsifor sensitive industrial sites.

Besides its own interest, the validation of (P)M&fIresses the capability and reliability of Lagiang
particle models in the conditions of an emergemciuiilt-up environment. In practical applicatiofisst
responders and stakeholders are provided withethdts of simplified models, which are not appragi
tools in a built-up environment. Consequently, orse procedures based on simplified models may be
not effective or incisive, or even misleanding. tBe contrary, (P)MSS succeeds in a trade-off batwee



accuracy and timeliness of the computations, detratitgy that such a modelling system is a valuable
support to the emergency preparedness and respamseis a real benefit for this field of research.
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