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ABSTRACT: The paper describes the observational and modeling efforts performed under the
Bolzano Tracer Experiment (BTEX). BTEX focused on the basin surrounding the city of Bolzano, at
the junction of three tributary valleys on the southern side of the Alps, to characterize the ground-
level impact of pollutants emitted by a waste incinerator close to the city, and atmospheric factors
controlling dispersion processes in the whole basin, under different winter weather situations. As
part of the experiment, two controlled releases of a passive gas tracer (sulfur hexafluoride, SF;)
were performed through the stack of the incinerator on 14 February 2017 at two different times,
starting respectively at 0700 and 1245 LST, representative of distinct phases of the daily cycle.
Samples of ambient air were collected at target sites, and later analyzed using a mass spectrometer,
allowing a detectability limit down to 30 ppt. Meanwhile, meteorological conditions were con-
tinuously monitored by means of a high-resolution, nonconventional network of ground-based
instruments, including 15 weather stations, one temperature profiler, one sodar, and one Doppler
wind lidar. Data from the above measurements represent one of the rare examples of integrated
datasets available to the community for the characterization of dispersion processes in a typical
mountainous environment. In particular, they offered a reference benchmark for testing and
calibrating a series of combined numerical modeling suites for weather prediction and pollutant
dispersion simulation in such a complex terrain, as shown in the paper.
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tmospheric processes occurring over complex terrain—e.g., hills, mountains, valleys, or

basins—are characterized by inherently intricate flows (Whiteman 2000). These originate

from a variety of landforms, as well as from contrasts among diverse land use and land
cover—such as in natural/rural versus densely urbanized areas (Giovannini et al. 2014b)—
which add up to the many different mechanisms making exchange and transport processes
in the atmospheric boundary layer intrinsically complex (Serafin et al. 2018).

Among these processes, those governing the dispersion of pollutants in complex terrain still
pose many challenging open questions, not only for the intrinsic limitations of the available
observational and modeling tools, but also for the lack of appropriate conceptual schemes
and theoretical background (Giovannini et al. 2020).

In particular, among the variety of complex Earth’s landforms, valleys and basins display
peculiar properties. Here ventilation from upper winds is significantly reduced, as the side-
walls shelter the lowest layers, below the crest levels, from downward penetration of upper
flows, especially in deeper valleys and basins. In addition, nighttime radiative cooling favors
the pooling of deep cold layers in the lowlands, and further surface cooling at the valleys’ and
basins’ floors is enhanced by the convergence of drainage flows along the sidewalls. These
situations typically produce strongly stratified, stable layers that suppress turbulent mixing
and, further, inhibit the penetration of upper flows down to the lower levels. In particular,
recurrent stagnation situations (e.g., cold pools) may occur in depressed or confined areas,
especially during wintertime (Conangla et al. 2018).

On the other hand, when there is no upper forcing—such as under well-leveled, large-scale,
high pressure fields, typically associated with anticyclonic situations and clear skies—the
diurnal cycle of strong incoming solar radiation during daytime, and longwave outgoing
radiation at nighttime, promotes the development of organized daily periodic thermally
driven winds (Zardi and Whiteman 2013). These winds typically are directed up-slope dur-
ing daytime and downslope during nighttime, and are associated with peculiar turbulence
structures (Rotach and Zardi 2007). The extent and strength of these circulations is strongly
dependent upon a series of factors, including the overall synoptic-scale situation, as well as
weather conditions during the preceding days. For instance, after rainy days, increased soil
moisture is typically associated with larger latent heat fluxes, reducing the available sensible
heat fluxes required for raising surface air temperatures, and forcing the above flows.

The detailed representation of the above-described flows—which is required for a series of
operational applications, including air quality management—still poses serious challenges,
both to observing systems and to numerical models (cf. Serafin et al. 2018 for a thorough
review).

Indeed, the need for understanding the nature and characteristics of transport processes
over complex terrain has continuously stimulated various research projects. In the past, the
research project Atmospheric Studies in Complex Terrain (ASCOT) conducted an intensive
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field study in the Brush Creek Valley of western Colorado in September—October 1984
(Clements et al. 1989). The overall objective of the study was to enhance the understanding
of pollutant transport and diffusion associated with valley flows. Data collections were de-
signed to investigate nocturnal and morning transition of wind, turbulence, and temperature
fields in the valley, its tributaries, and on its sidewalls. Accordingly, targeted release and
sampling of atmospheric tracers were also used to study transport and diffusion (Orgill 1989;
Allwine 1993).

Furthermore, under the umbrella of the Mesoscale Alpine Programme (MAP), the MAP-
Riviera project offered in 1999 the opportunity for an unprecedented deployment of many
different observational resources, including airborne measurements and tracer releases, for
an in-depth investigation of turbulence and boundary layer processes in the Riviera Valley
in Switzerland (Rotach et al. 2004a).

More recently, the project Alpine Noise and Air Pollution Study (ALPNAP) investigated
the effects of local atmospheric processes controlling propagation of acoustic noise and
dispersion of air pollution, originating from traffic, along two major routes in the Alps,
i.e., the Brenner and Frejus corridors (de Franceschi and Zardi 2009; Gohm et al. 2009;
Schicker and Seibert 2009; Trini Castelli et al. 2011).

The project Vertical Transport and Mixing (VTMX) performed in 2000 in the Salt Lake
Valley (Doran et al. 2002) investigated the vertical transport and mixing in the boundary
layer, particularly under stably stratified conditions, and weak or intermittent turbulence,
during the morning/evening transitions. The project concentrated in urban basins or valleys,
and on phenomena such as formation and evolution of inversions and transport of pollut-
ants around layers trapped in valleys. Similarly, the project Persistent Cold-Air Pool (PCAPS)
explored extensively in 2010-11 the persistence of long-lasting cold pools in the Salt Lake
Valley and its implications for air quality (Lareau et al. 2013). Also, the project Mountain
Terrain Atmospheric Modeling and Observations (MATERHORN) investigated complex-terrain
meteorology over a wide range of scales, topographic features, and driving mechanisms by
drawing expertise from multiple disciplines and by employing complementary research
methodologies (Fernando et al. 2015). Two major field experiments were conducted in fall
2012 and spring 2013 at the Granite Mountain Atmospheric Sciences Testbed (GMAST) of the
U.S. Army Dugway Proving Ground (DPG) in Utah, collecting high-resolution measurements
focusing on conditions dominated by either thermally driven circulations or strong synoptic
forcing. More recently, the project Passy-2015 (Paci et al. 2016) concentrated on atmospheric
dynamics and air quality in the Arve River Valley near the city of Passy in the French Alps,
combining field measurements and high-resolution modeling of pollutant transport under
unfavorable conditions (Sabatier et al. 2020a,b), especially connected to persistent inversions
and cold air pool situations in the area and its surroundings (Largeron and Staquet 2016a,b;
Arduini et al. 2016, 2020; Quimbayo-Duarte et al. 2019a,b).

Finally, the ongoing cooperative research program Multi-scale transport and exchange pro-
cesses in the atmosphere over mountains — programme and experiment (TEAMX) is pursuing
the goal of exploring further transport and exchange processes characterizing mountainous
areas at different scales, through a combined approach including both intensive field measure-
ments, by means of integrated instrumental systems and platforms concentrated at selected
target areas, and high-resolution numerical modeling (Serafin et al. 2018, 2020).

To trace precisely the processes controlling the dispersion of pollutants, a number of re-
search projects included controlled releases of tracers as part of their field campaigns: a com-
prehensive summary is offered in Table 1. By means of these experiments, different situations
have been explored, ranging from ground-level emissions to elevated sources (e.g., stacks of
industrial plants). In particular, the European Tracer Experiment (ETEX: Van dop et al. 1998;
Nodop et al. 1998) focused on the comparative assessment of the ability of various dispersion
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Table 1. Summary of research projects on pollutant dispersion including controlled releases of tracers as part of their field
campaigns (country abbreviations are U.S. = United States, NL = Netherlands, DK = Denmark, U.K. = United Kingdom,
ES = Spain, CH = China, DE = Germany, FR = France, and CA = Canada).

Years | Experiment Site Country| Tracer Source elevation Terrain Environment References
Surface |Elevated | Simple | Complex | Rural | Urban | Mountain
19?;15_755' Round Hill Boston u.s. SO, X X X Cramer et al. (1958)
Project _— Barad (1958)
1956 Prairie Grass O'Neil U 50, X X X and Haugen (1959)
Fuquay et al. (1964)
1959 Green Glow Hanford u.s. ZnS X X X and Nickola (1977)
Fuquay et al. (1964)
1960-61 | Hanford-30 Hanford u.s. ZnS X X X and Nickola (1977)
1961-62 | Dry Gulch | Vandenberg u.s. ZnS X X X Haugen and Fuquay (1963)
Ocean Cape
1961-62 Breeze Canaveral u.s. ZnS X X X Haugen and Fuquay (1963)
1963-73 | Hanford-67 Hanford u.s. ZnS X Nickola (1977)
1964 Hanford-64 Hanford u.s. InS X Nickola et al. (1983)
1975-77 SRPTEX Aiken u.s. Kr-85 X X Telegadas et al. (1980)
Nieuwstadt and
1977-78 Cabauw Cabauw NL SF, X X X van Duuren (1979)
. Gryning and Lyck
1978-79 | Copenhagen | Copenhagen DK SF, X X X (1980, 1984, 2002)
Southern .
1978-79 — Weald U.K. SF, X X X Emberlin (1981)
PTCH Ferber et al. (1981)
1980 OKTEX Norman u.s. PMCH ’SF X X X and Moran and
'8 Pielke (1989a,b)
Dickerson and Gudiksen
(1983), Clements et al.
- (1989), Orgill (1989),
1980 ASCOT California u.s. SF, X X X X Whiteman (1989),
Gudiksen and Shearer
(1989), and Allwine (1993)
1980-81 Kincaid Kincaid u.s. SF, X Bowne et al. (1983)
1982 Bull Run Claxton u.s. SF, Bowne et al. (1983)
1982-83 | ACURATE Aiken u.s. Kr-85 X Heffter et al. (1984)
Ferber et al. (1986),
Dayton,
1983 CAPTEX sudbur u.s. PMCH X X Haagenson et al. (1987),
y and Hegarty et al. (2013)
1983 Hanford-83 Hanford u.S. SF, X X X Doran and Horst (1985)
Washington
1984 METREX D.C., Rockville, U.sS. PMCH, PDCH X X X Draxler (1985)
and Lorton
Sivertsen and Irwin
1985 Teruel Teruel ES SF, X X X (1987, 1996) and
Sivertsen (1988)
1985 Indianapolis | Indianapolis u.s. SF, X X X Murray and Bowne (1988)
Santa Pennell et al. (1987) and
L2 el Barbara, CA o e S S S Strimaitis et al. (1991)
1986-87 — Los Alamos u.s. Radionuclides X X X Bowen (1994)
1987 — Mogollon - ¢ SF X X X Bruintjes et al. (1995)
Rim, Arizona 6
Draxler and Heffter
Glasgow, (1989), Haagenson
1987 ANATEX st Cloud U.S. PTCH X X X et al. (1990), and
Sykes et al. (1993)
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Table 1. (Continued).

Years |Experiment Site Country| Tracer |[Source elevation Terrain Environment References
Surface |Elevated | Simple | Complex | Rural | Urban | Mountain
TRANSALP Canton Ambrosetti et al.
Lkl 90 Ticino & i X X X (1994, 1998)
1989 IACP Roi;‘:ke' us. SF, X X X Allwine et al. (1992)
1990 NGS
o Grand
1990 Visibility U.S. PFC X X X Chen et al. (1999)
Canyon
Study
LMOS-Lake i
toor | mictigon |G BE | us | s X X Exstman el 1995
Ozone Study g '
1992 TRACT Sasbach DE PDCH-C.F X X X Zimmerman (1995)
Grand Pitchford et al. (1997),
1992 MOHAVE Ca: on U.S. oPDCH X X X Green (1999), and
y Koracin et al. (2000)
PMCH, Van dop et al. (1998)
kS 312 ! i PMCP S 2 S and Nodop et al. (1998)
Freiburg- Fiedler et al. (2000)
1996 SLOPE Schauinsland DE 3Fs X X X and Kalthoff et al. (2000)
Val\I/ilc(j):teilon Vandenberg
1997 Air Force U.S. SF, Min et al. (2002)
Program
- Base
experiments
1999 MAP Riviera CH PEC X X X Rotach et al. (2004a)
Valley
1999- URGENT/ o .
2000 PUMA Birmingham U.K. PMCH X X X Britter et al. (2002)
Salt Lake Doran et al. (2002)
2000 VIMX Valley U PFC X and Fast et al. (2006)
URBAN Salt Lake .
2000 2000 City U.S. 87, X X X X Allwine et al. (2002)
Ellerslie,
2001 — Alberta CA CH, X X X Flesch et al. (2004)
2002 — Vandenberg u.s. SF, X X Min et al. (2002)
2002 BUBBLE Basel CH SF, X X X Rotach et al. (2004b)
Allwine et al. (2004),
Clawson et al. (2005),
Oklahoma Allwine and Flaherty
2003 JU2003 City u.s. SF, X X X (2006), Doran et al.
(2007), and Flaherty
et al. (2007)
Martin et al.
2003-04 DAPPLE London U.K. PMCH X X X (2010a,b) and
Wood et al. (2009)
Mestayer et al. (2011)
2010-12 FluxSAP Nantes FR SF, X X X and Connan et al. (2015)

models in simulating emergency response situations in various different countries in northern
Europe. Here releases of passive tracers, both from elevated sources and from surface level,
were carried out to identify how pollutants migrate within the urban environment.

These concentration datasets, once shared within the community, provided very im-
portant common reference benchmarks for testing developments and improvements in
dispersion models, even long after the experiments were performed (cf. Ngan et al. 2015;
Ngan and Stein 2017).
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However, Table 1 shows that only few of the above projects were conducted over com-
plex mountainous terrain. This is very likely due to the intrinsic difficulties in designing
and managing measurement campaigns in such a challenging environment. Nevertheless,
significant efforts were made in recent years to improve our modeling capabilities, and data-
sets for verification of progress made with numerical simulations would be highly valuable
(e.g., Giovannini et al. 2014a,b, 2017, 2020; Tomasi et al. 2017, 2019; Serafin et al. 2018;
De WekKker et al. 2018).

Accordingly, the present paper contributes to filling this gap by providing an overview of
the scope, concept, implementation and results of the Bolzano Tracer Experiment (BTEX).
Indeed, the project aimed at performing a careful environmental impact assessment of the
fate of emissions from a waste incinerator south of the city of Bolzano in the Italian Alps. In
view of that, it also offered the opportunity to investigate in depth the complex atmospheric
processes occurring in the surrounding area, that were only partly envisaged by previous
studies (cf. Dosio et al. 2001; Laiti et al. 2013a,b, 2014). To take appropriately into account
these processes, a remarkable part of the effort was invested in setting up and testing dif-
ferent combinations of numerical weather prediction and pollutant dispersion models, in
order to simulate as precisely as possible the transport and diffusion of emissions from the
incinerator under various situations. In particular, the testing phase aimed at evaluating the
model performance for both short- and long-term prediction of the dispersion of pollutants
emitted by the plant. To accomplish this goal, a suitable observational basis of passive tracer
concentrations from controlled releases through the chimney of the incinerator was collected,
as part of a field campaign also including an intensive deployment of various instruments
for meteorological measurements in the area. The series of results obtained from the project
turned out to be applicable well beyond the present case study: indeed, Bolzano is a medium-
sized city located in a rather wide basin, so understanding phenomena occurring in Bolzano
basin may cast new light on many other quite similar situations, not only in the Alps, but also
in many other comparable mountain range systems. Accordingly, the present paper was also
motivated by the will of disseminating these results among a broader community.

The paper is organized as follows: the target area and the waste incinerator layout are
introduced, the concept and design of the BTEX project are outlined, the modeling chains
adopted for simulations are presented, and their results are discussed. Finally, some conclu-
sions and an outlook for future research are drawn.

Outline of the situation

Characterization of the target area. Bolzano (in German Bozen) is a mid-size city in the
central Italian Alps, and the most populated urban area (about 108,000 inhabitants as of
2019) in South Tyrol. Here people speak either German or Italian (hence names in German
will be added in parentheses in italics).

The city expands in a wide open and flat area of the Adige Valley (Etschtal) at 262 m MSL,
where the Talvera (Talfer) River and the Isarco (Eisack) River join the Adige (Etsch) River. Here,
the Adige Valley bends from east-west to north—south oriented, and two tributary valleys,
where the above rivers flow—namely, the Sarentina Valley (Sarntal) and the Isarco Valley
(Eisacktal)—join from the north and the east, respectively (Fig. 1). These valleys are rather
deep, as their steep sidewalls are rather uniformly flanking them, and their crests easily exceed
1,200 m MSL. In particular, the Adige Valley is a typical U-shaped glacial valley, with a quite
wide floor, whereas the Sarentina Valley and the Isarco Valley are rather V-shaped. The climate
of Bolzano is continental, characterized by warm summers and cold winters. Wind regimes are
dominated by terrain effects (Dosio et al. 2001). Occasionally, pressure gradients across the
Alps may result in moderate to strong dynamically driven orographic winds (féhn). Instead,
in the absence of significant synoptic-scale forcing, the local wind regime is dominated by the
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of thermally driven winds  4ss0n
(Giovannini et al. 2015,
2017). In particular, during
daytime the wind blows up-  46°35'N
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Valley. During nighttime
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leys. The valley topography
controls the penetration of
solar radiation (cf. Laiti et al.
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are mostly absent or very  Fig. 1. Overview of the BTEX target area and surrounding mountains and
weak during wintertime  valleys around the city of Bolzano (BZ): the map indicates the incinerator
(de Franceschi et al. 2009; (labeled 1), and the monitoring systems used during BTEX, including one
Falocchi et al. 2019, 2021), sodar (labeled 2), one microwave temperature profiler (labeled 3), one
Doppler wind lidar (labeled 4), and 15 ground-based weather stations

whereas ground-based ther-
5 (WS1-WS15) (reproduced with permission from Falocchi at al. 2020).

mal inversions often occur
at the valley floors during
nighttime. The combination of these factors determines frequent and persistent stagnation
conditions, which are very critical for air quality in the area: Fig. 2 provides an overview of
the occurrence of different stability situations in wintertime in the area.

A peculiar feature was observed at the narrow outlet of the Isarco Valley: here the
drainage wind often accelerates and spreads into the Bolzano basin in the form of a valley
exit jet (see sidebar), with peaks of wind strength exceeding 12 m s (Tomasi et al. 2019;
Falocchi et al. 2020).

Under such varied situations, pollutant transport processes may display quite nontrivial
patterns. A similar example is reported in Hanna et al. (1984) for a case study at the Westvaco
Luke Mill in western Maryland (United States): a scenario with a deep river valley, up- and
down-valley flows depending on time of day, and plume impaction on nearby hillsides.

Characterization of the emissions. The waste incinerator is about 2 km southwest of Bolzano,
in the lower Adige Valley (black square in Fig. 1). The plant started operating in July 2013,
with a maximum waste treatment capacity of 130,000 t yrt. The post-combustion treatment
of the exhaust smokes includes a system for the abatement of pollutants and a series of
probes monitoring their physical properties and chemical composition, before release into
the atmosphere through a chimney 60 m high AGL. Under usual operating conditions, they
are ejected at a constant flow rate of 105 Nm? h™! with a temperature of 413 K. Therefore, the
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impact areas of the pollut-
ants and their ground con-
centrations mostly depend
on local atmospheric pro-
cesses, in particular wind
regime and stability, as well
as on the effective source
height (see section “Ex-post
simulations” below).

The city of Bolzano, as
well as the surrounding
suburban areas, are rather
densely populated (2,060
inhabitants per square
kilometer), and major infra-
structure—including many
roads, a major highway,
many factories, and indus-
trial plants—concentrates
there. As a consequence,
various sources of air pol-
lutants exist in the area,
as shown by the Emission
Inventory provided by the
Environmental Agency of
the Autonomous Province
of Bolzano (Fig. 3). Among
them, domestic heating and
local traffic play a major
role. In particular, the
Brenner Highway crosses the
whole basin, north to south,
through the middle of the
urban area. With its annual
flow of about 16 million ve-
hicles, including both cars
and heavy lorries (trucks), it
is a major source of nitrogen
oxides (NO_ in Fig. 3a) and
particulate matter (PM10
in Fig. 3b). This situation
motivated a series of initia-
tives, including the proj-
ect Brenner Low Emission
Corridor (BrennerLEC) and
a recent study aimed at dis-
entangling the impact of
weather conditions on ob-
served pollutant concentra-
tions (Falocchi et al. 2021).
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Fig. 2. Relative frequency of wintertime stability situations over the daily
cycle in the Bolzano basin, based on Pasquill-Gifford stability classes, evalu-
ated over the period December 2006-December 2014.

Fig. 3. Maps of mean annual surface emissions in the area surrounding
Bolzano based on the Emission Inventory by the Environmental Protection
Agency of the Autonomous Province of Bolzano: (a) NO, and (b) particulate
matter (PM10). The black star indicates the incinerator.
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Valley exit jets

Valley exit jets are a peculiar case of nocturnal down-valley winds occurring at the exit of a narrow valley on

a wider adjacent area, such as a plain, or a basin, or a wider valley (Zardi and Whiteman 2013). According to
Chrust et al. (2013), valley exit jets can develop as thermally driven flows when the synoptic forcing is weak
and the wind dynamics is only controlled by the temperature contrast between the air masses in the valley and
outside its outlet. Conversely, dynamically driven valley exit jets may occur when mesoscale effects allow the
penetration of synoptic winds into the valley, thus enforcing the local circulations. In either case, as a conse-
quence of the cross-section widening, the cross-flow structure of the wind may expand (Fig. SB1). Instead, the
modification of vertical structure on the lower layers is strongly dependent of the existing stratification in the
wider area receiving the flow: low-level inversions often impede the downward penetration of momentum. As a
result, the upper flow remains quite decoupled form the stable cold pool below.

A remarkable example of such a jet occurs at the outlet of the Inn Valley (Austria) onto the Bavarian Plain
(Germany). Pamperin and Stilke (1985) provided observational evidences, later confirmed by numerically model-
ing simulation (Zangl 2004, 2008). More recently, Jiménez et al. (2019) performed mesoscale numerical simula-
tions to investigate the formation of a valley exit jet at the mouth of the Aura Valley, in the Pyrenees, under
different synoptic forcing.

Jet-like flows were also detected at the exit of tributary canyons from the Wasatch Mountains into the Salt
Lake Valley (Banta et al. 1995, 2004; Fast and Darby 2004; Darby and Banta 2006; Darby et al. 2006).

Similar features occur on canyon-like valleys opening onto the plains south of Boulder, Colorado
(Coulter and Gudiksen 1995; Doran 1996; Varvayanni et al. 1997), and at the exit of valleys issuing onto the
Snake River plain in eastern Idaho (Stewart et al. 2002).

Valley exit jets may have a relevant impact on the boundary layer structures downstream to the valley exit (cf.
Jiménez et al. 2019), as well as on the environment. For instance, when they advect cleaner air, they may have a
cleansing effect in more polluted areas. Although they may be not so effective in removing pollutants for lower
layers, as long as their stability prevents penetration, they can help wash out pollutants emitted from elevated
sources (cf. Darby et al. 2006).

A similar situation has been more recently investigated in the Weber Canyon by Chrust et al. (2013).

Wind Speed (m/s)
1 1 1 !

4 6 8

Height Above Ground (m)

Wind Speed

Fig. SB1. Schematic of a valley exit jet (reproduced with permission from Whiteman 2000).
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Most of the pollutant-producing processes in the area—house heating, urban and extra-
urban traffic, biomass burning, steel production, and waste treatment—involve combustion
processes. Hence, the production of nitrogen oxides, as well as of both coarse and fine particu-
late matter, is more or less common to all of them. Consequently, none of these air pollutants
could be unambiguously identified as a source-specific marker. It may be argued that species
like polychlorinated biphenyl (PCB) and furans are usually listed among the typical emissions
form waste incinerators (Ragazzi et al. 2013). However, these emissions are quite common
also to other waste treatment processes existing in the area.

The complex situation described above, and the need for a reliable assessment of the im-
pact of emissions from the sole incinerator, suggested to undertake a targeted investigation.
Therefore, it was decided to perform an experiment including the release of a passive tracer
from its chimney, based on previous examples from similar projects reported in Table 1.

Outline of the project and design of the experiment

Field monitoring system. Weather conditions over the whole target area were monitored
throughout the experiment by means of a dense observational network including 15 per-
manent surface weather stations, one microwave temperature profiler, one sodar, and one
Doppler wind lidar (Fig. 1).

The surface weather stations are operated by the Meteorological Service of the
Autonomous Province of Bolzano. They are partly located on the valley floor, and partly
on the sidewalls. These stations record 10-min air temperature and humidity at 2 m AGL,
average wind intensity and direction and wind gusts at 10 m AGL, rainfall, atmospheric
pressure, global solar radiation, and sunshine duration.

The atmospheric thermal structure inside the basin was constantly monitored by means
of an MTP-5HE passive microwave radiometer (manufactured by Attex, Russia) installed at
the airport of Bolzano, and routinely operated by the Environmental Protection Agency of the
Autonomous Province of Bolzano. This device provides 10-min vertical temperature profiles
from 10 to 1,000 m AGL (Falocchi et al. 2020).

The wind field at the chimney of the incinerator was monitored by means of a mini-sodar
(MFAS Scintec, Germany) installed on the roof of the plant at 40 m AGL. The sodar probed
the wind field from 55 to 425 m AGL with a vertical resolution of 30 m. Sodar measurements
played a key role in the BTEX project. Indeed, the analysis of preliminary measurements in
preparation for the experiment first allowed capturing a recurrent, intense nocturnal wind
directed from the northeast, later identified as the valley exit jet from the Isarco Valley. As
this airflow was expected to affect the dispersion of pollutants emitted from the incinerator,
a targeted series of measurements was then specifically planned to monitor the jet structure
and development. In particular, a Doppler wind lidar (WindCUBE 100S, Leosphere, France:
label 4 in Fig. 1) was installed, from 9 January to 5 April 2017, on the roof of a building at
18 m AGL, in front of the Isarco Valley outlet (Fig. 4). Vertical wind profiles were measured
every 18 s by means of a Doppler beam swinging (DBS) technique along 110 vertical levels,
10 m spaced, and with a vertical resolution of 25 m.

Weather situation. The experiment was performed on 14 February 2017, in the absence of
significant synoptic forcing. Two tracer releases were performed, at two different day times, to
explore different stability and wind direction conditions. The first release was planned in the
early morning (0700 LST), with a stably stratified atmosphere and weak down-valley wind,
and the second in the early afternoon (1245 LST), with weakly unstable atmosphere and up-
valley wind. Indeed, synoptic conditions were dominated by a strong high pressure system,
extending over most of central Europe, leading to weak southerly winds over northern Italy
(Fig. 5). This situation allowed the development of typical thermally driven circulations in the
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Fig. 4. Vacuum-filled bottles installed at selected sampling points during the experiments, with the waste incinerator in the
background: (a) northward view from sampling point 9 in Fig. 7b, (b) southward view from sampling point 10 in Fig. 7b.

valleys surrounding the Bolzano basin, characterized by weak down- and up-valley winds in
the Adige Valley during nighttime and daytime, respectively, and by a stronger down-valley
flow in the Isarco Valley, generating the valley exit jet described in the “Outline of the situa-
tion” section, as can be seen in Fig. 6. During the night between 13 and 14 February low-level
clouds reduced radiative cooling, resulting in a night warmer than the previous one, and
preventing the development of a ground-based inversion. The Isarco Valley exit jet was clearly
detected by the Doppler lidar after 2100 LST (UTC + 1), becoming stronger and deeper until
early morning (0900 LST 14 February),
when it reached its maximum intensity,
above 13 m s7%. Shortly after, it ceased
quite abruptly around 1100 LST, as
is typical of these phenomena (Banta
et al. 1995; Chrust et al. 2013). After
1200 LST 14 February, both the sodar
and the Doppler wind lidar observed
a weak up-valley wind in the Adige
Valley, as detected by surface weather
stations as well.

ma.s.l
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Setup and execution of the tracer
experiment. The ideal tracer for the in-
vestigation of atmospheric dispersion
processes needs to meet a series of re-
quirements, which actually reduce the
choice to a relatively restricted range of
chemical compounds (Johnson 1983;

Martl? et al. 2011). First, it Shoulc.l be Fig. 5. Weather situation on 17 Feb 2017 right before the time of
practically absent from the ambient the first release of the tracer: solid lines are isobars at the mean
air, as well as easily measurable in  sea level surface, and the color scale is the geopotential height
the laboratory from samples collected  of the 500-hPa isosurface.
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plants in different regions, Fig. 6. Evolution of the vertical structure of the atmosphere in the Bolzano

including mountain valleys  pasin during the tracer experiment. (a) Vertical temperature profiles from
and urban environments. the MTP5 based at the airport, and vertical profiles of (b) wind direction and

Since many industrial ac-  (¢) wind strength from the sodar installed on the incinerator roof.
tivities are based in Bolzano
and surroundings, a prelimi-
nary campaign was performed to investigate the background SF, concentration in the ambient
air prior to any release. Concentrations were found to be lower than 30 pptyv, i.e., well in the
order of magnitude of the global background concentration (Rigby et al. 2010).

In view of producing a continuous and consistent cloud of tracer out of the stack, it was
of utmost importance to release SF, at a constant rate into the steady flow of the smoke, as
well as to ensure a good mixing throughout the chimney pipe cross section before emission
into the atmosphere. Therefore, SF, was injected at the bottom of the stack, upstream of the
ventilation system, to guarantee an effective mixing of the tracer within the smoke. Suitable
regulation of the outflow from the tank containing the tracer allowed a precise control on the
mass flow rate. As a further check, an online mass spectrometer was added to the existing
online smoke-monitoring system to monitor the actual SF, concentration before emission
into the atmosphere. A summary of timing, duration, mass of tracer injected, and emission
characteristics, as well as samples collected for the two releases, is shown in Table 2.

Fourteen teams of personnel equipped with vacuum-filled glass bottles and plastic (PVF)
bags were arranged in the envisaged ground-level impact area, to collect samples of ambi-
ent air. Bottles with a capacity of 1 L were filled by means of valves with calibrated nozzles,
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Table 2. Summary of the two releases performed during BTEX (VB: vacuum-filled glass bottles, PB:
PVF bags).

Release Plant smoke Samples

No. Start Duration (min) Tracer mass (kg) | Temperature (°C) Exit speed (ms~') | Points VB PB
1 0700 LST 60 150 140 7.9 14 25 3
2 1245 LST 90 450 140 7.8 14 30 21

allowing a constant inflow. Plastic bags were inflated by means of suitable pumps. Sampling-
point positions, as well as nozzle-opening times and durations, were decided on the basis of
targeted weather and dispersion forecasts. The optimal layout of the samplers required some
reasoning. Indeed, the nontrivial orography did not allow for simple geometrical layouts, such
as concentric circles around the source, or other “regular” patterns downstream of the source.
Therefore, a numerical modeling chain was specifically set up to provide the best estimate of
the surface impact area. The chain was optimized for fast runs, based on last-minute input
from the weather monitoring network, in view of guiding fine-tuning adjustments of the
samplers’ positions.
Seven sampling teams
were located close to the main D e g
residential areas—where SP [Felease ' ! ! =
most of the environmental
receptors are concentrated—
while the other ones were
placed in the surroundings of
the incinerator, especially in
the most likely impact areas,
according to the modeling re-
sults. The collected samples . ; 5 0 " m = = " s "
of ambient air were later Time LST Vacuum bottles [ |
O
0]

—
Z
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SFs (ppb) Incinerator
gas chromatography mass
b) 14 Feb. 2017 09:35 LST ¢) 14 Feb. 2017

spectrometer. Results from L TR TR s S T TR

. 46°30'N | 2 op ® 1 46°30N + oy e 1
the concentration measure- D )
ments are represented in did P s
Fig. 7. Figure 7a shows the  ligayn frigras8-%; g e | - —
. . 8 K A dl M 3
time evolution of the con- ' !

. . 5 5
centrations measured during ) s YR
each release: each line rep-  [46°26N |7 g 8[ T NP §
resents one sampling point [ o~ s
(SP), identified by its refer- o : ‘ RS l/

46°24'N 46°24'N L
ence number (]eft column). 1°16E 11°20'E 11°24'F L 16'E 11°20'E 11°924'H

These lines are placed on the Fig. 7. (a) Time history of SF, concentration measured after each release,
ordinate according to their  according to the color scale. The gray bands indicates the timing and duration
latitude (from south tonorth), ~ ©f each release. Large colored rectangles: air samples collected by vacuum-
filled glass bottles. Small rectangles: air samples collected by PVF bags.
the maps in Figs. 7b and 7c. Circles: instar.lt samples. (b),(c) Distribution o.f sanilpling pc.)int.s in the target

- - area for the first and second release, respectively: bullets indicate sampling
The horizontal black lines points, and colors refer to the average tracer concentration measured at the
mark the latitude of the in-  point. Horizontal black lines indicate the latitude of the incinerator, whose
cinerator, for reference. position is marked by a black square in (b) and (c).

Instantaneous samples

for easier comparison with
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The first release was carried out in the early morning, i.e., in a stable nocturnal atmo-
sphere with a light down-valley wind. The valley exit jet from the Isarco Valley was confined
north of the incinerator and did not interact with the smokes. Forecasts of such atmospheric
conditions led to envisage a weak dispersion of the tracer and an impact area south of the
incinerator. The tracer release started at 0700 LST and ended 1 h later, whereas the sam-
pling activity started at 0830 LST and continued until 1045 LST. At the beginning of the
sampling period, only one team northeast of the incinerator observed a concentration of SF,
significantly different from the background (0.03-0.1 ppb), whereas at 0915 LST the tracer
was clearly detected south of the incinerator in the Adige Valley, with concentrations rang-
ing between 0.1 and 0.5 ppb. These findings confirm that the transport of the tracer due to
the advection by the mean wind (of about 2-3 m s above the incinerator, as shown by the
sodar profiles in Fig. 6b) dominated over turbulent dispersion, and therefore the impact of
the tracer at surface level was lower and deferred. After 0930 LST the solar heating of the
ground and the following onset of a weak up-valley wind (of about 2—4 m s above the in-
cinerator: see again Fig. 6b) promoted higher concentrations in the surrounding area north
to it. However, coherent with the observed wind speed and direction, the tracer never really
reached the city of Bolzano.

The second release started at 1245 LST and ended at 1415 LST, under a weakly unstable
atmosphere and an up-valley wind rising in the Adige Valley. Expecting a stronger mixing,
and hence a faster surface impact closer to the incinerator, samples were collected starting
from 1310 LST (i.e., with the release still ongoing) until 1630 LST. Indeed, a concentration of
11.96 ppb was observed north of the incinerator at 1315 LST, i.e., already 30 min after the
beginning of the release. At the end of the release (1415 LST), the up-valley wind moved the
smokes of the plant northward, and significant concentrations of SF, were measured west
of Bolzano, inside the basin, while trace concentrations were also observed south of the
incinerator. After 30 min, the tracer spread into the basin, even if high concentrations were
still observed west of Bolzano. Background concentrations of SF,, ranging between 0.2 and
0.5 ppb, were also detected, very likely residuals from the morning release. At the end of the
second release a total of 51 samples were collected by means of both vacuum-filled glass
bottles and plastic bags.

Modeling

Real-time forecasting chain. In view of optimizing the location of the sampling teams, as
soon as possible after each injection of the tracer, the dispersion process was simulated by
means of a real-time modeling chain, including a numerical weather prediction model (WRF)
and two different dispersion models (CALPUFF and SPRAY-WEB). WRF runs were performed
on four nested domains: the inner domain covered an area of approximately 20 km? in the
basin, with a horizontal resolution of 500 m. Simulations were initialized with the most recent
available runs from the Global Forecast System (GFS), with a horizontal resolution of 0.25°.
Data assimilation was performed by means of observational nudging of all the available
measurements. To simulate the fate of the tracer, WRF was coupled with two different disper-
sion models: the CALPUFF semi-Lagrangian Gaussian puff model (Scire et al. 2000), and the
SPRAY-WEB particle Lagrangian model (Tinarelli et al. 1994, 2000; Alessandrini et al. 2005;
Alessandrini and Ferrero 2009; Bisignano et al. 2017, 2019). CALPUFF simulations were
run with a horizontal spatial resolution of 200 m, adopting the diagnostic model CALMET
as meteorological preprocessor. As to the simulations with SPRAY-WEB, a WRF-SPRAY-
WEB interface was specifically developed to process and feed WRF data into SPRAY-WEB
(Tomasi et al. 2017). Real-time results obtained from this modeling chain were useful as
primary information for deciding the location of the sampling teams in the Bolzano basin,
on the basis of the forecasted impact area of the tracer.
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Ex-post simulations. After the experiment, a series of model runs were performed in view of
testing against field measurements the performance of dispersion modeling chains similar
to those set up for real-time forecasts, but run in ex-post mode. The meteorological fields
were again calculated by means of the WRF Model. However, as computational time was
not any more a limiting factor in the ex-post analysis, a refined simulation of phenomena
was pursued. In particular, a finer horizontal and vertical grid spacing was adopted. Three
two-way nested domains were used, with horizontal resolution of 4.5, 0.9, and 0.3 km,
respectively, and a very fine vertical grid in the lowest atmospheric layers, resulting in a
total of 62 vertical levels, with 10 levels in the first 300 m AGL, and other 14 levels between
300 m and 1 km AGL. Meteorological boundary and initial conditions were derived from
6-hourly ECMWF HRES Operational Data, with 9-km resolution. The simulation covered the
release day of BTEX, running from 1200 UTC 13 February 2017 to 0000 UTC 15 February
2017, for a total of 36 h. The first 12 h were used to spin up the model, hence the correspond-
ing results were not analyzed.

The physics schemes adopted were the WRF single-moment 3-class scheme for mi-
crophysics (Hong et al. 2004), the RRTMG scheme for long- and shortwave radiation
(Iacono et al. 2008), the Noah land surface model (Chen and Dudhia 2001), and the 1.5-order
Nakanishi and Niino (2004) scheme for PBL parameterization. The default set of closure con-
stants was modified as suggested in Trini Castelli et al. (1999, 2001), on the basis of turbulence
measurements over an idealized valley in a wind-tunnel experiment. Hourly observational
nudging was performed in the innermost domain, and all the available meteorological ob-
servations described in the “Outline of the situation” section were assimilated.

Preliminary WRF simulations outlined that a straightforward application of input data
from the global meteorological model led to an overestimation of the snow cover over most
of the domain. The resulting unrealistic surface forcing led the model to simulate a stronger
down-valley wind in the upper Adige Valley, with no resemblance with observations from
the numerous weather stations in the area. A more realistic representation of meteorological
quantities was obtained after modifying the snow cover as suggested in Tomasi et al. (2019).

Dispersion simulations with both models started at 0700 LST (first SF, release) and ended
at 1800 LST (5 h after the second release). The emission from the chimney was represented
as a prescribed steady flow from a point source at 60 m AGL (the height of the stack) with a
constant concentration of tracer throughout the duration of each release. CALPUFF simula-
tion (CP) was performed at 300 m horizontal resolution, with 10 vertical levels up to 3000 m
(having the first level at 20 m AGL). Being that SPRAY-WEB is a Lagrangian model, neither
horizontal nor vertical grids need to be prescribed. However, ground concentrations were
returned on a grid with 300-m horizontal and 20-m vertical resolution.

For both dispersion models, meteorological data were derived from WRF output: for CALPUFF
through the preprocessor CALMET, and for SPRAY-WEB through the WRF-SPRAY-WEB interface. In
particular, CALMET extracts from WRF output the mean meteorological variables and recalculates
the surface layer (SL) scales (such as friction velocity, convective velocity scale, Obukhov length,
and mixing height) based on an internal micrometeorological parameterization. These SL scales are
then used to calculate standard deviations of wind velocities by means of a formulation combin-
ing different empirical relations and theoretical results from Panofsky et al. (1977), Hicks (1985),
Arya (1984), Blackadar and Tennekes (1968), Nieuwstadt (1984), and Hanna et al. (1986). Such
a formulation allows a consistent evaluation of the standard deviations and their vertical struc-
tures across convective, neutral, and stable stratification, without any physically unrealistic
discontinuity. Instead, the WRF-SPRAY-WEB interface directly extracts from WRF output all the
required meteorological variables, including SL scales and turbulence quantities. Therefore, for
the calculation of the wind standard deviations, different methods can be adopted, depending on
the choice of variables to be derived from WRF output. In particular, for the present analysis, three
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different SPRAY-WEB simulations were performed, using three distinct methods for calculating
standard deviations on the basis of different input from WRF, namely,

(i) SPRAY-WEB with the Hanna (1982) parameterization (hereafter labeled SPWH), using
SL scales from WREF;
(ii) SPRAY-WEB with the previously cited CALPUFF inner parameterization (SPWC), using
SL scales from WREF;
(iii) SPRAY-WEB with the TKE parameterization, using turbulence information from the WRF
planetary boundary layer scheme (SPWTKE), as in Bisignano et al. (2017).

Both models implement suitable schemes for the estimate of the effective source height.
In particular, in CALPUFF the plume rise is calculated from Briggs (1975) formulae,
whereas SPRAY-WEB adopts the formulation by Anfossi (1985), which is a generalization of
Briggs (1975), implemented as described in Anfossi et al. (1993). The effective source heights
calculated by the two models were closely similar for the morning release, about 110 m above
the emission source (i.e., about 170 m AGL), whereas for the afternoon they spanned between
90 and 150 m above the emission point (i.e., 150 and 210 m AGL).

Discussion of results

Results from the experiments provided an observational basis to compare, in a particularly
challenging situation, the performance of the Gaussian-puff model CALPUFF, widely used for
regulatory purposes, against a Lagrangian particle model, SPRAY-WEB, generally adopted
for research applications only. All the models received as an input the same meteorological
fields produced by WRF simulations. SPRAY-WEB was run with three different schemes for
calculating wind velocity variances (SPWC, SPWH, SPWTKE), as explained above, to test their
performance. Indeed, one of the most significant sources of uncertainty in meteorological
dispersion modeling chains is the calculation of quantities required to simulate turbulent dif-
fusion processes. These are usually obtained
from a meteorological model output through
a meteorological preprocessor (Colonna et
al. 2009; Ferrero and Colonna 2006; Ferrero
et al. 2018, 2003; Trini Castelli et al. 1999,
2001; Ferrero and Racca 2004). However,
this procedure may be particularly critical
over complex terrain, where the applica-
bility of scaling laws implemented in the
models—mostly based on Monin—Obukhov
similarity theory for flat uniform terrain—is
not granted (cf. Giovannini et al. 2020).

We will concentrate here on tracer concen-
tration fields as reproduced by dispersion
models’ runs; for a more detailed analysis
of the meteorological fields resulting from
WRF simulations, the interested reader may
refer to Tomasi et al. (2019).

Figures 8 and 9 show the different con-
centration distributions reproduced by
the four dispersion simulations at two Fig. 8. Ground level concentration following the first release

different time snapshots after each of the 4t 0900 LST simulated by (a) CP, (b) SPWC, (c) SPWH, and
two releases, i.e., at 0900 and 1415 LST,  (d) SPWTKE.

b
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respectively. A first qualitative analysis sug-
gests that the tracer cloud is appropriately
advected in the direction suggested by wind
observations (i.e., down-valley in the morn-
ing, up-valley toward the city during the
afternoon). However, the dispersion of the
tracer is simulated quite differently by the
models: CP produces quite uniform patterns,
very insensitive to the surrounding complex
topography and the associated wind field,
whereas orographic features seem to sig-
nificantly affect all ground concentrations
simulated by SPRAY-WEB, generating more
realistic dispersion scenarios. Comparing
situations resulting from the morning and
from the afternoon release, it is clearly seen
how in the morning the weak vertical mix- . s .
ing, associated with stable stratification A - f:_ “ A\ 4
conditions, reduced the ground impact of T D E—

the tracer. This is particularly evident in Fig. 9. Ground level concentration following the first release

at 1415 LST simulated by (a) CP, (b) SPWC, (c) SPWH, and (d)
SPWTKE.

simulations from SPWTKE. Also notice the
models’ disagreement in localizing ground
concentration maxima—quite apart from
the source, anyway. Instead, for the afternoon release, when weakly unstable conditions
promoted a more significant vertical mixing of the northward-advected cloud, models sub-
stantially agree in locating the maximum ground impact north of the incinerator, and quite
close to it. However, to obtain a quantitative evaluation of the models’ ability in reproducing
ground tracer concentrations, suitable objective indexes were calculated (cf. Weil et al. 1992;
Chang and Hanna 2004). In particular, the statistical indexes used here are the mean M of
the N modeled values M, (i=1, .., N), compared with the mean O of the observations 0, the
correlation R, the fractional bias FB, and the normalized mean square error NMSE, defined
as follows:

Z(o,. -0)(M, - M)
R= — i=1 — , (1)
[3olo-0f 3 (o~
0-M
FB = L )
N 2
Z(Mz - 01)
NMSE=N-=2— . ©)

ZM,.ZQ.

i=1

Values of the above indexes, calculated for all model runs, are shown in Table 3: all in all,
CP presents the worst performance, with a consistent overestimation and no appreciable cor-
relation with observations, whereas SPWTKE displays the best evaluation statistics for all the
indexes. A good performance, similar to SPWTKE, is displayed also by SPWC, while SPWH
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significantly overestimates the observed ground Table 3. Statistical indexes calculated for each simula-
concentrations. tion: O is the mean of observations, M is the mean of

. . . the modeled values, R is the correlation, FB the frac-
Similar considerations can be drawn from results  tjonal bias, and NMSE is the normalized mean square

presented in Figs. 10 and 11, showing observed and  error (see text for ’_che correSpO_nding formulas). The
modeled concentration quantiles, in terms of per- best values of the indexes are in bold.

centile distribution and Q-Q plots, respectively, for Simulation | O (pptv) | M (pptv) | R FB | NMSE
each simulation. Comparison of the graphics con- cpP 900 1,298 | 0.05 | 036 | 6.64
firms that both CP and SPWH systematically tend SPWC 980 | 0.70 | 0.09 | 2.43
to overestimate tracer concentrations. However, CP SPWH 1,266 | 0.68 | 034 | 3.82
presents the largest errors mostly at low percentiles, SPWTKE 888 | 0.76 | —0.01 | 2.23

while SPWH at concentration peaks. SPWC has a

similar behavior to SPWH up to the 85th percentile,

but with a slight underestimation of the concentrations at higher percentiles. This suggests
that the low fractional bias displayed by this simulation results from the compensation of
overestimations at low percentiles and underestimations at high percentiles. Again, it is quite
evident that the best results are achieved by SPWTKE, which well captures both low concen-
trations and peak values, the only significant discrepancy occurring for the 90th percentile
value, which is appreciably underestimated.

Conclusions

The Bolzano Tracer Experiment (BTEX) offered an unprecedented opportunity to investigate
boundary layer processes and local airflows in the basin surrounding the city of Bolzano in
the Alps. A remarkable concentration of observing systems allowed characterizing typical
wintertime situations in the basin in much detail. Data from SF, concentration measurements
following two releases of the tracer through the chimney of the incinerator provided a valu-
able basis for testing and comparing the performance of different numerical model chains for
weather and pollutant dispersion prediction.

As expected, the CALPUFF Gaussian puff 2) CP b) SPWC
model performs much worse compared to B Obinea W Sl T ™ B

Modeled m Modeled O

the SPRAY-WEB Lagrangian model. Mean
concentration values are greatly overesti-
mated, as the emitted puffs essentially hit
the ground uniformly.

Results obtained from BTEX show that
the combination of a meteorological model,

Concentrations (ppb,)
Concentrations (ppb,)

. . . 0

1nc1ud1ng appropriate turbulence closures 0 10 20 30 40 50 60 70 80 90100 010 20 30 40 50 60 70 80 90100
for complex terrain, and a dispersion simu- Percentile Percentile

lation run with a turbulence parameter- T g DSPWTRE
s . Observed ® Observed m

ization based on TKE can lead to a better | Modeled m | Modeled m

reconstruction of the dispersion param-
eters. In turn, better values of dispersion
parameters result in a better prediction of
ground-level concentrations. These results
confirm that closures specifically calibrated
for complex terrain are of utmost importance
for improving the numerical simulation

of dlsp§r510n Pr?cesses n mountalnc.)us Fig. 10. Percentile curves of observed ground concentra-
areas (Giovannini et al. 2020). Further im- tions against model output values from simulations (a)
provements may be obtained by including CP, (b) SPWC, (c) SPWH, and (d) SPWTKE. Bar colors match
suitable parameterizations appropriate for  corresponding cases in Fig. 11.

Concentrations (ppby)
Concentrations (ppby)

0
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the different scales of turbulence, where 0 2CP : : 12 2 SPWC
deviations from isotropy, associated with
terrain complexity, may significantly affect
diffusion processes (Falocchi et al. 2019;
Stiperski et al. 2019).

However, it should be recognized that the
above results suffer from the limitation of . . . - | | .
being conducted with only two releases. The L T (L (A L T (L [
differences between the SPWC and SPWTKE Observed conc. (ppby) Observed conc. (ppb)
simulations (Table 3) are quite small, espe- o2 (2SPWH D TN TRE
cially in view of the large NMSE. A much
larger number of releases, observations,
and model results would be needed to tease
out small statistical differences, given the
large scatter.

Furthermore, the present analysis focuses , L] o |
on near-surface concentrations only, as L L
during the experiment only ground mea- Oserved conc. (ppb) Ofserved conc. (opb)
surements were collected. This is indeed Fig. 11. Q-Q plots of the observed ground concentrations

a limitation of the analysis, as the vertical and corresponding values modeled from simulations with
. . . (a) CP, (b) SPWC, (c) SPWH, and (d) SPWTKE.
transport is an important feature in evaluat-
ing boundary layer schemes. Future investi-
gations are therefore needed to draw conclusions on the performance of the different schemes
in capturing the dispersion along the vertical direction. Ongoing research programs, which
aim at updating surface layer theories and scaling laws, to account for terrain complexity
and horizontal nonhomogeneity (cf. Serafin et al. 2018) are therefore expected to cast new
light for our understanding of the above processes and to provide better tools for model-
ing them. The dataset from BTEX—which is available for public download, as indicated in
Falocchi et al. (2020)—will provide a benchmark for evaluation of these models too.
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