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ABSTRACT
Persistent high pressure conditions over the Mediterranean Basin favor the occurrence of sea breezes that
can lead to ozone transport through complex recirculation patterns. These features were investigated during
an ozone episode with hourly concentrations exceeding 200 mg m23 that occurred on July 2015 in Naples
(Italy), one of the largest and densest conurbations in the Mediterranean region. Aircraft measurements were
taken at heights from 150 to 1500 m AGL and compared and integrated with high-resolution meteorological
and air quality model simulations to investigate local circulation and pollutants dynamics. The integration
of airborne measurements, surface observations, and modeling established a framework to assess the
photochemical phenomena in the area. Sea breezes and local emissions triggered ozone production at inland
areas, causing high concentrations between the coast and the Apennine chain. Ozone was then injected into
the upper boundary layer and transported toward the sea by the wind rotation occurring above 500 m AGL,
causing a complex vertical layering of concentrations, with maxima between 500 and 800 m AGL. Vertical
growth of the ozone concentration profile was also caused by the decrease of the boundary layer depth
occurring when the breeze front reached the inland area carrying NOx-rich air from the densely populated
coast and favoring titration near the surface. Although the whole airshed was a net ozone producer, local
surface concentrations were determined by a complex interaction of atmospheric flow and chemistry at
different scales, supporting the need for coordinated efforts to control smog precursors over wide areas.

1. Introduction
Ozone is a photochemical air pollutant with harmful
effects on humans, animals, and plants. Recent epidemiological studies showed that both long- and shortterm exposure to elevated ozone concentrations result
in increased morbidity and mortality (WHO 2013;
Henschel and Chan 2013). Ozone absorption damages
plant cells, impairing their functionality and affecting
agricultural yields and forest growth (Paoletti 2006;
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Calfapietra et al. 2009). Although ozone is a major
indicator of photochemical smog itself, its production
is connected to the abundance of other organic and
inorganic reactive species potentially harmful for
human beings and plants, being associated with an
increase of the oxidative capacity of the atmosphere
and secondary aerosol formation (Atkinson 2000;
Kanakidou et al. 2005).
The vulnerability of the Mediterranean Basin to photochemical air pollution is well known; for example,
Lelieveld et al. (2002) found summer ozone concentrations over the Mediterranean 2.5–3 times as high as the
hemispheric background level. Satellite observations of
tropospheric ozone highlight that the Mediterranean
Basin is among the most noticeable production and accumulation zones at global scale (Ziemke et al. 2011).
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The analysis of long-term ozone measurements does
not indicate a stable reduction trend for the photochemical pollution (Parrish et al. 2012; Sicard et al.
2013). The consistent reduction in anthropogenic precursors emissions achieved in the European Union
has not led to the expected reduction in ozone concentrations (European Environment Agency 2015). Different factors contributed to this result: the increase in
intercontinental transport of ozone and its precursors in
the Northern Hemisphere, which drove an increase in
hemispheric background concentrations (Bach et al.
2014); the reduction in emissions of nitrogen oxides
(NOx), which led to an increase in ozone concentrations
inside highly urbanized areas because of the reduced
titration effect (Sicard et al. 2013; Querol et al. 2014).
Ozone therefore remains one of the pollutants of major
concern in southern Europe. The potential health impact of ozone is particularly severe for large cities, where
it combines with that of other air pollutants, and of the
changing climate, as weather is expected to become increasingly warm and dry over the Mediterranean Basin
in the next decades (IPCC 2007, 2014; Giorgi and
Lionello 2008; Gualdi et al. 2013; Lionello et al. 2014).
Summertime atmospheric circulation in the western
Mediterranean Basin is characterized by distinctive
features: the presence of mountains close to coastal
areas favors the combination of land–sea breezes,
mountain–valley breezes, and slope winds, generating
return flows possibly across several layers (Millán et al.
2000). Daytime compensatory subsidence over the coast
and sea can be superimposed on large-scale subsidence
because of the anticyclonic circulation over the basin.
Nighttime land breeze can transport polluted air masses
above the maritime boundary layer building reservoirs
that may be advected onshore during the following day
(Millán et al. 1997, 2000, 2002, 2005; Gangoiti et al. 2001;
Ancellet and Ravetta 2005; Jiménez et al. 2006; Castell
et al. 2008). The land–sea breeze cycle can drive pollutant recirculation for prolonged periods and contribute to ozone formation via both local and regional
sources. Local NOx emissions are considered to have a
major role in ozone formation near the surface, while
longer-range transport is more relevant at higher levels
(Richards et al. 2013). Emissions of biogenic volatile
organic compounds (BVOC) also impact ozone concentration over the Mediterranean Basin (Liakakou
et al. 2007) and may increase summertime daily maxima
by 5–10 ppbv at different locations (Thunis and Cuvelier
2000; Curci et al. 2009). Shipborne measurements
showed high ozone levels over the open sea during
summer anticyclonic conditions: in particular, ozone
concentration over the southeastern Tyrrhenian Sea was
found to be driven by the presence of photochemically
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‘‘aged’’ air masses containing ozone precursors emitted
in the Rome and Naples areas (Velchev et al. 2011). The
influence of sea-breeze circulation on the evolution of
ozone abundance has also been described in other areas
of the world (see, e.g., McKendry and Lundgren 2000;
Cheng 2002; Sills et al. 2011), showing similarities with
the Mediterranean dynamics summarized here.
The Italian peninsula presents a peculiar condition
within the Mediterranean because of the presence of the
high Apennine mountain chain at moderate distance
from the coast, favoring the development of breeze circulations on both its western and eastern coasts. Anthropogenic activities in the densely populated coastal
areas cause an injection of precursors into recirculating
air masses that may be already ozone rich. This atmospheric dynamic is considered one of the reasons why the
European Union (EU) limit for the protection of human
health and vegetation (European Union 2008) is not
attained in Italy (European Environment Agency 2015).
The relationships between summer circulation and
ozone production have been studied in different areas of
southern Italy on the basis of surface observations
(Ciccioli et al. 1987; Mangia et al. 2010; Schipa et al.
2009; Schürmann et al. 2009), while no investigation was
based on upper-air observations within the atmospheric
boundary layer (ABL) that can provide insights into
topography and stratified circulation effects on coastal
ozone dynamics.
Naples is the main conurbation of southern Italy and
one of the largest urbanized areas on the Mediterranean
shores, with more than three million inhabitants and
a population density exceeding 10 000 km22 in some municipalities. Its vulnerability to ozone pollution is increased
by intense agriculture spread over the inland plains and by
forest areas extending farther inland over the Apennine
chain and on Mount Vesuvius. Because of their geographical location and the prevalence of a sea-breeze wind
regime during spring and summer, the agricultural and
natural vegetation areas are exposed to the urban plume
and can be affected by high ozone concentrations. On the
other hand, forests may enhance ozone concentrations
because of the photooxidation of BVOC emissions in the
presence of NOx (Fuentes et al. 2000; Atkinson and Arey
2003; Kemper Pacheco et al. 2014).
The Naples region has never been thoroughly investigated despite its vulnerability and its major role as
source of ozone precursors; therefore, an assessment of
the mechanisms regulating photochemical pollutants
production and transport is desirable to identify possible
measures to limit VOC and NOx emissions and reduce
human and ecosystems’ exposure. This study analyses
the ozone dynamics over the city of Naples and its
surroundings. Surface and airborne meteorological and
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trace gases observations have been combined with regional and local-scale meteorological and air quality
modeling to interpret the observed summer ozone cycles.
Upper-air measurements were taken by the SkyArrow
Environmental Research Aircraft (ERA) research aircraft (Gioli et al. 2006), which provided meteorological
and air quality observations within the ABL and free
troposphere, finally assessing the meteorological and
photochemical processes controlling ozone formation,
transport, and layering in urbanized coastal areas.

2. Observations and model simulations
This study was part of the Aria Salerno Napoli (Air
in Salerno and Napoli district) (AriaSaNa) project,
integrating regional ground-based and airborne measurements with state-of-the-art meteorological and air
quality modeling. Within the project framework, a
specific field campaign was planned to study the atmospheric circulation and emissions conditions favoring
the occurrence of high ozone episodes.

a. Airborne measurements
The Sky Arrow ERA is a small, certified aircraft
equipped with sensors to measure three-dimensional
wind and turbulence at high frequency, together with
gas concentrations and other atmospheric parameters
(Gioli et al. 2006). The instrumentation deployed in this
study included: a best aircraft turbulence (BAT) measuring 3D wind speed and air temperature at 50-Hz
frequency; an open-path infrared gas analyzer (IRGA;
Licor 7500) to measure H2O and CO2 concentration at
50 Hz; a laser altimeter (Riegl LD90-3) measuring aircraft above ground altitude; a UV analyzer (2B Technologies 202) to measure ozone concentration at 1 Hz
with an accuracy of ;1 ppb.
The campaign was planned on the basis of weather
forecasts and performed on 15–16 July 2015, when a high
pressure ridge of African origin affected the Mediterranean Basin and continental Europe (see Fig. S1 in the
online supplemental material), causing high temperatures in different areas of the continent. Satellites showed
clear-sky conditions over southern Italy and the western
and central Mediterranean (see, e.g., the MODIS image
in supplemental Fig. S1). The aircraft performed four
flights during the morning and afternoon of 15 and 16 July
2015, including both horizontal transects and vertical
profiles, at a cruise speed of ;150 km h21. Transects were
flown at an average height of 150 m AGL along a counterclockwise square track with side length of about 30 km
enclosing Naples, its gulf, and Mount Vesuvius (Fig. 1).
Four vertical upward and downward profiles (P1 to P4)
were made at each of the track vertexes, from near

FIG. 1. Meteorological (red triangles) and air quality (blue diamonds) station locations, flight tracks, and location of the vertical
profiles (P1–P4). Takeoff dates and local solar times are indicated
in the legend. The axes show geographic coordinates.

ground up to a height of about 1500 m AGL, reaching the
free troposphere between 0800 and 1700 local solar time
(LST). P1 and P2 were located over the sea, while P3 and
P4 were over land (Fig. 1).
The high-frequency observational data stream was
then low-pass filtered to compute 30-s average values of
wind speed WS, wind direction WD, air temperature T,
and ozone concentration, to be compared with corresponding model data associating each average measured
value to the spatially and temporally closest model
gridcell value. The value of 30 s to apply low-pass filtering was chosen as the best compromise to maintain
high-resolution spatial information from flight data and
to average high-frequency fluctuations associated with
turbulent structures that are not resolved by numerical
models (Gioli et al. 2004). The 30-s interval corresponds
to an average horizontal flight path of about 1.3 km,
which is well comparable to model spatial gridcell size
(1 km). Nevertheless, averaged aircraft measurements
can still include temporal variability of atmospheric
fields that, being in some circumstances related to nonstationary conditions, may be scarcely representative on
model spatial and temporal scales.

b. Ground-based meteorological and air quality
observations
While no information is routinely available on the
vertical structure of the atmosphere, several ground-based
meteorological and air quality stations are in operation in
the study area (Fig. 1). Meteorological measurements
were provided by the World Meteorological Organization
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TABLE 1. WRF-ARW physics options.
WRF physics scheme

Description

Microphysics
Longwave radiation
Shortwave radiation
Cumulus parameterization
Land surface
Surface layer
Planetary boundary layer

Single-moment 6-class scheme (ice, snow, and graupel processes)
Rapid Radiative Transfer Model
Goddard shortwave
Kain–Fritsch scheme (deep and shallow convection)
Noah land surface model
Eta similarity (based on Monin–Obukhov theory)
Mellor–Yamada–Janjić eta operational scheme

(WMO) stations of Napoli Capodichino [International Civil Aviation Organization (ICAO) code
LIRN] and Grazzanise (ICAO code LIRM) airports.
Further surface micrometeorological measurements
were made at the San Marcellino site, at roof level in
Naples city center (40.84738N, 14.25788E), and at the
northwestern periurban site of Giugliano (40.94718N,
14.11718E), which were both equipped with sonic
anemometers.
The Naples conurbation air quality is monitored by
the Regional Environmental Protection Agency of
Campania Region (http://www.arpacampania.it/) measuring concentrations of pollutants regulated by the
European air quality directives (European Union 2008).
Routinely available measurements were integrated by
supplementary air quality stations located at the San
Marcellino site and at the Vesuvius Observatory (http://
www.ov.ingv.it; 40.82798N; 14.39738E).

the Statewide Air Pollution Research Center, version
1999 (SAPRC-99), model (Carter 2000).
The modeling system was configured to provide highresolution results on a target domain that encompasses
all the measurement flight tracks, covering the central
Campania region that includes all the major cities, the
whole inland plains area, and a large percentage of the
region’s population (Fig. 2). Both WRF and FARM use
two-way nesting. WRF was configured with four nested
domains (Table 2), from continental scale down to the
local target area, using a grid spacing of 3 km in the third
domain, covering the whole Campania region, and of
1 km in the innermost fourth domain. FARM used two
nested domains covering Campania and the target area
with grid spacings of 4 and 1 km, respectively. Model
results were stored at hourly frequency. Surface values
and vertical profiles of meteorological variables and
pollutants concentrations were extracted at the surface
stations and at aircraft profile locations, by selecting the
nearest available time frame and applying bilinear interpolation among the four surrounding grid points on
each model level.
Backward trajectories have been computed using
RIP4, a WRF postprocessor developed by the
National Center for Atmospheric Research (NCAR)
and by the University of Washington (Stoelinga
2009), which includes the capability to compute
backward/forward trajectories from WRF simulation
results.

c. Meteorological and air quality models
The AriaSaNa air quality forecast system for Naples
city and the surrounding Campania region is based on the
Flexible Air Quality Regional Model (FARM) chemical
transport model (Silibello et al. 2008; Mircea et al. 2014)
coupled with the Weather Research and Forecasting
(WRF) Model (Skamarock et al. 2008). Pollutant emissions were modeled starting from the national emission
inventory (Taurino et al. 2018), disaggregated at municipal level through activity-based proxies and supplemented by local information concerning industries and
road and maritime traffic. WRF simulations were driven
by the NOAA/NCEP GFS global-scale meteorological
forecast, downloaded with 0.58 grid spacing every 6 h. Air
quality boundary conditions were provided by the
QualeAria air quality forecast system (Kukkonen et al.
2012; http://www.qualearia.it/), which uses the air quality
model FARM and runs at European and national scale
driven by the Copernicus Atmosphere Monitoring Service (CAMS) global air quality forecast (https://
atmosphere.copernicus.eu/). The physics schemes used
by the WRF-ARW (version 3.5.1) forecast are summarized in Table 1. FARM gas phase chemistry implements

3. Atmospheric circulation over the Gulf of Naples
Local atmospheric circulation during the campaign
was characterized by the typical sea–land breeze cycle,
as detected by the LIRN observation tower (Fig. 3). Seabreeze southerly winds were observed during the late
morning and the central hours of the day, with maximum
speed ranging from 4 to 6 m s21. Beginning in the late
afternoon the wind turned from westerly to northerly,
assuming the local land-breeze direction with decreasing
speed and reaching nearly calm conditions at night
(Fig. 3a). These breeze circulation features are similar to
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FIG. 2. Inner computational domains of the WRF (red) and
FARM models (blue). Major cities and geographical locations are
indicated by triangles.

those observed at other coastal sites (Millán et al. 2000;
Adame et al. 2010; David and Nair 2011). Surface
pressure showed a slowly increasing trend over the study
period, evidencing subsidence due to the high pressure
ridge persistence over the western Mediterranean
(Fig. 3b). Air temperature showed a slight increasing
trend in its daily maximum value, which exceeded 358C
on 17 July (Fig. 3c). Relative humidity had a general
decreasing trend with short-term fluctuations (Fig. 3d).
The surface winds were fairly well reproduced by the
WRF Model simulation, which satisfactorily described
the daily temperature cycles, decreasing relative humidity trend, and rising pressure (Figs. 3a–d). Surface
energy and momentum fluxes measured with eddy covariance at the Giugliano rural site, northwest of
Naples, were also correctly reproduced (Fig. 4),
confirming a reliable reconstruction of near-surface
weather conditions. The SkyArrow aircraft performed
two flights a day to monitor circulation and air quality
conditions during morning and afternoon hours. Weak
winds with variable directions were measured during the
15 July morning flight (Fig. 5a), which lasted from 0730
to 1040 LST. WRF simulation confirmed the winds

variability, but only partially reproduced aircraft measurements along the northwest and southeast legs, while
relevant differences in wind direction were found along
the southwest leg, over the sea, and the northeast leg,
over the land (Fig. 5a). This result could be expected
during the morning transition between land and seabreeze circulation, when local slope flows, residual land
breezes, and transient phenomena can be dominant. The
overall atmospheric circulation conditions predicted by
WRF are depicted by the cross section at 180-m height
AGL of the wind field computed at 0900 LST, showing
large spatial variability over the domain (Fig. 5c).
Measured winds showed a well-developed sea-breeze
circulation during the afternoon flight (from 1443 to
1739 LST) with prevailing west-southwest direction and
an average speed of 5.9 m s21 along the horizontal legs of
the aircraft trajectory, flown at an average height of
157 m AGL (Fig. 5b). Local wind features were quite
well reproduced by WRF, while significant discrepancies were only observed in the wake of Mount Vesuvius, where local orographic effects were dominant and
strong turbulence conditions were recorded in the pilot
report and confirmed by high-frequency wind fluctuation measurements. The turbulent kinetic energy in the
Mount Vesuvius wake area showed an average value
40% larger than that measured along the overland
portions of the horizontal flight legs. Horizontal wind
spatial variability observed along the flight path can be
interpreted from the analysis of the correspondent
modeled wind field at 180 m AGL (Fig. 5d): the eastward wind rotation along the western leg of the flight is
caused by the wake of Ischia Island, while the wind acceleration and convergence observed southeast and
northeast of Mount Vesuvius can be attributed to topographic channeling and wake effect. The morning and
afternoon flights on 16 July (not shown) confirmed a
similar atmospheric circulation, with a slightly earlier
development of the sea breeze and a prevailing southeast wind direction over the Gulf of Naples, which improved the agreement between observations and WRF
simulations during the morning hours.
The measured vertical profiles, extending to a height
of about 1600 m AGL, included the whole ABL and the
first section of the adjacent free troposphere. P4 profiles

TABLE 2. WRF-ARW nested grid spacing.
Grid No.

Horizontal grid spacing (km)

Vertical level No.

Cumulus parameterization

1
2
3
4

45
9
3
1

41
41
41
41

Kain–Fritsch scheme
Kain–Fritsch scheme
None
None
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FIG. 3. Napoli Capodichino (LIRN) meteorological observations (red) and WRF simulation results (blue): (a) wind
speed and direction, (b) sea level pressure, (c) air temperature, and (d) relative humidity.

(Fig. 6) are particularly interesting because of their location (Fig. 1), which is representative of the sea-breeze
development and penetration over the inland plains
area where high ozone concentrations are often recorded. The 15 July morning profile was measured from
1007 to 1033 LST, when a convective ABL is usually
already well developed in summer fair-weather conditions. Both measured and modeled potential temperature profiles showed an adiabatic lapse rate up to
800–1000 m (Fig. 6c). The ABL depth has been evaluated applying the Sorensen (1998) method, as the height
where the bulk Richardson number grows above a critical threshold value set to 0.25. This approach has been

applied to both measured and modeled profiles for
consistency. The ABL depth computed from WRF
results at this location was 735 m at 1000 LST, with
an underestimation of about 9% with respect to
the value of 808 m computed from airborne measurements (Fig. 6c). Very weak winds with wide direction
variability were measured by the aircraft within the
boundary layer, without a definable prevailing direction
(Figs. 6a,b). Wind speed increased from 1 to 2 m s21
to roughly 6 m s21 from 800 to 1600 m, with a welldefined east-northeast direction. The WRF simulation
correctly reproduced such wind speed variation with
height, and predicted the east-southeast direction in the

FIG. 4. Giugliano sonic anemometer observations (red) and WRF simulation results (blue): (a) wind speed and
direction, (b) friction velocity, (c) sensible heat flux, and (d) Monin–Obukhov length.
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FIG. 5. Wind speed and direction measured by the aircraft during 15 Jul (a) morning and (b) afternoon along the
horizontal flight legs (black arrows) compared with WRF results (red arrows). Color scale refers to topography
height. Wind fields predicted by WRF simulations at 180 m AGL at (c) 0900 and (d) 1500 LST 15 Jul. The
superimposed red line indicates the flight track.

upper layers and west-southwest direction below 400 m,
showing an earlier sea-breeze front penetration with
respect to aircraft observations.
The 15 July afternoon flight measurements showed
sea-breeze winds with west–west-southwest direction up
to about 1000 m, turning counterclockwise until becoming east at 1600 m (Figs. 6d,e). The wind speed was
around 5 m s21 in the lower 500 m, decreasing at higher
levels, up to about 1200 m, where a layer characterized
by relevant wind direction shear and slowly growing
speed was observed up to 1600 m (Figs. 6d,e). The wind
profile was well reproduced by WRF predictions, with a
limited difference between 600 and 1200 m, where the
modeled direction was southwest, with a difference of
about 458 with respect to observations. It is worthwhile
to note that the potential temperature profile showed an
inversion at low elevation, between 400 and 600 m, that

was also reproduced by WRF, with an overestimation of
about 1.28C in the lower layers. The ABL depth of 440 m
diagnosed from WRF results was substantially coincident
with the value of 436 m estimated from measurements
(Fig. 6f). As expected, the sea-breeze penetration over
the inland plains caused a collapse of the ABL depth
(Fig. 6f) with respect to the late morning values (Fig. 6c)
because of the formation of a thermal internal boundary
layer (Garratt 1990). This feature can be important to
understanding ozone dynamics because of the possible
trapping in the residual layer of pollutants dispersed
vertically in the deeper boundary layer before the seabreeze front arrival (Millán et al. 2000).
P3 was strongly influenced by its geographical location,
east of Mount Vesuvius, measuring a south-southeast
wind with speed decreasing with height in the lower 500 m
during both morning and afternoon flights (Figs. 7a,d).
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FIG. 6. Vertical profiles of (a),(d) wind speed, (b),(e) wind direction, and (c),(f) potential temperature measured by the aircraft on 15 Jul
along its ascending and descending flight paths (black line and symbols) at location P4 compared with WRF results (red lines) extracted
from the closest hourly time frame, at the same location. Morning flights are shown in (a)–(c) and afternoon flights are shown in (d)–(f);
reference time intervals are indicated in (b) and (e). Dashed lines in (c) and (f) show the boundary layer height estimated from measured
and computed meteorological profiles using the bulk Richardson number criterion.

Above this layer, the wind speed increased with height,
blowing from the east during the morning and northwest
during the afternoon. Potential temperature profiles
(Figs. 7c,f) confirmed the presence of a mixing layer
roughly 600 m deep as confirmed by the wind direction
shear observed and correctly modeled at this height
(Figs. 7b,e). The overall structure of the lower tropospheric
flow and its time evolution were reconstructed by WRF,
whose fields confirmed the influence of the Mount Vesuvius wake and flow channeling between the volcano and
the Sorrento Peninsula on the sea-breeze development
(Fig. 5). The differences between predicted and measured
wind and temperature values were higher in the lower
layers, where the mountain wake effect was too strong to
be entirely reproduced at the model grid-space resolution.
Near-surface values can be also influenced by the poor
initialization of soil temperature and moisture. While local
land-cover description has been improved by the introduction of the European Coordination of Information

on the Environment (CORINE) land cover at 250-m resolution, no information was available to enhance the soil
composition description.
All wind profiles measured on 15 July were characterized by directions between northeast and southeast in
their upper layers (Figs. 6b,e and 7b,e), with minimum
height of the easterly flow depending on location and
time of day and ranging between 800 and 1400 m. Model
simulations confirmed this wind direction pattern up to
about 3000 m. This upper airflow behaves as a return
current, potentially transporting pollutants seaward in
the upper layers. The height of this layer is also compatible with return current observations made in other
locations (see, e.g., Tijm et al. 1999; Millán et al. 2000).

4. Ozone production and distribution
Surface ozone observations were compared with the
air quality model results (Fig. 8): a general increase of
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FIG. 7. As in Fig. 6, but for location P3.

daily maximum values can be observed moving from
Naples near-coast city stations (San Marcellino and
NA01; Fig. 1) to the inland plains area at increasing
distance from the coast (Acerra, San Vitaliano, and
Tufino; Fig. 1). Measurements in Naples were fairly well
reproduced by FARM simulations (Figs. 8a,b), with a
tendency to overestimate daily maxima and a correct
reproduction of nighttime concentration levels, which
confirms a correct reproduction of NOx emissions
driving nightly titration effect. The short-term time
variability of measured concentration at San Marcellino
and its relatively low daily maximum value (Fig. 8a) can
be explained by the position of the station at roof level,
about 500 m from the port, which exposes it to the
plumes of large cargo and cruise ships. The model result
verification at the urban background station NA01 is
limited by missing observations during the experimental campaign (Fig. 8b). The ozone concentration and its
time variability were correctly reproduced by the model
at the Mount Vesuvius station (Fig. 8c) located at 608 m
MSL on the southwestern slopes of the volcano (Fig. 1),
where local anthropogenic emissions are scarce, as

confirmed by the limited daily modulation of ozone
concentration and elevated minimum nighttime values.
The good performance of the modeling system at this
background station confirms the effective reproduction
of the atmospheric circulation over the studied area.
The inland stations showed a relevant spatial variability
of ozone concentrations (Figs. 8d–f), reflecting the
complex land use that includes scattered urban areas,
major motorways, and industrial sites within a landscape that is mainly agricultural. Moreover, during seabreeze flow the area is downwind of Naples, receiving
plumes of pollutants emitted in the highly urbanized
coastal strip. The model simulations were able to describe part of the variability observed among the inland
stations (e.g., variation of maximum values), while they
showed difficulties in reproducing nighttime ozone
concentrations, which were generally overestimated.
This behavior indicates that present knowledge of
emissions in the Naples hinterland is insufficient to
support a complete reconstruction of events controlled
by local emissions like titration during nightly stagnation conditions.
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FIG. 8. Ozone concentrations measured (red) and computed by the FARM model (blue) at the monitoring stations of (a) San Marcellino
and (b) NA01 located in Naples city; (c) on Mount Vesuvius; and in (d) Acerra, (e) San Vitaliano, and (f) Tufino on the inland plains.

Aircraft flights allowed to analyze ozone space and
time variability over the Gulf of Naples and the inland
plains area. The morning flight showed minimum ozone
concentrations along the northwest leg (Fig. 9a), while
the aircraft was flying over land before 0800 LST in
nearly calm wind conditions (Fig. 5a). At this time of the
day, during the transition between land and sea-breeze
circulation conditions, titration due to local NOx emissions can still be dominant. Concentrations grew to
100–140 mg m23 over the sea (Fig. 9a), with a sharp increase as soon as the shoreline was crossed. Highest
overland concentrations were recorded along the eastern portion of the trajectory, over the area northeast
of Mount Vesuvius, with values up to 170 mg m23.

Concentration values mostly over 140 mg m23 were recorded along the northeastern horizontal leg (Fig. 9a).
An increase in ozone concentration levels was observed over the whole afternoon flight path (Fig. 9b)
with respect to the morning values (Fig. 9a). Maximum
values exceeding 200 mg m23 were measured over the
inland area northeast of Naples city center and north of
Mount Vesuvius (Fig. 9b). It can also be noticed that
concentration values recorded over the sea were higher
north of Ischia Island than over the Gulf of Naples
(Fig. 9b). This could be associated with the higher NOx
concentration detected over the Gulf of Naples (not
shown) that can be attributed to the emissions of the
intense shipping traffic during the tourist season, which

FIG. 9. Ozone concentrations (mg m23) measured along the horizontal legs of the SkyArrow (a) morning and
(b) afternoon flights on 15 Jul 2015. Measurements were taken at cruise height of about 150 m AGL. Measured
ozone values are superimposed on the topography height used by the models.
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FIG. 10. Near-surface ozone concentrations (mg m23) predicted by FARM model simulations for 15 Jul 2015 at (a) 0800, (b) 1200, and
(c) 1700 LST. Wind field at 10-m height is represented by gray arrows.

involves both local ferries to the islands and large cruise
and cargo ships.
The analysis of model concentration fields allowed us
to identify the main ozone production area and its
transport pathways (Fig. 10). During the morning, the
atmospheric flow was dominated by weak land-breeze
conditions transporting pollutants from the coastal area
to the sea (Fig. 10a). The urban area of Naples, the inland plains, and a portion of the gulf facing the main port
area were characterized by a minimum of ozone concentration due to the prevailing effect of titration at
nighttime and in the early morning (Fig. 10a). From late
morning to midday, the main areas of ozone production
were the plains inland from Naples and between Mount
Vesuvius and the Sorrento Peninsula (Fig. 10b). High
concentrations were also predicted over the northern
part of the Gulf, where ozone precursors have previously been advected by the land-breeze flow. Later in
the afternoon, the sea-breeze penetration transported
pollutants over the mountain slopes, locally reducing
concentrations over the inland plains by dilution.
Moreover, surface concentration fields showed an enlarged area influenced by the Naples plume that, being
rich in NOx, caused a local reduction in ozone concentrations by a titration effect (Fig. 10c). At the same time,
the coastal strip was reached by ozone advected from
the sea and originating from an offshore reservoir,
whose presence during sea breezes and summer high
pressure conditions has been documented, for example,
by Velchev et al. (2011).
The vertical ozone profiles measured by the aircraft over
the sea (P1 and P2) during the morning hours (Figs. 11a,b)
showed nearly constant concentration above 400 m with
values close to 150 mg m23. Below this height, concentration decreased toward the surface with values between 100
and 120 mg m23. The FARM simulation reproduced the
profile shape, with some underestimation of concentrations

in the upper layers (Figs. 11a,b). Model results support the
interpretation of the low value of near-surface ozone concentration as caused by NOx-rich and ozone-poor air
masses originating from the urbanized coastal area and
advected by land breezes during the night and early
morning (Fig. 10a). The morning profile P3, measured over
land (Fig. 11c), showed high ozone concentrations (150–
175 mg m23) within a layer about 600 m deep, reducing to
values similar to those detected over the sea at higher
vertical levels. The northeastern profile P4 over land
showed ozone concentration slowly and regularly decreasing with height (Fig. 11d). The analysis of P4 meteorological measurements and model results evidenced the
occurrence of a convective ABL with a depth of about
800 m (Fig. 6c). FARM simulations showed the tendency to
underestimate P3 ozone values near the ground (Fig. 11c).
This confirms the previous analysis of the time variation of
modeled air pollutants showing a slight delay in the prediction of ozone growth, which is especially evident for P3.
The comparison of model results with measurements in fact
improved for all the profiles if a 1-h delayed time frame
(e.g., 1100 LST instead of 1000 LST for P3) was extracted
from model results (see dashed lines in Figs. 11a–d). Wind,
surface energy, and momentum fluxes (Figs. 3c and 4a–c)
do not show any delay, while a slight time shift is observed
in the daily growth of temperature in the urban environment (Fig. 3c). A possible cause of the ozone concentration
growth delay can be the emissions time modulation, which
is based on statistical analyses of anthropogenic activities
and cannot guarantee an accurate reconstruction of the
actual emissions time variability during a specific day.
The afternoon ozone profiles showed peculiar features. An increase of concentration in the lower 400 m
was detected from the comparison of morning and afternoon profiles over water (P1 and P2; Figs. 11a,b,e,f),
that was overestimated by the model (Figs. 11e,f). This
discrepancy can be partially attributed to the western
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FIG. 11. Vertical profiles of ozone concentration (mg m23) measured by the aircraft along its ascending and descending flight paths
(black lines) at locations (a),(e) P1, (b),(f) P2, (c),(g) P3, and (d),(h) P4 during the morning [in (a)–(d)] and afternoon [in (e)–(h)] flights on
15 Jul 2015. Start and end times of the ascending and descending aircraft flight paths are indicated for each profile. FARM results extracted
at the same location are reported for the closest hourly time frame (red solid lines) and with 1-h delay (red dashed lines, for the morning
flight only).

boundary conditions, provided by the continental-scale
model, injecting ozone-rich air masses that were advected
onshore by the southwesterly breeze (Fig. 10c). The two
northern profiles (P1 and P4) showed an ozone-rich layer
between 400 and 1000 m (Figs. 11e,h), with concentrations higher than at the surface and maxima located
around 600 m. This pattern was neither reproduced by the
model nor repeated on the second day of measurements,
when ozone concentration was decreasing with height
and nearly constant within the mixing layer (see supplemental material Fig. S2e). The transient nature of the
observed phenomenon and the relatively low altitude of
the ozone-rich layer support the hypothesis that it is
caused by local recirculation rather than subsidence associated with the high pressure system over the Mediterranean (Millán et al. 2000, 2002; Richards et al. 2013).
The ozone-rich layer observed over land (P4; Fig. 11h) is
coincident with the residual layer located over the internal boundary layer (Fig. 6f), where pollutants have
been injected during late morning, before the arrival of
the breeze front, and could then remain trapped after the
internal boundary layer development. During local recirculation events, a limited difference in predicted wind
direction was probably the reason of the mismatch between modeled and measured profiles.
The possible origin of such ozone-rich layer was further investigated with the help of back-trajectories
computed using RIP4 (Stoelinga 2009) from WRF

wind fields on the third computational domain covering
the whole Campania region with 3-km horizontal grid
spacing. Trajectories arriving at P1, with vertical positions ranging from 356 to 734 m, have been computed on
both 15 and 16 July at 1500 LST to investigate the origin
of air masses possibly carrying the elevated ozone-rich
layer. The trajectories showed that airmass recirculation
was more pronounced on 15 July (Fig. 12a) than on the
following day (Fig. 12b). Trajectories reaching P1 during
the afternoon westerly flow actually originated over
land and traveled across some potentially ozone-rich
layers over the Gulfs of Naples and Salerno (Fig. 12a).
They can therefore confirm the hypothesis of local
recirculation origin of the elevated concentration maxima. On 16 July the air masses arriving at P1 during
the afternoon started over the open sea at the southern
boundary of the computational domain (Fig. 12b),
transporting background offshore concentrations that
did not include any elevated maximum. Elevated ozone
reservoir layers were observed by Lin et al. (2007, 2010)
during sea-breeze circulation in Taiwan; however, the
different climatic and circulation features, together with
the presence of the Naples conurbation along the
coastline, make it difficult to establish reliable similarities with the Mediterranean episode we analyzed.
The aircraft vertical profiles did not extend high
enough to clearly detect pollutants transport toward
the sea caused by the sea-breeze return current.
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FIG. 12. Back trajectories arriving at profile P1 location from 356 to 734 m MSL at 1500 LST on (a) 15 Jul 2015 and
(b) 16 Jul 2015. Color indicates trajectory height at the arrival point. Trajectories are followed for 24 h travel time.

Nonetheless, all meteorological profiles measured easterly winds at the upper levels, that is, over about 1400 m,
during the whole day (Figs. 6 and 7). WRF simulations
showed easterly currents up to about 3000 m, with
maximum intensities around 2000 m. Figure 13 shows a
vertical cross section of ozone concentration computed
by FARM along the northwestern transect of the
flight track on 15 July at 1800. The concentration
pattern suggests seaward transport of ozone with maximum values between 1000 and 2000 m (Fig. 13). The
recirculation of pollutants was driven by the vertical
dispersion of pollutants over the inland plains and by the
vertical transport forced by the Apennine mountain
range, which contributed to their injection into the high
troposphere and finally to their transport seaward by the
upper-air easterly current.

Ozone mass balance over the Naples area
Even in the presence of differences between model
results and observations, the main features of the complex atmospheric circulation and ozone dynamics within
the study area have been reconstructed, permitting us to
use FARM model results to provide an estimation of the
mass balance and the overall ozone production during
sea-breeze daily cycles. The mass balance computation
was performed within the inner model domain (Fig. 2)
with a horizontal size of 99 3 87 km2 and vertical depth
of 10 km. For each hour, the following integrated values
were computed: total mass variation within the domain
(TMV), net variation associated with chemical reactions
production/removal (Chemistry), dry deposition flux
(DryDep), and net flux through the lateral and top

FIG. 13. Ozone concentration (mg m23) in the (a) near-surface field and (b) vertical cross section across the
shoreline. The concentration fields refer to 1800 LST 15 Jul 2015. The aircraft flight path (blue line) and vertical
cross section position (black line) are superimposed on the horizontal cross section.
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FIG. 14. Ozone mass balance within the FARM model inner computational domain. (a) Hourly and (b) daily
integrated values for 15 Jul 2015. Hourly values are expressed in grams, while daily values are reported as fraction of
the total mass within the computational domain.

boundaries (BFlux). Hourly and daily values of different
contributions to the mass balance showed the expected
daily cycle of atmospheric chemistry, producing ozone
during the day and destroying it at night (Fig. 14a). The
time variation of the total ozone mass reflected the same
cycle, increasing during the day and decreasing at night.
The dry deposition sink was more relevant during the
day, when surface concentrations were higher and turbulence more intense. The local chemistry production,
together with mesoscale circulation, caused prevailing
ozone export conditions. The daily integrated values
showed that ozone net production can be quantified as
about 16% of the daily average mass contained within
the computational domain volume (Fig. 14b). The net
daily ozone mass gain resulting from chemical production, after subtraction of the deposition sink effect,
was almost equally distributed between an increase of
the total mass within the computational domain and the
export through the boundaries, toward the nearby geographical areas. The contributions to the overall daily
mass balance remained similar for the three days covered by model simulation (15–17 July 2015), causing an
overall 23% increase of the ozone mass within the
computational domain because of chemical production
(45% of the initial mass) partially compensated by deposition and outflow.

5. Discussion and conclusions
The Naples area is considered one of the major anthropogenic sources of ozone precursors in the Mediterranean Basin. Its geographical location on the
Italian peninsula near the high Apennine mountain
chain favors the export of pollutants over the sea,
where ozone accumulation has been detected from
surface and satellite observations and from atmospheric modeling investigations. The integration of
extensive measurements and model simulations

allowed us to investigate the ozone production and
transport during summer sea breeze and to identify the
key role played by the inland plains areas, where agriculture is mixed with scattered urbanization, in
controlling ozone and other secondary pollutants
production. The advection of NOx and other primary
pollutants from Naples and its harbor area to the
VOC-rich inland plains caused a relevant production
of ozone in the area. Pollutants were vertically mixed
in the convective boundary layer, up to a height of
about 1 km, until the sea-breeze front reached the inland plains around midday. A collapse of the boundary
layer depth was then observed associated with the
development of an internal boundary layer driven by
the breeze penetration, creating a layered vertical
structure of the lower atmosphere with high concentrations possibly trapped within the elevated residual
layer. The sea-breeze penetration reduced surface
ozone concentrations over the inland plains because of
the joint effect of increased ventilation and advection
of NOx-rich air masses, locally increasing the titration
effect. Ozone was then transported eastward, over the
Apennines, where BVOCs emitted by natural vegetation further triggered photochemical production.
The mountain-breeze circulation reinforced the vertical transport of pollutants that were then advected
westward toward the sea by the return currents above
1500 m. The nightly land-breeze circulation carried
ozone precursors from the densely inhabited coastal
area to the sea within near-surface atmospheric layers.
Nighttime titration conditions dominated over Naples
city, the inland plains area, and the Gulf of Naples.
The observed complex flow and layered structure of
the atmosphere is quite similar to that described by
Millán et al. (2002) for eastern Spanish coasts, with
differences induced by local topography that caused the
intense ozone production over the inland plains located
downwind of the city during sea breezes.
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Model simulations confirmed the role of the Naples
conurbation as a regional source of ozone through a net
production and direct export of ozone, together with its
anthropogenic and biogenic precursors, as predicted
by Velchev et al. (2011). Sea-breeze coastal circulation,
together with the vertical atmospheric motion induced by the Apennine mountain chain, favors the recirculation within the coastal region and its transport
toward the western Mediterranean, as clearly described
by Millán et al. (1997).
Despite the relevant chemical ozone production occurring locally, the daily increase of the total ozone mass
within the computational domain was less than 6%
(Fig. 14b), with a slight increment of daily maximum
concentration detectable in some of the surface observations. The local surface concentration is determined by a
complex interaction of atmospheric flow and chemistry
from the continental to the local scale. The regional
background concentration of ozone and its precursors
(entering the chemical transport model simulation through
the initial and boundary conditions) have a dominant role
in establishing local concentration levels, and especially
their daily maxima. Different studies have already shown
that local emission precursors control policies would
have a limited or even negative effect on summer ozone
episodes [see, e.g., Escudero et al. (2014) or Schipa et al.
(2009) and Schürmann et al. (2009) for investigations in
coastal locations of southern Italy]. Regardless, the coordinated reduction of pollutants’ emission from the major
conurbations located on or near the Mediterranean coasts
is one of the main approaches to achieve an ozone concentration reduction at the regional scale and especially
over the sea, where this pollutant accumulates during
persistent high pressure conditions. The slight decreasing
trend observed at background stations during recent years
(Sicard et al. 2013; European Environment Agency 2015)
is in fact an encouraging, albeit limited, sign of the possible
effects of the EU air pollution control strategy. Efforts to
reduce photochemical smog precursors’ emissions should
therefore be continued and extended from the continental
to the global scale, taking into account the global emission
trends (Miyazaki et al. 2017) and the negative effect of the
expected climate warming over the Mediterranean (Giorgi
and Lionello 2008; Gualdi et al. 2013; Sillmann et al. 2013).
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