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Abstract An overview of ultrafine particles (UFP) and their sources in the
Mediterranean basin is presented based on historical and new measurements in the
framework of ChArMEXx (the Chemistry-Aerosol Mediterranean Experiment). UFP
and meteorological variables were measured from an ultralight aircraft focusing on
particles in the nucleation and Aitken modes, and their potential properties as cloud
condensation nuclei (CCN). Observed UFP could be assigned to different source
areas and occasionally to certain types of emitters. An assessment of ship emissions
contribution to the nucleation and Aitken particle modes budget over the
Mediterranean is derived. Shipping along the main route from Suez to Gibraltar is a
source of UFP in a similar order of magnitude or even larger than anthropogenic
emissions along the shorelines and well above any natural sources. In areas far from
major emission sources, the majority of UFP were identified as CCN in concen-
trations far above natural abundance and significantly enhanced compared to
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pre-climate change (~1970) conditions. This enhancement in CCN concentrations
over the whole basin by anthropogenic UFP is an important input parameter for
aerosol-cloud interaction models and could be a timely, well-correlated, and essen-
tial factor for the observed changes in rainfall patterns within the last decades.

1 Introduction

The preceding chapter reviewed anthropogenic emissions of various reactive gases
and fine particulate compounds in the Mediterranean region (Borbon et al., 2022).
Here the focus is put on the anthropogenic contribution to the budget of ultrafine
particles (UFP) in the Mediterranean atmosphere. Most emission inventories are
based on mass emissions, and UFP represents only a minor fraction of the mass.
Despite their climate relevance, the number emission is not included in emission
databases like those considered in the preceding chapter. To our knowledge, the first
number emission scenario was published by Paasonen et al. (2016). The main
sources were industrial and residential combustion processes and traffic. However,
these numbers are still highly uncertain, and they cover only continental sources,
whereas in the Mediterranean, the contribution from intense ship traffic (see the
chapter in Vol. 1 by Doussin, 2023) has to be taken into account given documented
UFP emissions by large ship engines (e.g., Contini et al., 2015; Villaet al., 2019 and
references therein).

UFP constitute the fraction of the airborne particle size spectrum below 100 nm
in diameter. This size range covers particles in both the nucleation mode, <1-20 nm,
and the Aitken mode, 20—100 nm (Young & Keeler, 2007). In the upper range of the
Aitken mode (>40 nm) and further extending into the accumulation mode (>100 nm),
ultrafine particles may act as cloud condensation nuclei (CCN) (Charlson et al.,
1987; Andreae, 2009). The threshold for CCN activity at sizes >40 nm is not fixed
as it depends on aerosol chemistry, the fraction of water-soluble and water-insoluble
compounds, and their physical distribution within the particle. Further on, meteoro-
logical and cloud dynamical parameters like updraft velocity and supersaturation of
water vapor in clouds control the growth of cloud condensation nuclei to real cloud
droplets (Rosenfeld et al., 2019). A reduction in droplet size by additional UFP-
derived CCN is expected to delay rainfall from shallow clouds (Rosenfeld, 2000;
Bigg, 2008), although a direct causality for regional drought is difficult to prove
(Heinzeller et al., 2016). On the other hand, more latent heat energy originates from
more rapid evaporation of warm shallow cloud droplets and also from in-cloud pro-
cesses involving condensation on UFP/CCN inside strong convective cells. This
latent energy invigorates torrential rains leading locally to even more intense pre-
cipitation (Bell et al., 2008; Rosenfeld et al., 2008; Fan et al., 2018; Guerreiro et al.,
2018). Increased lightning intensity over major shipping lines was also reported
(Thornton et al., 2017).



Due to the impact of ultrafine particles as CCN on clouds and subsequently on
the hydrological cycle, knowledge about these particles and their emissions and
budgets is crucial for climate modelling (Charlson et al., 1987). The Mediterranean
is suffering from changes of the hydrological cycle, rainfall, drought, and surface
runoff as well as torrential rains and Mediterranean tropical-like cyclones called
medicanes (Gudmundsson et al., 2016). Understanding UFP and the fraction of the
UFP active as CCN might be contributing to the understanding of these changes.
Enhanced CCN might even be responsible not only for longer droughts but also for
an increase in lower troposphere water vapor as a major greenhouse gas and thus
directly affect the earth’s radiation balance (Riuttanen et al., 2016; Bister &
Kulmala, 2011).

Ultrafine particles in the atmosphere, especially in the lowest size ranges, origi-
nate from a production from gas phase molecules or gas to particle conversion
(GPC). The initial step, the nucleation, is the production of a more or less stable
cluster of about 1 nm in diameter that then further grows and stabilizes within a few
hours (Kulmala et al., 2013). This nucleation and growth process may happen
everywhere in the atmosphere where a suitable mixture of chemical compounds is
available. It has already been observed by Aitken at the Scottish northwest coast and
also at the coastline of Tasmania at Cape Grim. Such a natural particle production
from maritime emissions or related compounds (O’Dowd et al., 2005) has, however,
never been observed in the Mediterranean although volcanic emissions could emit
additionally the required chemical precursors. Key substances for the initial cluster
production are compounds like sulfuric or nitric acid as well as ammonia, and the
intensity of new particle formation is, like in all other chemical reactions, depending
on the “ambient” “laboratory” conditions. Natural UFP in the maritime environ-
ment are either derived from biogenic emissions of organic sulfur compounds oxi-
dizing in the atmosphere to reactive sulfur and subsequently slowly growing GPC
particles (Charlson et al., 1987) or derived from sea spray and bursting gas bubbles.
Particle concentrations over pristine ocean surfaces are in the order of a few hun-
dred cm™3, of which about 100 to 150 are cloud condensation nuclei (Schmale et al.,
2018). However, under conditions with marine biogenic material exposed to sun-
light at some coastal sites, locally enhanced number concentrations well exceeding
10,000 cm~ were observed (O’Dowd et al., 2005, 2007). Everywhere in the atmo-
sphere, sulfur dioxide emitted naturally from volcanic activity or from marine emis-
sions like DMS, or emitted by anthropogenic sources, may produce nanoparticles
upon interaction with ammonia from agriculture. The natural continental back-
ground source strength, however, is not well known. Bigg and Turvey (1978) esti-
mated the natural background for remote Australia to ~700 particles cm™. Strong
anthropogenic induced gas to particle conversion was observed to produce large
numbers of particles in sulfur-rich plumes released from power stations (Kiang
et al., 1973) and smelters (Ayers et al., 1979) or also in the industrial applications
burning at high temperatures sulfur containing fossil fuel (Bai et al., 1992) as part
of the SCR flue gas cleaning systems. For these applications, the addition of ammo-
nia was proposed as a technique to convert harmful gaseous compounds SO, and
NOy into filterable particulate matter.



The growth of the initial nucleation clusters in the atmosphere with growth rates
of a few nm per hour is finally dependent on the presence of additional condensable
substances like extreme low volatility organic compounds (ELVOC) (Kulmala
et al., 2013; Ehn et al., 2014). Such VOCs would be readily available from the
Mediterranean vegetation. After several hours, particles grown into the size range of
cloud condensation nuclei are then composed of a mixture of an inorganic core, i.e.,
ammonium sulfate or nitrate, and organic compounds with a more or less hydro-
philic composition which controls the later droplet activation process in the cloud
and the probability of the UFP to become a CCN (Wang et al., 2019).

Frequent biomass burning over and around the Mediterranean is an alternate
source for particles in the CCN range, but it is producing large amounts of mainly
accumulation mode particles. The main emission mode is larger, and the number
size distribution main mode of fresh biomass burning aerosol is normally above
80 nm with a tail well into the visible size range >300 nm (Alonso-Blanco et al.,
2014). Besides the number concentration thus, to disentangle different sources and
production processes, the size distribution is a powerful key to investigate the ori-
gin, or age, of ultrafine particulate matter. For example, in case that the nucleation
mode is suppressed and only particles >10 nm are observed, this is normally an
indication of a medium- to long-range transport due to the fast growth of freshly
produced particles from the nucleation into the Aitken mode (Boy & Kulmala,
2002; Dal Maso et al., 2005). Also, the shape of the observed modes can be used as
an indicator of underlying production and aging processes. Unfortunately, ultrafine
particles are invisible and thus not detectable by remote sensing techniques which
would allow a better spatial coverage and monitoring. They have to be measured in
situ, and spatial investigation requires aircraft.

An extended overview about the historical and technological development of
instrumentation for the measurement of UFP is given by Mohnen and Hidy (2010).
Although instrumentation for the detection of particles >15 nm has been available
since the late nineteenth century (Coulier, 1875; Aitken, 1888), the knowledge of
ultrafine particles and their sources and budget is still limited. One reason for the
limited database is the fact that, despite the early knowledge of particle numbers as
a proxy for pollution levels (Aitken, 1890; Landsberg, 1938), regulations concern-
ing particles normally consider the mass fraction, particulate matter with size ranges
<10 pm or 2.5 pm (PM,, or PM,5). This was one of the initial parameters reproduc-
ible measurable and claimed to be health relevant (Pope et al., 2002). Environmental
monitoring sites were thus normally equipped with instrumentation neither for
long-term monitoring of particle number concentration nor for the particle size dis-
tribution. That ultrafine particles may be even more health relevant than particulate
mass came up about a decade ago (Franck et al., 2011) and is now generally
accepted. The health effect is described to be due to the smaller size and subsequent
deeper penetration of UFP into the lung. However, only a few monitoring networks
have been established since (Birmili et al., 2016). In the Mediterranean, only two
sites were installed since 2000 following the detection of more or less regular diur-
nal patterns of ultrafine particles within the nucleation mode in a boreal forest



environment (Kulmala et al., 2004). The instrumentation is relatively complex so
that data are mostly available from short-term campaign activities. In Italy, the first
site in the eastern Po Valley was established at San Pietro Capofiume about 30 km
from the Adriatic coast in a predominant agricultural area surrounded by several
large pollution sources (Laaksonen et al., 2005). Data are covering several years, for
example, from the QUEST-EU (Quantification of Aerosol Nucleation) campaign,
and long-term measurements were analyzed and published by Hamed et al. (2007).
In the eastern Mediterranean, a station has been established in Crete (Finokalia),
and analyses covering several years are now reported (Kalivitis et al., 2019). A sta-
tion on the island of Gozo was installed in 2012, but to our knowledge, no data have
been published yet.

To cover the gaps in observations, a few more stations were installed to extend
the existing infrastructure temporarily in relatively clean locations on the islands of
Mallorca and Corsica, and aircraft were used for additional three-dimensional
investigations within the framework of the Chemistry-Aerosol Mediterranean
Experiment (ChArMEx; https://www.atmos-chem-phys.net/special_issue334.
html). Field operations were mainly over the western basin (Rose et al., 2015) and
over the island of Corsica in summer 2012 (project VESSAER: Vertical Structure,
Sources, and Evolution of Aerosols in the Mediterranean Region; Roberts et al.,
2013) and extended further south east over Malta and Gozo islands in summer 2013.
On a short time scale and on a campaign basis, further ultrafine particle data are
available from campaign activities in ChArMEXx from field sites in Mallorca Isl. and
at Ersa (north of Cap Corse on Corsica Isl.) in the western Mediterranean and at
Finokalia (Crete Isl.) in the eastern Mediterranean (Berland et al., 2017; Kalivitis
etal., 2019). Data from a later campaign in Madrid in 2017 (Carnerero et al., 2018)
fit well into the overall picture.

One advantage of the available database for the characterization of the anthropo-
genic contribution to the particle budget is the fact that besides measurements with
the latest available instrumentation, at least a few historical data on particle number
concentrations are published. John Aitken spent at the end of the nineteenth century
already several weeks on the French coastline east of Toulon with his mobile coun-
ter. Later, in the early 1970s, a ship cruise for the investigation of ultrafine particle
number concentrations was performed in the Sardinia and Sicily Channels which
were considered at that time as remote maritime areas (Colacino & Dalu, 1972),
followed by a cruise in 1975 throughout the whole western and eastern Mediterranean
(Elliott, 1976). These measurements now can be compared to number concentra-
tions measured during ChArMEx in 2012 and 2013 considering that the early Aitken
and Pollak (Metnieks & Pollak, 1959) counters are comparable in the lower detect-
able size limit but were not able to measure nucleation mode particles below
~15 nm. Nevertheless, the currently available size distributions down to ~3 nm
allow a comparison.



2 Airborne Experiments in the Mediterranean

Several aircraft were involved in aerosol investigations in the western Mediterranean:
the French Safire ATR-42 flew in 2012 during a campaign of the Hydrological Cycle
Mediterranean Experiment (HyMeX; Rose et al., 2015) and in cooperation with the
Safire Falcon F-20 in 2013 during a ChArMEx campaign (Mallet et al., 2016). A
small aircraft operated by Karlsruhe Institute of Technology (KIT) in Germany was
used already earlier between 1999 and 2008 in the western Mediterranean for inves-
tigations of the regional three-dimensional distribution of aerosols and radiation.
These first campaigns included ultrafine particles from a > 10 nm particle counter
(CPC) to characterize photochemistry in southern France between Avignon and
Marseille (Junkermann, 2005) and the vertical structure of the planetary boundary
layer (PBL) over the island of Lampedusa for Saharan dust studies (Meloni et al.,
2015). To gather first information on nucleation mode particles, extensive flights
over the eastern Po Valley within the QUEST project (Laaksonen et al., 2005) used
a twin counter setup with 3 and 10 nm cutoffs.

With a similar two-counter setup plus an additional SMPS (20-480 nm), Rose
et al. (2015) indeed found nanoparticles between 5 and 10 nm in elevated layers
especially over the Gulf of Lyon and assigned these particles to new particle forma-
tion. The data presented do not allow us to identify or to quantify the emission
source or the contribution to the CCN budget. A contribution of marine emissions to
new particle formation in the elevated layers would require at least convective verti-
cal and synoptic horizontal transport most likely with some anthropogenic contami-
nation. The corresponding three-dimensional distribution and temporal, day and
night occurrence, could be as well in agreement with continental emission, meteo-
rology, and long-range transport (Junkermann & Hacker, 2018).

Within the framework of ChArMEXx, two airborne campaigns specially focusing
on ultrafine particles and CCN followed over islands of Corsica and Malta during
summer of 2012 and 2013, respectively. Aerosol particle size distributions and their
potential to serve as cloud condensation nuclei were investigated during the
VESSAER 2012 campaign on the eastern side of Corsica up to an altitude of about
3500 m a.s.l., probing both the planetary boundary layer and the lower free tropo-
sphere. The objective was to characterize ultrafine particle number, size distribu-
tions, and cloud condensation nuclei spectra in local (PBL) and long-range
transported air masses (lower free troposphere) (Roberts et al., 2013). The aircraft,
an instrumented weight shift microlight, carried a set of aerosol sensors, CPC
(>10 nm), nano-SMPS (4.5-350 nm with 15 size bins between 4.5 and 20 nm, 120-
sec time resolution), optical particle spectrometer (0.3—20 pm), as well as compre-
hensive meteorological instrumentation, i.e., temperature, dew point, radiation,
wind speed, and turbulence (Junkermann et al., 2016). An additional miniaturized
cloud condensation nuclei spectrometer was provided for the Corsica campaign by
G. Roberts, Météo-France, Toulouse. During summer 2013, the KIT ultralight flew
with a more sensitive CPC (>4.5 nm) from the island of Malta with vertical profiles
over Malta and the neighboring island of Gozo to characterize ship emissions close
to the Sicilian Channel, nowadays one of the world’s major shipping routes (see
chapter on anthropogenic pressures; Doussin, 2023).



The results for both island locations were quite different. Corsica is located rela-
tively close to the coastline of Italy with 200 km of Genova and ~ 120 km of
Civitavecchia, and ~ 900 km of the Spanish coast, but further away from major
shipping routes than Malta. The island is large enough to be subject to thermal con-
vection, mixing planetary boundary layer air up to the mountain summits at 2700 m.
During VESSAER, we experienced mainly westerly winds with 24 h back trajecto-
ries originating on the Iberian Peninsula and fast transport over ~900 km. Number
concentrations of ultrafine particles were always moderate, in the range of
2000-4000 cm™ up to an altitude of ~2500-3000 m, but occasionally even higher
up to 6000 cm= in an elevated layer above 1800 m. For westerly winds encoun-
tered, the mountain range on Corsica is a barrier with open channels at about
1600 m. Thus, below 1600 m, likely more local conditions prevail. The island is
covered with dense Mediterranean vegetation, the source of VOC required for rapid
aerosol growth (Ehn et al., 2014). However, during 2 weeks of campaign, no signifi-
cant signature of fresh nucleation in any of these air masses was ever observed.
Geometric mean particle size was normally between 70 and 100 nm and more than
50%, up to 100% of these particles were cloud condensation nuclei at 0.3% super-
saturation. In one case, we found a direct transport or smaller particles at mid-
elevation (1600-2300 m) passing over Ajaccio and possibly affected by emissions
from the local fossil fuel power station (Roberts et al., 2013). The data compare well
with the size distributions at the surface site of Ersa at 535 m a.s.l. in altitude north
of Corsica and with the traces of nucleation mode aerosol in elevated layers reported
by Rose et al. (2015) (Fig. 1). From continuous measurements at Ersa (Cap Corse;
Berland et al., 2017; see also the chapter on nucleation by Sellegri & Rose, 2022),
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Fig. 1 (a) Vertical profiles of ultrafine particles >10 nm (CPC, light blue) and total number con-
centration (SMPS, dark red) over Ghisonaccia (Corsica) July 9, 2012. (b) Average size distribu-
tion: (diameter) in the PBL below 1500 m (black) and between 1500 and 2300 m (light blue)



<10 nm nucleation mode particles were visible only occasionally, and the “typical”
diurnal “banana curve” patterns, which are often observed at surface sites on the
continent, began at or above 15 nm, an indication that favors rather long-range
transport advected particles compared to local particle production (Boy & Kulmala,
2002; Dal Maso et al., 2005). During the time of the flights and also at Ersa, the size
of the main UFP mode was already generally >50 nm.

The Malta flights revealed a completely different picture. The nucleation mode
dominated the atmospheric marine boundary layer (MBL) with concentrations
about an order of magnitude larger than observed over Corsica and previously in the
campaigns at Lampedusa, where normally several distinct layers of UFP were
observed, the first one just marking the top of the MBL (Di Iorio et al, 2003). These
stable aerosol layers are a result of the normally stable stratification of the marine
planetary boundary MBL compared to the continent, and Lampedusa is too small to
significantly produce such a thermal convection as observed over Corsica
(Junkermann, 2001; Meloni et al., 2015). Over Malta and Gozo, the UFP in the
MBL were not perfectly mixed, an indication of a nearby source, but the average
concentrations over both islands were the same each day. Contrary to the moderate
number concentrations over Corsica with up to ~6000 cm™ over Malta up to
150,000 cm=3, typically 40,000-80,000 cm= were found. Figure 2a shows the verti-
cal structure of ultrafine particles during a morning flight (08:00 to 10:00 UTC) over
Malta and Gozo with slight northerly winds on June 14, 2013.
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Fig. 2 UFP over the island of Malta and Gozo: (a) Eight vertical soundings from ~50 m a.g.l. to
~2500 m a.g.l. for particle number concentrations >4.5 nm. (b) Corresponding averaged size dis-
tributions above the MBL and within the MBL. The flight was performed under conditions with
about 2.5 ms~' northerly winds downwind of the main shipping route between Malta and Sicily.
For comparison, a typical MBL size distribution from Corsica is included (dotted line). The photo
taken during the campaign shows a cargo ship off Malta with its smoke plume



Due to airspace restrictions with Malta airport, all vertical profiles >600 m were
flown over the island of Gozo. Here on June 14, a thin layer with ~10,000 particles
cm™ (already more than in Corsica) was found at 2300 m. The origin of this layer with
low concentration for Malta but high compared to Corsica is not known; however, the
back trajectory passed quite close to the summit of Mt. Etna. This layer can thus be
both natural and anthropogenic. The corresponding size distributions in the MBL (see
Fig. 2b) had a major and slightly asymmetric mode at 18—20 nm diameter, while the
size distribution above the MBL peaked at ~60 nm more similar to the observations of
aged particles over Corsica. A size distribution with a main mode at that small diam-
eter is probably a mixture of primary emission and fast secondary production in agree-
ment with the ships emitting high amounts of sulfur dioxide and NO,. A pure
secondary production during the morning time window would, however, require a
significantly faster growth than known from recent literature. It is interesting to note
that the UFP main mode is clearly smaller than the one reported for a container ship
burning heavy marine oil outside the SECA (Sulfur Emission Control Area) area of
the British channel (~80 nm; Petzold et al., 2008) and much closer to the sizes emitted
from modern continental power stations (Junkermann et al., 2016; Junkermann &
Hacker, 2018). Such stations apply flue gas cleaning techniques like SCR or SNCR
(selective (non)-catalytic reduction) where large amounts of added ammonia suppress
the NO, emission but favor the production of new particles. Nucleation then already
occurs within the power station, respectively, within the flue gas cleaning section (Bai
et al., 1992; Srivastava et al., 2004) or directly after emission in the cooling and
spreading flue gas plume. A later comparison with a hybrid ferry in the Baltic Sea
operating at low sulfur fuel (<0.1%) and including a pollution scrubber system
revealed even higher number emissions under totally overcast conditions. The ferry
emitted a clear single particle mode at 30 nm without any indication of fresh nucle-
ation. For the Mediterranean under bright sunshine downwind of the main shipping
channel, a slightly smaller main size mode (18 nm) which was found extending into
the lowest nucleation mode size bins, a signature of gas to particle conversion.

During the airborne campaign over Malta, an additional ground-based particle
counter (TSI 3010) and an optical particle spectrometer (model GRIMM 1.108) were
installed on a rooftop (fifth floor) at the harbor of Marsaxlokk on the east side of
Malta island as a ground-based reference. On the average over the campaign the
instruments measured ~15,000 particles cm™ with particle numbers reaching
>50,000 cm™ (Fig. 3a). An obvious diurnal pattern with maxima around noon
(Fig. 3b) indicates that Malta, although smaller than Corsica, is also likely subject to
diurnal convection regularly advecting sulfur- and particle-rich air from ships either
passing by or on berth to the island. The pattern is not in agreement with the local car
traffic in the area. However, here the size of the UFP and the mixture of primary and
secondary particles remains unknown due to the missing size distribution.
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Fig. 3 Ground-based UFP measurements during the June 11-26, 2013, campaign on the island of
Malta, at a rooftop fifth floor at the harbor front of Marsaxlokk: (a) concentration levels of particles
>10 nm (CPC-TSI 3010; left axis) and the particle number concentration of fine particles >300 nm
(GRO_03, right axis); high values of fine particles indicate Saharan dust events; (b) diurnal cycle
of the UFP concentration as a running average for the campaign

3 History of Ultrafine Particle Concentration Levels
in the Mediterranean

It is interesting to note how particle number concentrations and potential cloud con-
densation nuclei concentrations changed in the Mediterranean within the last
decades. Already back in 1890 John Aitken (1890) identified anthropogenic activi-
ties at the harbor town of Toulon as one of the major sources of Aitken particles and
other pollution, but, he was not able to identify any chemical process involved.
During his measurements, about 30 km from Toulon he found, from the clean mari-
time sector, ~600 particles cm~3. Polluted air reached up to 45,000 particles cm™
downwind the city and port of Toulon.



Colacino and Dalu (1972) found 80 years later about 800 to 1000 particles cm™
over the open water of the Sicily and Sardinia Channels, also most probably upwind
of the industry in Sicily, and on the mainland. At that time, clean oceanic conditions
over the Atlantic and Pacific were expected to have about 300 to 400 particles cm=,
and the Mediterranean, as expected, was no longer completely clean. Compared to
Aitken’s measurements 80 years earlier, there was no obvious change in cleaner
parts of the Mediterranean Sea. Elliott (1976) found a few years later on a cruise
extending into the eastern basin and into the northern Aegean Sea between 1000 and
2000 cm~ and occasionally up to 15,000 cm~, which were assigned to anthropo-
genic sources at the coast. The increase in background number concentrations could
be already related to growing shipping traffic emissions that finally in the twenty-
first century led to ~15,000-20,000 particles cm™ in 2013 in the same area.

Especially within the central part of the Mediterranean, the emissions changed
significantly in the last decades. Power stations and refineries were in operation in
the 1970s in Sicily and at the southern tip of the Italian mainland, where one of the
largest industrial sites is located, in Taranto, since the late 1960s. However, these
particle sources were not equipped with flue gas cleaning systems until the end of
the twentieth century and emitted a major fraction as fine particles. Fine particles
serve as a condensation sink and suppress the number of ultrafine ones. Thus,
although the total emitted mass (PM) was higher, number concentrations was prob-
ably lower than today as a drawback of modern “clean” technology.

Despite the introduction of air polluton control measures the levels in urban envi-
ronments in the twenty-first century did not change much compared to 1890 with
the exception of black carbon and fine dust, which is significantly reduced. This is
due to the more intense traffic now. The coastline with expanding urban settlements
and increasing traffic is thus becoming a continuous line source these days, com-
pared to the patchy patterns at the turn of the nineteenth century. Traffic emissions
in urban environments and also from in between these agglomerations are now one
of the larger sources of primary nanoparticles (Olin et al., 2020; Ronkko et al.,
2017). From the available data we have, it is impossible to estimate whether and
how far UFP emissions changed. However, a number of new, important and domi-
nating sources have been introduced. Growing emissions from fossil fuel power
stations and refineries have shifted from fine particles to ultrafine ones since ~1980.
Different to urban and car emissions, these UFP emitters release into elevated alti-
tudes of about 200-300 m. These emissions occur during the day into the boundary
layer, during night above the nocturnal inversion, favoring mid-elevation transport
up to a few hundred km (Junkermann & Hacker, 2018). This agrees with the ele-
vated layers observed over the less convective MBL (Junkermann, 2001; Meloni
etal., 2015; Rose et al., 2015) and with the diurnal pattern of size distributions at the
ground-based field sites (Berland et al., 2017; Junkermann & Hacker, 2018). Within
the Mediterranean, large industrial UFP sources are found in increasing numbers
and increasing size. Currently, about 35 units burning coal (https://www.endcoal.
org) are located along and ~ 200 km inland of the coastline from Gibraltar, along the
Spanish coast over southern France towards Italy and further east to Greece and



Turkey. Additionally, several large refineries and heavy oil-fired units are also now
operational (Malta, etc.). The source for ultrafine mode aerosol identified by
Kalkavouras et al. (2017) for particles observed at the Finokalia site is such a region
with several coal fired power stations. Intense UFP events at the Cyprus coast can
be traced back to stations at the Turkish south coast (Brilke et al., 2020). The Italian
field site at San Pietro Capofiume (Laaksonen et al., 2005) is similarly affected by
fossil fuel emissions from nearby Mestre, Porto Tolle, and Rimini. Correspondingly,
the local fossil fuel-fired power stations located in Mallorca, Corsica, Malta, Crete,
and Cyprus have to be considered. The possible nucleation source areas identified
by Berland et al. (2017) are close to such UFP emission hotspots. In addition, mari-
time fossil fuel extraction sites like gas and oil rigs have not been investigated yet.
The fuel there is not burnt in significant amounts, but they could contribute, espe-
cially in the eastern Mediterranean where their number could increase rapidly fol-
lowing recent hydrocarbon fields’ discoveries (Ellinas et al., 2016).

4 Major Contributions to the Mediterranean UFP Budget

Local traffic, urban environments, fossil fuel processing (refineries), power genera-
tion, and ship traffic all contribute to the ultrafine particle budget over the
Mediterranean (Junkermann & Hacker, 2015, 2018) with, depending on the source,
different emission heights. Ships are emitting always into the MBL, and power sta-
tions at night above the nocturnal MBL, leading to different transport patterns day
and night. Above the MBL, long-range transport might cover the whole basin
(Elliott, 1976), and diurnal convection is rapidly mixing these layered emissions
both down to the ground and up to the cloud base. Ships in the Sicilian Channel
were identified to be a major source of ultrafine particles initially too small for CCN
activity but growing within a few hours into the respective size range. Ships burning
sulfur-rich fuel were estimated to emit slightly less per MW, but at larger sizes
(Petzold et al., 2008), their emission is also dependent on speed, size, engine, and
fuel. However, cleaner fuel as required after 2020 also for the Mediterranean does
not mean that the UFP emission is decreasing. Experiments in the Baltic Sea indi-
cated that with a reduction of fine particles, the primary emission of ultrafine or
nanoparticles might be even increasing to similar values as were obtained from the
modern continental power stations in the order of 3 10" particles per MW. This
would agree with the results of Hamed et al. (2010) who observed that the number
of cloud condensation nuclei at a field site surrounded by several lignite power sta-
tions increased during transition from “dirty” to “clean” operation, despite sulfur
dioxide reduction. A doubling of nucleation mode particles was observed a few
hours downwind of a modern power station, and even after transport for 48 h and
about 800 km downwind of a major UFP source, the signature of enhanced nucle-
ation appeared under “clean Mediterranean” conditions over Australia (Junkermann
& Hacker, 2015; see also Rosenfeld 2000). That indicates that even in a diluted
plume still sufficient precursor material is available.



Using the Malta vertical profiles for shipping emissions, an emission rate esti-
mate can be calculated although it cannot be disentangled how primary emission
and fast secondary gas to particle production are contributing. Measurements a few
km downwind from large point sources always summarize the primary and immedi-
ate secondary production. It is thus a measure of the direct contribution of a single
source to the total budget, and this is the number emission finally needed for a
model grid cell. Using the information from the flight of Fig. 2, an average particle
number concentration along the shipping line over ~40 km (Malta-Gozo) of
30,000 cm™, a height of the MBL of 800 m, and an average perpendicular wind
vector of 2.6 ms™, the effective particle production from the shipping line is on the
order of ~6 10'® s~! km~!. Extrapolated to the full distance from Suez to Gibraltar,
that would be equivalent to more than 70 medium-size fossil fuel-fired power sta-
tions (Junkermann et al., 2011, 2016). Maritime UFP emissions in the Mediterranean
are thus in a similar order of magnitude as continental emissions along the coast.
Data about shipping intensity are available from the AIS data archive (https://www.
marinetraffic.com/). These data contain at least the type, size, and speed of all indi-
vidual ships, especially all cargo ships, and allow a calculation how much cargo
(gross register tonnage) is transported along the shipping route. Ship emission
reported by Petzold et al. (2008) and calculation of particle emission for the amount
of cargo shipped through the Mediterranean are in good agreement with the above
shipping emission estimate for the summer time conditions from the Malta
campaign.

5 Conclusion and Recommendations

Ultrafine particles over the Mediterranean are dominated by anthropogenic activi-
ties along the surrounding coastline, by emissions from urban agglomerations, from
industrial installations, and from shipping. These emissions are spread over the
basin by regional-scale horizontal advection, often in distinct layers, and are finally
vertically mixed by thermal convection during daytime. This thermal convection is
stronger over land, and larger islands than over the open water. Considering the
lifetime of small ultrafine particles, transport distances of about 500 km have to be
considered, occasionally even more, similar to Saharan dust transport. Single events
can be analyzed for source apportionment, for example, using HYSPLIT or
FLEXPART back trajectory models. In many cases, the most likely source can be
identified (e.g., Junkermann & Hacker, 2015). Aging and loss processes involved
during transport modify size distributions, mainly to larger sizes, toward CCN sizes
and to the accumulation mode. A reduction in fine particles due to emission control
measures, the condensation sink of UFP, might even increase the lifetime for smaller
particles in the ultrafine mode. Important for the climate impact of ultrafine aero-
sols, among changes in size distributions and chemistry of UFP with aging, the
fraction of cloud condensation nuclei is increasing (close to 100% CCN in aged
particles over Corsica). Compared to 1970 with a maximum of 600-800 CCN cm~,



in the unlikely case that all particles at that time were active CCN, nowadays >2000
and more CCN cm™ are normal over the Mediterranean. This is due to the aging
UFP from continental sources along the coastline and to the emissions from
shipping.

Due to missing data, no trend or even a quantitative estimate can be made for
coastal and urban emissions throughout the basin. However, the source from increas-
ing global ship transport is obvious. Shipping is nowadays a major source of ultra-
fine particulate matter, especially in the marine environment of the central
Mediterranean, which was originally remote or only moderately polluted (at least
up to the 1970s). ChArMEX results allow a better estimate of the shipping contribu-
tion and provide new insights into size distributions related to particulate shipping
emissions. Given the large impact of ultrafine particle-derived CCN on the hydro-
logic cycle through aerosol-cloud interactions, it is suspected that these additional
emissions contributed to the observed modification of rainfall patterns with the last
decades and the subsequent changes in horizontal and vertical water vapor distribu-
tions. There is also experimental evidence that in other areas with reported excep-
tional rainfall deficiencies, the number concentrations of UFP were enhanced in a
similar way to the Mediterranean and that rainfall decline timely correlates with an
increase in ultrafine particles, respectively, CCN (Bigg, 2008; Junkermann et al.,
2009, 2011; Junkermann & Hacker, 2015; Heinzeller et al., 2016). These climate-
relevant processes need more observations and further sophisticated climate model-
ling with updated primary emission scenarios and detailed aerosol and cloud
physics.

Acknowledgments The European Facility for Airborne Research (EUFAR; https://www.eufar.
net/, last accessed July 29, 2020) is acknowledged for supporting the VESSAER campaign of the
KIT ultralight aircraft.

References

Aitken, J. (1888). On the number of dust particles in the atmosphere. Nature, 37, 428-430. https://
doi.org/10.1038/0374282a0

Aitken, J. (1890). On the number of dust particles in the atmosphere of certain places in Great
Britain and on the continent, with remarks on the relation between the amount of dust and
meteorological phenomena. Nature, 41, 394-396. https://doi.org/10.1038/041394e0

Alonso-Blanco, E., Calvo, A. 1., Pont, V., Mallet, M., Fraile, R., & Castro, A. (2014). Impact
of biomass burning on aerosol size distribution, aerosol optical properties and associated
radiative forcing. Aerosol and Air Quality Research, 14, 708-724. https://doi.org/10.4209/
aaqr.2013.05.0163

Andreae, M. O. (2009). Correlation between cloud condensation nuclei concentration and aero-
sol optical thickness in remote and polluted regions. Atmospheric Chemistry and Physics, 9,
543-556, . www.atmos-chem-phys.net/9/543/2009/

Ayers, G. P, Bigg, E. K., & Turvey, D. E. (1979). Aitken particle and cloud condensation nucleus
fluxes in the plume from an isolated industrial source. Journal of Applied Meteorology, 187,
449-459. https://doi.org/10.1175/1520-0450



Bai, H., Biswas, P., & Keener, T. (1992). Particle formation by NH;-SO, reactions at trace
water conditions. Industrial and Engineering Chemistry Research, 31, 88-94. https://doi.
org/10.1021/ie00001a013

Bell, T. L., Rosenfeld, D., Kim, K.-M., Yoo, J.-M., Lee, M.-1., & Hahnenberger, M. (2008). Midweek
increase in U.S. summer rain and storm heights suggests air pollution invigorates rainstorms.
Journal of Geophysical Research, 113, D02209. https://doi.org/10.1029/2007JD008623

Berland, K., Rose, C., Pey, J., Culot, A., Freney, E., Kalivitis, N., Kouvarakis, G., Cerro, J. C., Mallet,
M., Sartelet, K., Beckmann, M., Bourriane, T., Roberts, G., Marchand, N., Mihalopoulos, N.,
& Sellegri, K. (2017). Spatial extent of new particle formation events over the Mediterranean
Basin from multiple ground-based and airborne measurements. Atmospheric Chemistry and
Physics, 17, 9567-9583. https://doi.org/10.5194/acp-17-9567-2017

Bigg, E. K. (2008). Trends in rainfall associated with sources of air pollution. Environment and
Chemistry, 5, 184—193. https://doi.org/10.1071/ENO7086n

Bigg, E. K., & Turvey, D. E. (1978). Sources of atmospheric particles over Australia. Atrmospheric
Environment, 12, 1643—1655. https://doi.org/10.1016/0004-6981(78)90313-X

Birmili, W., Weinhold, K., Rasch, F., Sonntag, A., Sun, J., Merkel, M., Wiedensohler, A., Bastian,
S., Schladitz, A., Loschau, G., Cyrys, J., Pitz, M., Gu, J., Kusch, T., Flentje, H., Quass, U.,
Kaminski, H., Kuhlbusch, T. A. J., Meinhardt, F., ... Fiebig, M. (2016). Long-term observa-
tions of tropospheric particle number size distributions and equivalent black carbon mass con-
centrations in the German Ultrafine Aerosol Network (GUAN). Earth System Science Data, 8,
355-382. https://doi.org/10.5194/essd-8-355-2016

Bister, M., & Kulmala, M. (2011). Anthropogenic aerosols may have increased upper troposphere
humidity in the 20th century. Atmospheric Chemistry and Physics, 11, 4577-4586. https://doi.
org/10.5194/acp-11-4577-2011

Borbon, A., Afif, C., Salameh, T., Thera, B., & Panopoulou, A. (2022). Anthropogenic emissions
of reactive compounds in the Mediterranean region. In F. Dulac, S. Sauvage, & E. Hamonou
(Eds.), Atmospheric chemistry in the Mediterranean Region (Vol. 2, From air pollutant sources
to impacts). Springer, this volume. https://doi.org/10.1007/978-3-030-82385-6_5

Boy, M., & Kulmala, M. (2002). Nucleation events in the continental boundary layer: Influence of
physical and meteorological parameters. Atmospheric Chemistry and Physics, 2, 1-16. https://
doi.org/10.5194/acp-2-1-2002

Brilke, S., Folker, N., Miiller, T., Kandler, K., Gong, X., Peischl, J., Weinzierl, B., & Winkler,
P. M. (2020). New particle formation and sub-10 nm size distribution measurements during
the A-LIFE field experiment in Paphos, Cyprus. Atmospheric Chemistry and Physics, 20,
5645-5656. https://doi.org/10.5194/acp-20-5645-2020

Carnerero, C., Pérez, N., Reche, C., Ealo, M., Titos, G., Lee, H.-K., Eun, H.-R., Park, Y.-H.,
Dada, L., Paasonen, P., Kerminen, V.-M., Mantilla, E., Escudero, M., Gémez-Moreno, F. J.,
Alonso-Blanco, E., Coz, E., Saiz-Lopez, A., Temime-Roussel, B., Marchand, N., ... Querol,
X. (2018). Vertical and horizontal distribution of regional new particle formation events in
Madrid. Atmospheric Chemistry and Physics, 18, 16601-16618. https://doi.org/10.5194/
acp-18-16601-2018

Charlson, R. J., Lovelock, J. M., Andreae, M. O., & Warren, S. G. (1987). Oceanic phyto-
plankton, atmospheric sulphur, cloud albedo and climate. Nature, 326, 655-661. https://doi.
org/10.1038/326655a0

Colacino, M., & Dalu, G. A. (1972). Condensation nuclei measurements in marine atmosphere
(Mediterranean Sea). Pure and Applied Geophysics, 93, 205-213. https://doi.org/10.1007/
BF00875237

Contini, D., Donateo, A., Gambaro, A., Argiriou, A., Melas, D., Cesari, D., Poupkou, A.,
Karagiannidis, A., Tsakis, A., Merico, E., Cesari, R., & Dinoi, A. (2015). Impact of ship traf-
fic to PM, 5 and particle number concentrations in three port-cities of the Adriatic/Ionian area.
International Journal of Environmental and Ecological Engineering, 9, 533-538, . https://pub-
lications.waset.org/pdf/10000904

Coulier, P. J. (1875). Note sur une nouvelle propriété de I’air. Journal de Pharmacie et de Chimie,
4,165-172.



Dal Maso, M., Kulmala, M., Riipinen, 1., Wagner, R., Hussein, T., Aalto, P. P., & Lehtinen,
K. E. J. (2005). Formation and growth of fresh atmospheric aerosols: Eight years of aerosol
size distribution data from SMEAR 11, Hyytidld, Finland. Boreal Environment Research, 10,
323-336. https://doi.org/10.1029/2001JD001053

Di lorio, T., di Sarra, A., Junkermann, W., Cacciani, M., Fiocco, G., & Fua, D. (2003). Tropospheric
aerosols in the Mediterranean: 1. Microphysical and optical properties. Journal of Geophysical
Research, 108, 4316. https://doi.org/10.1029/2002jd002815

Doussin, J.-F. (2023). The Mediterranean atmosphere under anthropogenic pressures. In F. Dulac,
S. Sauvage, & E. Hamonou (Eds.), Atmospheric chemistry in the Mediterranean Region
(Vol. 1, Background information and pollutants distribution). Springer.

Ehn, M., Thornton, J. A., Kleist, E., Sipila, M., Junninen, H., Pullinen, L., Springer, M., Rubach,
F, Tillmann, R., Lee, B., Lopez-Hilfiker, F., Andres, S., Acir, 1.-H., Rissanen, M., Jokinen, T.,
Schobesberger, S., Kangasluoma, J., Kontkanen, J., Nieminen, T., ... Mentel, T. F. (2014). A
large source of low-volatility secondary organic aerosol. Nature, 506, 476-479. https://doi.
org/10.1038/nature13032

Ellinas, C., Roberts, J., & Tzimitras, H. (2016). Hydrocarbon developments in the Eastern
Mediterranean — The case for pragmatism. Washington, DC: Atlantic Council. 34 pp. https:/
euagenda.eu/upload/publications/untitled-6644-ea.pdf, last accessed 15 June 2020.

Elliott, W. P. (1976). Condensation nuclei concentrations over the Mediterranean Sea. Atmospheric
Environment, 10, 1091-1094. https://doi.org/10.1016/0004-6981(76)90119-0

Fan, J., Rosenfeld, D., Zhang, Y., Giangrande, S. E., Li, Z., Machado, L. A., Martin, S. T., Yang,
Y., Wang, J., Artaxo, P., & Barbosa, H. M. (2018). Substantial convection and precipitation
enhancements by ultrafine aerosol particles. Science, 359, 411-418. https://doi.org/10.1126/
science.aan8461

Franck, U., Odeh, S., Wiedensohler, A., Wehner, B., & Herbarth, O. (2011). The effect of particle
size on cardiovascular disorders — The smaller the worse. Science of the Total Environment,
409, 4217-4221. https://doi.org/10.1016/j.scitotenv.2011.05.049

Gudmundsson, L., Seneviratne, S. I., & Zhang, Z. (2016). Anthropogenic climate change detected
in European renewable freshwater resources. Nature Climate Change, 7, 813-816. https://doi.
org/10.1038/NCLIMATE3416

Guerreiro, S., Fowler, H. J., Barbero, R., Westra, S., Lenderink, G., Blenkinsop, S., Lewis, E.,
& Li, X.-F. (2018). Detection of continental-scale intensification of hourly rainfall extremes.
Nature Climate Change, 8, 803—806. https://doi.org/10.1038/s41558-018-0245-3

Hamed, A., Joutsensaari, J., Mikkonen, S., Sogacheva, L., Dal Maso, M., Kulmala, M., Cavalli,
F., Fuzzi, S., Facchini, M. C., Decesari, S., Mircea, M., Lehtinen, K. E. J., & Laaksonen,
A. (2007). Nucleation and growth of new particles in Po Valley, Italy. Atmospheric Chemistry
and Physics, 7, 355-376. https://doi.org/10.5194/acp-7-355-2007

Hamed, A., Birmili, W., Joutsensaari, J., Mikkonen, S., Asmi, A., Wehner, B., Spindler, G.,
Jaatinen, A., Wiedensohler, A., Korhonen, H., Lehtinen, K. E. J., & Laaksonen, A. (2010).
Changes in the production rate of secondary aerosol particles in Central Europe in view of
decreasing SO2 emissions between 1996 and 2006. Atmospheric Chemistry and Physics, 10,
1071-1091. https://doi.org/10.5194/acp-10-1071-2010

Heinzeller, D., Junkermann, W., & Kunstmann, H. (2016). Anthropogenic aerosol emissions and
rainfall decline in South-West Australia: Coincidence or causality. Journal of Climate, 29,
8471-8493. https://doi.org/10.1175/JCLI-D-16-0082.1

Junkermann, W. (2001). An ultralight aircraft as platform for research in the lower troposphere:
System performance and first results from radiation transfer studies in stratiform aerosol layers
and broken cloud conditions. Journal of Atmospheric and Oceanic Technology, 18, 934-946.
https://doi.org/10.1175/1520-0426(2001)018<0934: AUAAPF>2.0.CO;2

Junkermann, W. (2005). The actinic UV-radiation budget during the ESCOMPTE campaign 2001:
Results of airborne measurements with the microlight research aircraft D-MIFU. Atmospheric
Research, 74,461-475. https://doi.org/10.1016/j.atmosres.2004.06.009

Junkermann, W., & Hacker, J. M. (2015). Ultrafine particles over Eastern Australia: An airborne
survey. Tellus B, 67, 25308. https://doi.org/10.3402/tellusb.v67.25308



Junkermann, W., & Hacker, J. M. (2018). Ultrafine particles in the lower troposphere: Major
sources, invisible plumes and meteorological transport processes. Bulletin of the American
Meteorological Society, 99, 2587-2622. https://doi.org/10.1175/BAMS-D-18-0075.1

Junkermann, W., Hacker, J., Lyons, T., & Nair, U. (2009). Land use change suppresses precipitation.
Atmospheric Chemistry and Physics, 9, 6531-6539. https://doi.org/10.5194/acp-9-6531-2009

Junkermann, W., Vogel, B., & Sutton, M. A. (2011). The climate penalty for clean fossil fuel
combustion. Atmospheric Chemistry and Physics, 11, 12917-12924. https://doi.org/10.5194/
acp-11-12917-2011

Junkermann, W., Vogel, B., & Bangert, M. (2016). Ultrafine particles over Germany — An aerial
survey. Tellus B, 68, 29250. https://doi.org/10.3402/tellusb.v68.29250

Kalivitis, N., Kerminen, V.-M., Kouvarakis, G., Stavroulas, 1., Tzitzikalaki, E., Kalkavouras, P.,
Daskalakis, N., Myriokefalitakis, S., Bougiatioti, A., Manninen, H. E., Roldin, P., Petijd, T.,
Boy, M., Kulmala, M., Kanakidou, M., & Mihalopoulos, N. (2019). Formation and growth
of atmospheric nanoparticles in the eastern Mediterranean: Results from long-term measure-
ments and process simulations. Atmospheric Chemistry and Physics, 19, 2671-2686. https://
doi.org/10.5194/acp-19-2671-2019

Kalkavouras, P., Bossioli, E., Bezantakos, S., Bougiatioti, A., Kalivitis, N., Stavroulas, I,
Kouvarakis, G., Protonotariou, A. P., Dandou, A., Biskos, G., Mihalopoulos, N., Nenes, A., &
Tombrou, M. (2017). New particle formation in the southern Aegean Sea during the Etesians:
Importance for CCN production and cloud droplet number. Atmospheric Chemistry and
Physics, 17, 175-192. https://doi.org/10.5194/acp-17-175-2017

Kiang, C. S., Stauffer, D., Mohnen, V. A., Bricard, J., & Vigla, D. (1973). Heteromolecular nucle-
ation theory applied to gas to particle conversion. Atmospheric Environment, 7, 1279-1283.
https://doi.org/10.1016/0004-6981(73)90137-6

Kulmala, M., Laakso, L., Lehtinen, K. E. J., Riipinen, I., Dal Maso, M., Anttila, T., Kerminen,
V.-M., Horrak, U., Vana, M., & Tammet, H. (2004). Initial steps of aerosol growth. Atmospheric
Chemistry and Physics, 4, 2553-2560. https://doi.org/10.5194/acp-4-2553-2004

Kulmala, M., Kontkanen, J., Junninen, H., Lehtipalo, K., Manninen, H. E., Nieminen, T., Petjd,
T., Sipild, M., Schobesberger, S., Rantala, P., Franchin, A., Jokinen, T., Jirvinen, E., Aijéil'a, M.,
Kangasluoma, J., Hakala, J., Aalto, P. P., Paasonen, P., Mikkild, J., ... Worsnop, D. R. (2013).
Direct observations of atmospheric aerosol nucleation. Science, 339, 943-946. https://doi.
org/10.1126/science.1227385

Laaksonen, A., Hamed, A., Joutsensaari, J., Hiltunen, L., Cavalli, F., Junkermann, W., Asmi, A.,
Fuzzi, S., & Facchini, M. C. (2005). Cloud condensation nucleus production from nucleation
events at a highly polluted region. Geophysical Research Letters, 32, L0O6812. https://doi.
org/10.1029/2004GL022092

Landsberg, H. E. (1938). Atmospheric condensation nuclei. In Gerlands Beitriige zur
Geophysik, Dritter Supplementband, Ergebnisse der Kosmischen Physik III, Akademische
Verlagsgesellschaft M. B. H (pp. 155-252), editor Victor Conrad.

Mallet, M., Dulac, F., Formenti, P., Nabat, P., Sciare, J., Roberts, G., Pelon, J., Ancellet, G., Tanré,
D., Parol, E., Denjean, C., Brogniez, G., di Sarra, A., Alados-Arboledas, L., Arndt, J., Auriol,
F, Blarel, L., Bourrianne, T., Chazette, P., ... Zapf, P. (2016). Overview of the chemistry-
aerosol Mediterranean experiment/aerosol direct radiative forcing on the Mediterranean cli-
mate (ChArMEx/ADRIMED) summer 2013 campaign. Atmospheric Chemistry and Physics,
16, 455-504. https://doi.org/10.5194/acp-16-455-2016

Meloni, D., Junkermann, W., di Sarra, A., Cacciani, M., De Silvestri, L., Di Iorio, T., Estelles,
V., Gomez-Amo, J. L., Pace, G., & Sferlazzo, D. M. (2015). Altitude resolved shortwave and
longwave radiative effects of desert dust in the Mediterranean during the GAMARF cam-
paign: Indications of a net daily cooling in the dust layer. Journal of Geophysical Research:
Atmospheres, 120, 3386-3407. https://doi.org/10.1002/2014JD022312

Metnieks, A. L., & Pollak, L. W. (1959). Instruction for use of photo-electric condensation
nucleus counters—Their care and maintenance together with calibration and auxiliary tables.
Geophysical Bulletin, 16, Tech. note 6, AFCRC-TN-59-640, AD-232273, School of Cosmic
Physics, Dublin Institute for Advanced Studies, 18 pp.



Mohnen, V., & Hidy, G. M. (2010). Measurements of atmospheric nanoparticles (1875-1980).
Bulletin  of the American Meteorological Society, 91, 1525-1540. https://doi.
org/10.1175/2010BAMS2929

O’Dowd, C. D., Jimenez, J. L., Bahreini, R., Flagan, R. C., Seinfeld, J. H., Pirjola, L., Kulmala, M.,
Jennings, S. G., & Hoffmann, T. (2005). Marine aerosols and iodine emissions. Nature, 433,
1501. https://doi.org/10.1038/nature03373

O’Dowd, C. D., Yoon, Y. J., Junkermann, W., Aalto, P., Kulmala, M., Lihavainen, H., & Viisanen,
Y. (2007). Airborne measurements of nucleation mode particles I: Coastal nucleation and
growth rates. Atmospheric Chemistry and Physics, 7, 1491-1501. https://doi.org/10.5194/
acp-7-1491-2007

Olin, M., Kuuluvainen, H., Aurela, M., Kalliokoski, J., Kuittinen, N., Isotalo, M., Timonen, H. J.,
Niemi, J. V., Ronkko, T., & Dal Maso, M. (2020). Traffic-originated nanocluster emission
exceeds H2SO4-driven photochemical new particle formation in an urban area. Atmospheric
Chemistry and Physics, 20, 1-13. https://doi.org/10.5194/acp-20-1-2020

Paasonen, P., Kupiainen, K., Klimont, Z., Visschedijk, A., Denier van der Gon, H. A. C., & Amann,
M. (2016). Continental anthropogenic primary particle number emissions. Atmospheric
Chemistry and Physics, 16, 6823-6840. https://doi.org/10.5194/acp-16-6823-2016

Petzold, A., Hasselbach, J., Lauer, P., Baumann, R., Franke, K., Gurk, C., Schlager, H., &
Weingartner, E. (2008). Experimental studies on particle emissions from cruising ship, their
characteristic properties, transformation and atmospheric lifetime in the marine boundary layer.
Atmospheric Chemistry and Physics, 8, 2387-2403. https://doi.org/10.5194/acp-8-2387-2008

Pope, C. A., Burnett, R. T., Thun, M. J., Calle, E. E., Krewski, D, Ito, K., & Thurston, G. D. (2002).
Lung cancer, cardiopulmonary mortality, and long-term exposure to fine particulate air pollu-
tion. Journal of the American Medical Association, 287, 1132—-1141. https://doi.org/10.1001/
jama.287.9.1132

Riuttanen, L., Bister, M., Kerminen, V.-M., John, V. O., Sundstrom, A.-M., Dal Maso, M.,
Riisédnen, J., Sinclair, V. A., Makkonen, R., Xausa, F., de Leeuw, G., & Kulmala, M. (2016).
Observational evidence for aerosols increasing upper tropospheric humidity. Afmospheric
Chemistry and Physics, 16, 14331-14342. https://doi.org/10.5194/acp-16-14331-2016

Roberts, G., Bourrianne, T., Léon, J.-F., Pont, V., Mallet, M., Lambert, D., Augustin, P., Dulac,
F., & Junkermann, W. (2013). The vertical structure, sources, and evolution of aerosols in the
Mediterranean region. Geophysical Research Abstracts, 15. EGU2013-4174-4. https://meetin-
gorganizer.copernicus.org/EGU2013/EGU2013-4174-4.pdf.

Ronkko, T., Kuuluvainen, H., Karjalainen, P., Keskinen, J., Hillamo, R., Niemi, J. V., Pirjola, L.,
Timonen, H. J., Saarikoski, S., Saukko, E., Jarvinen, A., Silvennoinen, H., Rostedt, A., Olin,
M., Yli-Ojanperd, J., Nousiainen, P., Kousa, A., & Dal Maso, M. (2017). Traffic is a major
source of atmospheric nanocluster aerosol. Proceedings of the National Academy of Sciences
of the United States of America, 114, 7549-7554. https://doi.org/10.1073/pnas.1700830114

Rose, C., Sellegri, K., Freney, E., Dupuy, R., Colomb, A., Pichon, J.-M., Ribeiro, M., Bourianne, T.,
Burnet, F., & Schwarzenboeck, A. (2015). Airborne measurements of new particle formation in
the free troposphere above the Mediterranean Sea during the HYMEX campaign. Atmospheric
Chemistry and Physics, 15, 10203—-10218. https://doi.org/10.5194/acp-15-10203-2015

Rosenfeld, D. (2000). Suppression of Rain and Snow by Urban and Industrial Air Pollution,
Science, 287, 1793

Rosenfeld, D., Lohmann, U., Raga, G. B., O’Dowd, C. D., Kulmala, M., Fuzzi, S., Reissell, A., &
Andreae, M. O. (2008). Flood or drought: How do aerosols affect precipitation? Science, 321,
1309-1313. https://doi.org/10.1126/science.1160606

Rosenfeld, D., Zhu, Y., Wang, M., Zheng, Y., Goren, T., & Yu, S. (2019). Aerosol-driven drop-
let concentrations dominate coverage and water of oceanic low level clouds. Science, 363,
eaav0599. https://doi.org/10.1126/science.aav0566

Schmale, J., Henning, S., Decesari, S., Henzing, B., Keskinen, H., Sellegri, K., Ovadnevaite, J.,
Pohlker, M. L., Brito, J., Bougiatioti, A., Kristensson, A., Kalivitis, N., Stavroulas, I., Carbone,
S., Jefferson, A., Park, M., Schlag, P., Iwamoto, Y., Aalto, P., ... Gysel, M. (2018). Long-



term cloud condensation nuclei number concentration, particle number size distribution and
chemical composition measurements at regionally representative observatories. Atmospheric
Chemistry and Physics, 18, 2853-2881. https://doi.org/10.5194/acp-18-2853-2018

Sellegri, K., & Rose, C. (2022). Nucleation. In F. Dulac, S. Sauvage, & E. Hamonou (Eds.),
Atmospheric chemistry in the Mediterranean Region (Vol. 2, From air pollutant sources to
impacts). Springer, this volume. https://doi.org/10.1007/978-3-030-82385-6_9

Srivastava, R. K., Miller, C. A., Erickson, C., & Jambhekar, R. (2004). Emissions of sulfur tri-
oxide from coal-fired power plants. Journal of the Air & Waste Management Association, 54,
750-762. https://doi.org/10.1080/10473289.2004.10470943

Thornton, J. A., Virts, K. S., Holzworth, R. H., & Mitchell, T. P. (2017). Lightning enhancement
over major oceanic shipping lanes. Geophysical Research Letters, 44, 9102-9111. https://doi.
org/10.1002/2017GL074982

Villa, T. F., Brown, R. A., Jayaratne, E. R., Gonzalez, L. F., Morawska, L., & Ristovski,
Z. D. (2019). Characterization of the particle emission from a ship operating at sea using an
unmanned aerial vehicle. Atmospheric Measurement Techniques, 12, 691-702. https://doi.
org/10.5194/amt-12-691-2019

Wang, J., Shilling, J. E., Liu, J., Zelenyuk, A., Bell, D. M., Petters, M. D., Thalman, R., Mei,
F., Zaveri, R. A., & Zheng, G. (2019). Cloud droplet activation of secondary organic aerosol
is mainly controlled by molecular weight, not water solubility. Atmospheric Chemistry and
Physics, 19, 941-954. https://doi.org/10.5194/acp-19-941-2019

Young, L. H., & Keeler, G. J. (2007). Summertime ultrafine particles in urban and industrial air:
Aitken and nucleation mode particle events. Aerosol and Air Quality Research, 7, 379—402.
https://doi.org/10.4209/aaqr.2007.02.0012



	Ultrafine Particle Emissions in the Mediterranean
	1 Introduction
	2 Airborne Experiments in the Mediterranean
	3 History of Ultrafine Particle Concentration Levels in the Mediterranean
	4 Major Contributions to the Mediterranean UFP Budget
	5 Conclusion and Recommendations
	References




