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SUMMARY

Atmospheric aerosol particles are solid or liquid particles suspended in the atmosphere.
They are directly emitted into the atmosphere or they are formed via the oxidation of
gaseous precursors. Understanding the behavior of particles in the atmosphere is partic-
ularly important because they can affect the Earth’s climate, visibility, air quality, human
health, and the ecosystem. As a result, they are a topic of high interest for the scientific
community.

Considering the climatic dimension, aerosol particles are associated with significant
uncertainties to predictions of the future climate due to lack of complete understanding
of the atmospheric processes they are involved in and the limitations in predicting the
emission rates of the different sources. This thesis intends to shed light into the field of
aerosol research by means of ground, air-borne, in-situ and remote sensing measure-
ments and simulations. Using long term observation, this work also examines the role of
new particle formation events in the atmosphere and their role in cloud formation and
consequently on radiative warming.

Aerosol particles affect the incoming solar radiation directly through scattering and
absorption of sunlight, and indirectly through the formation of clouds. Determining the
magnitude of these effects is highly challenging partly because of the significant spa-
tial (both vertically and horizontally) and temporal variability of the concentration, size,
and chemical composition of atmospheric particles. The vertical variability of the atmo-
spheric aerosol can be independently determined by modern in-situ measurements us-
ing airborne platforms and remote-sensing observations. Comparison of the measure-
ments obtained by these two types of techniques, however, is fundamental for improv-
ing the accuracy of the resulting observational data for use in climate models. Chapter
2 compares vertical profiles of the aerosol mass concentration, derived from ground-
based remote sensing instrumentation, and in-situ instruments on-board Unmanned
Aerial Vehicles (UAV). The findings show an agreement between the two measurement
methods, within experimental uncertainty. This signifies that the two techniques can be
used interchangeably for determining the vertical profiles of the aerosol concentrations,
bringing them a step closer towards their systematic exploitation in climate models.

To better understand the role of aerosols on climate, and thus to improve the pre-
dictability of atmospheric-climate models, we need long-term measurements of the aerosol
properties. Apart from the concentration of airborne particles, information on the tem-
poral variability of their size and chemical composition is highly required for under-
standing the processes they are involved in. Chapter 3 reports measurements of aerosol
size distribution conducted at Cabauw from 2008 to 2015, and analyzes their trends and
seasonal variability. In addition, it provides aerosol hygroscopicity measurements and
link them with the patterns observed in the recorded size distributions.

As mentioned above, atmospheric particles are either emitted directly in the atmo-
sphere or they are formed from precursor gases when the atmospheric conditions are fa-
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vorable; this process is called atmospheric nucleation. The new aerosol particles formed
by nucleation grow in size and can eventually become cloud droplets when they get at
higher altitudes. Clouds forming after atmospheric nucleation would have different mi-
crophysical properties than clouds forming in the absence of new particle formation
events. This will impact on the radiative properties of clouds as well as their ability to
precipitate. Chapter 4 uses a combination of observations and models to assess the
impacts of atmospheric nucleation on cloud formation and consequently on the atmo-
spheric radiation budget, in a region that is highly influenced by anthropogenic activi-
ties. More specifically we use a year-long dataset of aerosol measurements, conducted at
the Cabauw monitoring station in the Netherlands, is used to predict the cloud droplet
number concentration using simulation of cloud formation. We then evaluate the cli-
matological impact by determining how changes in the cloud number concentrations,
induced by nucleation events, affect the radiative properties of the clouds and determine
the associated climate forcing.



SAMENVATTING

Atmosferische aerosols zijn vaste of vloeibare deeltjes in de atmosfeer. Ze worden direct
uitgestoten in de atmosfeer of komen er terecht via de oxidatie van voorlopergassen. ae-
rosols hebben een effect op het klimaat, de zichtbaarheid, de luchtkwaliteit en het eco-
systeem van de Aarde. Ook hebben ze een invloed op de menselijke gezondheid. Om al
deze redenen zijn ze een zeer interessant onderwerp voor de wetenschapsgemeenschap.
Betreffende het effect op het klimaat; aerosols zorgen voor significante onzekerheden in
klimaatvoorspellingen, omdat er een gebrek aan begrip is over hun origine en de atmos-
ferische processen waarin aerosols betrokken zijn. Deze scriptie richt zich op het onder-
zoek over aerosols door metingen en simulaties op grondniveau, in de lucht, in-situ en
met remote-sensing.

Aerosols hebben een direct effect op inkomende zonnestraling door verstrooiing en
absorptie, en een indirect effect via wolkvorming. Het bepalen van de grootte van deze
effecten is onzeker door zowel de enorme grootte van de atmosfeer (verticaal en hori-
zontaal), als de variatie in concentratie, grootte en chemische samenstelling van de ae-
rosols over de tijd. De verticale variatie in de eigenschappen van atmosferische aerosol
kan onafhankelijk bepaald worden door moderne in-situ metingen die gebruik maken
van platformen in de lucht en remote-sensing observaties. De vergelijking van de obser-
vaties afkomstig van de twee meetmethoden is fundamenteel voor het verbeteren van
de nauwkeurigheid van resultaten in klimaatmodellen. In hoofdstuk 2 vergelijken we
verticale profielen van massaconcentratie van aerosols, afgeleid van remote-sensing in-
strumentatie of grondniveau en in-situ instrumenten aan boord van onbemande lucht-
voertuigen (UAV).

Hoofdstuk 2 gaat over de ruimtelijke (verticale) verdeling van atmosferische deeltjes,
terwijl hoofdstuk 3 focust om de tijdsvariabiliteit. Om de rol van aerosols in het klimaat
beter te begrijpen, en daarmee de voorspelkracht van atmosfeer-klimaatmodellen te ver-
beteren, hebben we lange termijn metingen van aerosoleigenschappen nodig. Naast de
concentratie van luchtdeeltjes is informatie over de variabiliteit in de grootte en che-
mische samenstellingen over de tijd vereist om de processen waarin ze betrokken zijn
te begrijpen. In hoofdstuk 3 rapporteren we meetresultaten van de grootteverdeling
van aerosols uitgevoerd in Cabauw tussen 2008 en 2015, analyseren we hun trend en
seizoensvariabiliteit. Bovendien leveren we hygroscopiciteitsmetingen van aerosols en
koppelen we deze aan de patronen die geobserveerd zijn in de grootteverdelingen.

Zoals hierboven genoemd worden atmosferische deeltjes uitgestoten in de atmos-
feer of worden ze er gevormd door voorlopergassen als de atmosferische omstandig-
heden gunstig zijn. Dit laatste proces heet atmosferische nucleatie. De door nucleatie
gevormde aerosols groeien in grootte en kunnen meegenomen worden in wolkvorming.
Wolken die gevormd zijn na atmosferische nucleatie zouden andere microfysische ei-
genschappen hebben dan wolken die gevormd zijn voor de productie van nieuwe deel-
tjes. Dit zal de stralingseigenschappen van wolken en hun neerslagvermogen beïnvloe-
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den. In hoofdstuk 4 gebruiken we een combinatie van observaties en modellen om de
impact van atmosferische nucleatie op wolkvorming en vervolgens op de atmosferische
stralingsbalans te bepalen, en dat in een omgeving die zeer beïnvloed wordt door an-
tropogene activiteiten. Meer in het bijzonder gebruiken we een jaarlange dataset van
aerosol metingen die uitgevoerd zijn bij het Cabauw meetstation in Nederland om de
wolkdruppelconcentratie te voorspelen aan de hand van simulaties van wolkvorming.
Daarna evalueren we de klimaatimpact door het bepalen van het effect van veranderin-
gen in wolkaantalconcentraties via atmosferische nucleatie op de stralingseigenschap-
pen van wolken en bepalen we de bijbehorende klimaatforcering.



1
INTRODUCTION

“The moment one gives
close attention to anything,

even a blade of grass,
it becomes a mysterious,
awesome, indescribably

magnificent world in itself.”

Henry Miller

1.1. BACKGROUND AND MOTIVATION

Production of the atmospheric aerosol

The atmospheric aerosol consists of solid or liquid particles, suspended in air, with di-
ameters from about 0.002 µm to about 100 µm. These particles are emitted in the atmo-
sphere directly from their source (primary aerosols) or they are formed from precursor
gases (secondary aerosols) under favorable conditions. Primary aerosol sources can be
both natural and anthropogenic as illustrated in Fig. 1.1. Natural aerosol sources include
deserts (wind gusts suspend dust particles in the atmosphere), sea spray, pollens, wild
fires, plant fragments, volcanic eruptions, etc. Human activities also introduce particles
in the atmosphere through industrial emissions, power generation, road transport, mar-
itime transport, cooking, wood-burning, etc. [1].

1
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2 1. INTRODUCTION

Figure 1.1: Natural and anthropogenic aerosol sources, including: (top panel) deserts, oceans, forest fires,
(bottom panel) industry and transportation.

The life of aerosols

Once emitted or formed, the residence time of aerosol particles in the troposphere ranges
from a few minutes to several days or even weeks, depending on the particle size and the
meteorology. Following the wind currents, larger aerosol particles can travel distances
of tens of km, while smaller particles can reach areas up to thousands of km away from
their origin.

During their lifetime in the atmospheric environment, aerosol particles may have an
impact on visibility, human health, and also on climate at a local, regional and global
scale. Figure 1.2 shows pictures taken in the Mediterranean on a clear day and during a
saharan dust episode. It is obvious that dust particles affect the visibility and block the
incoming solar radiation. In addition, when present in the lower part of the atmosphere,
aerosol particles can cause adverse health effects. Ultra-fine aerosol particles (i.e., par-
ticles having diameters <100 nm), in particular, are small enough to penetrate through
the respiratory track and enter the blood circulation. Numerous epidemiological studies
have shown that fine particulate matter and traffic-related air pollution are linked to car-
diovascular and respiratory problems, allergic reactions and premature mortality[2–5].

With regard to the climatic impact, atmospheric aerosol particles interact with the

Crear Sky Saharan Dust

Figure 1.2: The impact of atmospheric aerosols on visibility. The pictures were taken during the BACCHUS
campaign (cf. Chapter 2) before and during a saharan dust outbreak.
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incoming solar radiation directly (through scattering and absorption of incoming so-
lar radiation), altering the amount of energy that reaches the Earth’s surface (aerosol
direct effect; Fig. 1.3). Atmospheric aerosol particles also affect the radiation budget
of the planet indirectly through the formation of clouds since they can serve as seeds
onto which water vapor condenses to form cloud droplets. The clouds that can form in
a polluted atmosphere (i.e., high aerosol loading) would have more and smaller cloud
droplets compared to the clouds that would form under clean conditions (low aerosol
burden). The resulting variability in the microphysical structure of clouds alters the
cloud radiative properties (cloud albedo) resulting in the increase of the backscattered
solar radiation back to space. This effect is referred to as first indirect effect or the
Twomey effect (after the scientist who first studied the phenomenon; [6], Fig. 1.3). Apart
from altering the cloud optical properties, smaller cloud droplets suppress the produc-
tion of precipitation and prolong the cloud lifetime. As a result they reflect more sunlight
back to space, thereby altering the Earth’s radiative balance.

aerosols

Scattering and 
absorption of solar 

radiation

Direct effect

Cloud formation
(CCN)

Unperturbed cloud

More CCN

1. Increased cloud 
albedo

2. Increased cloud 
lifetime

(drizzle suppression)

Indirect effect

Figure 1.3: Illustration showing all the aerosol-radiation and aerosol-cloud-radiation interactions. Figure
adapted by https://www.metoffice.gov.uk/research/climate/earth-system-science/aerosols.
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Deposition of atmospheric aerosol particles

Airborne particles are removed from the atmosphere through dry and wet deposition.
Dry deposition is the process of the transport of the species from the atmosphere to the
surface in the absence of precipitation. The factors that determine the efficiency of dry
deposition are the intensity of the atmospheric turbulence at the lowest part of the at-
mosphere, the type of aerosol species and the surface itself.

A more effective process of aerosol removal from the atmosphere is wet deposition.
As mentioned above, atmospheric particles can serve as seeds for the productions of
cloud droplets, and thus are removed from the atmosphere by precipitation. This pro-
cess is called precipitation scavenging. In addition to that, during precipitation, aerosol
particles below the cloud will also be scavenged. Wet deposition (which includes both
scavenging methods mentioned above) also includes fog and snow deposition.

The importance of aerosols

Aerosol particles have multiple effects on the climate and even small perturbations in
their properties can contribute to climate change. It is generally believed that part of
the warming caused by the greenhouse gases has been counteracted by aerosols as a re-
sult of their increased burden from anthropogenic emissions since pre-industrial times.
At the same time, aerosols affect human health, and because most of their emissions
are within cities, there is a great effort in reducing them. As much as we would need
to increase the aerosol load to cool the planet we need to reduce their amount in order
to protect our health, which makes the whole discussion and research on atmospheric
aerosols of particular importance.

Challenges in aerosol measurements

The size of atmospheric aerosol particle ranges over five orders of magnitude: from a
few nm up to a few hundreds of µm. In a world that we cannot perceive with naked eyes
this difference might sound insignificant, however, if we translate this size difference into
sizes that we can see that would mean that aerosols could be as small as a pinhead or as
big as a 20-story building! Because of that, one of the challenges in atmospheric aerosol
research is the development and use of appropriate instruments capable of measuring
the particles that are relevant to our research questions.

Apart from the size, aerosol particles have different chemical compositions and shapes.
They consist of inorganic compounds (e.g., nitrates, sulfates, ammonium, sea salt), or-
ganic compounds, mineral species (mineral dust) and biological components [7]. Pri-
mary and secondary particles from different sources undergo chemical processes and
mix with each other during their residence in the atmosphere. This alters their chemical
composition, optical properties and their ability to serve as cloud condensation nuclei
(CCN).

Another complexity of aerosols is their temporal and spatial variability within the at-
mospheric environment (both horizontally and vertically). As a result, aerosol particles
exhibit significant differences from region to region and throughout the atmospheric
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column. Fig. 1.4 a shows an example of the spatial distribution of atmospheric particles
where it is very obvious that the highest concentrations are measured over heavily in-
dustrialized areas (e.g. China) and over the deserts. Regarding the vertical distribution,
Fig. 1.4 b shows that aerosols can be concentrated in the lowest parts of the atmosphere,
however, at times, high aerosol loadings can reach up to 10 km altitude. All in all, the at-
mospheric aerosol constitutes a complex system the properties of which have to be fully
understood in order to assess and quantify its impacts on climate. Aerosol chemical
composition and number concentration exhibit also diurnal and seasonal variabilities
depending on the different sources and sinks of particles.

(a)

(b)

Figure 1.4: Examples of the spatial distribution of atmospheric aerosol particles in the horizontal (a) and ver-
tical (b) dimension. (a) Global spatial distribution of the aerosol optical depth (at a wavelength of 550 nm)
determined by the European Centre for Medium Range Weather Forecasts (ECMWF) Integrated Forecast Sys-
tem model with assimilation of Moderate Resolution Imaging Spectrometer (MODIS) [8, 9] over the period
2003–2010. (b) Vertical distribution of aerosol particles over Nicosia, Cyprus during the BACCHUS1 campaign.

1Impact of Biogenic and Anthropogenic emissions on Clouds and Climate: towards a Holistic UnderStanding
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1.2. OBJECTIVES OF THIS STUDY

The work presented in this thesis falls under the broader field of Atmospheric Sciences. It
includes an evaluation of innovative aerosol measurement techniques, a climatological
study of the aerosol particles in the Netherlands (the measurements were conducted at
the main national atmospheric observatory at Cabauw) with a quantification of the re-
gional indirect radiative forcing of atmospheric particles during new particle formation
(NPF) events in the region. The thesis is organized in 5 chapters, including the current
chapter that serves as an introduction to the thesis. Details for the rest of the chapters
are provided in the following paragraphs.

Chapter 2
Atmospheric aerosol measurements can be performed by in-situ and remote sensing
techniques. In-situ instruments sample the atmospheric aerosol from a single point
that, under controlled conditions, can measure several aerosol parameters such as par-
ticle number, size, hygroscopicity etc. [10]. Remote sensing instruments measure bulk
aerosol properties at ambient conditions. Passive remote sensing instrumentation (uti-
lizing the sunlight for the measurements; e.g. sunphotometer) can measure parameters
of the atmospheric aerosol within the entire atmospheric column while active remote
sensing instruments (those that emit radiation; e.g. lidar and radar) provide range re-
solved measurements within the atmospheric column.

The need for vertically-resolved measurements, especially within the boundary layer
where the largest part of the aerosol population resides, has given rise to innovative tech-
niques that utilize UAVs. Along with this new way of measuring aerosols the necessity of
validating the technique was brought about.

On the other end of the spectrum, newly developed retrieval algorithms that use as
input light detection and ranging (lidar) measurements in combination with other re-
mote sensing techniques, can retrieve vertically resolved aersol properties such as aerosol
absorption and mass concentration. The quality of these algorithms needs to be vali-
dated with independent measurements. The key questions addressed in Chapter 2 are
as follows.

Key Question I Can in-situ airborne instruments on-board UAVs provide reliable mea-
surements of aerosol mass concentration?

Key Question II How trustworthy are the newly developed retrieval algorithms that uti-
lize the synergy of active and passive remote sensing instruments to retrieve vertically
resolved aerosol properties?

Chapter 3
Aerosol properties vary greatly over space and time. In order to better understand the
role of aerosols in climate and minimize the uncertainty of the aerosol radiative forc-
ing in climate models, we need long-term observations of aerosol particles around the
Earth. Satellite instrumentation provide global coverage of certain atmospheric param-
eters, however in-situ measurements, although point measurements, can give detailed
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information of aerosol properties. The key questions addressed in Capter 3 are as fol-
lows.

Key Question III What is the climatological trend of the fine particulate matter mass
in the Netherlands?

Key Question IV What is the climatological trend of the aerosol number concentration
at Cabauw and its seasonal and diurnal variation?

Key Question V What is the diurnal and seasonal variability of aerosol hygroscopic-
ity at Cabauw?

Chapter 4
Aerosols interact with the incoming solar radiation directly and indirectly. As climate
change has already become from scenario a reality, the scientific community focuses its
efforts to accurate predictions of the future climatic conditions in order to take action
and mitigate, to the extend possible, possible disastrous effects. These model-based cli-
mate predictions have uncertainties [11] that mostly arise from our limited understand-
ing of processes governing the source of natural aerosols and the complex interplay of
aerosols with the hydrological cycle. A part of this uncertainty is linked to the effect of
secondary aerosols on cloud properties and consequently on the radiation budget. Sec-
ondary aerosols are formed in the atmosphere from precursor gases through a process
called nucleation. When this process occurs in the atmosphere, the newly formed parti-
cles start to grow in size. The presence of the newly formed particles affects the number
of CCN. Thus, clouds formed during new particle formation events will contain different
amounts of cloud droplets compared to the non-NPF days. This change in cloud droplet
number will in turn affect the radiative properties of the cloud, its lifetime in the atmo-
sphere and its ability to precipitate.

Key Question VI What is the impact of the NPF events on cloud droplet number con-
centrations in the Netherlands?

Key Question VII How NPF events alter the cloud radiative properties in the Nether-
lands and other similar regions influenced strongly by anthropogenic activities, and
what is the effect on the incoming solar radiation?
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2
VERTICAL PROFILES OF AEROSOL

MASS CONCENTRATION DERIVED BY

AIRBORNE IN-SITU AND REMOTE

SENSING INSTRUMENTS

“If someone separated the art of counting
and measuring and weighing from all the other arts,

what was left of each would be,
so to speak, insignificant.”

Plato

In-situ measurements using Unmanned Aerial Vehicles (UAVs) and remote sensing ob-
servations can independently provide dense vertically-resolved measurements of atmo-
spheric aerosols; information which is highly required in climate models. In both cases,
inverting the recorded signals to useful information requires assumptions and constraints,
and this can make the comparison of the results difficult. Here we compare, for the first
time, vertical profiles of the aerosol mass concentration derived from Light Detection And
Ranging (LIDAR) observations and in-situ measurements using an Optical Particle Counter
(OPC) on-board a UAV during moderate and weak Saharan dust episodes. Agreement be-
tween the two measurement methods was within experimental uncertainty for the coarse
mode (i.e., particles having radii > 0.5 µm) where the properties of dust particles can be
assumed with good accuracy. This result proves that the two techniques can be used in-
terchangeably for determining the vertical profiles of the aerosol concentrations, bringing
them a step closer towards their systematic exploitation in climate models.

This chapter has been published in Atmospheric Measurement Techniques: Mamali et al., 11, 2897-2910,
https://doi.org/10.5194/amt-11-2897-2018.
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2.1. INTRODUCTION

Aerosol particles affect the atmospheric energy balance directly by interacting with solar
radiation, and indirectly through the formation of clouds [1]. Determining the radia-
tive forcing of the atmospheric aerosol particles is highly uncertain partly because of the
significant spatial (both vertically and horizontally) and temporal variability of their con-
centration, size, and chemical composition [2]. The vertical variability in the properties
of the atmospheric aerosol can be independently determined by modern in-situ mea-
surements using airborne platforms and remote-sensing observations. Comparison of
the measurements obtained by these two types of techniques, however, is fundamental
for improving the accuracy of the resulting observational data for use in climate models.

Light Detection And Ranging (LIDAR) instruments are among the most powerful
tools for probing vertically-resolved properties of the atmospheric aerosol. A number
of retrieval algorithms that have been developed over the years can be used to obtain
aerosol optical parameters from the LIDAR raw signals, including the aerosol backscat-
ter coefficient βaer [3, 4], the aerosol extinction coefficient αaer [5, 6], and the particle
depolarization ratio δp [7]. Under certain assumptions, recently developed algorithms
can now be used to retrieve other vertically resolved aerosol properties such as particle
absorption and mass concentration using the synergy of LIDAR and sunphotometer [8–
10]. To check the validity of these assumptions and to assure the quality of the final data,
certain aerosol properties retrieved from LIDAR observations have been compared with
vertical in-situ observations using research aircraft [11–17].

Airborne in-situ measurements using research aircraft are complex and costly, and
therefore their availability is scarce and time-restricted, limiting comparability with re-
mote sensing observations. What is more, manned aircraft cannot cover the lowermost
part of the atmosphere due to safety restrictions, posing another major limitation. Re-
cent efforts in aerosol instrumentation have provided lightweight and miniaturized in-
struments that can measure the size and concentration of aerosol particles on-board
UAVs [18–24] in a much simpler and cost-effective manner. As a result, vertical profiling
of key aerosol parameters can now be performed over long periods of time on a routine
basis, and at much lower altitudes compared to measurements with manned research
aircraft. Considering, however, that these advantages come in many cases at the expense
of the quality of the recorded data, measurements of aerosol properties using miniatur-
ized instruments on-board UAVs need to be validated before using them to bridge the
long-lasting gap between in-situ measurements and remote sensing observations.

Here we compare, for the first time to our knowledge, vertical profiles of the aerosol
mass concentration, derived from LIDAR measurements using the POlarization LIDAR
PHOtometer Networking technique (POLIPHON), and in-situ measurements with an
OPC onboard a UAV (hereafter referred to as OPCa). It should be noted that the two
techniques do not measure the mass concentration directly, but this is estimated from
the recorded signals of the two instruments. The measurements were recorded during
the BACCHUS-INUIT-ACTRIS (Impact of Biogenic Versus Anthropogenic emissions on
Clouds and Climate: towards a Holistic UnderStanding; Ice Nuclei Research Unit; Euro-
pean Research Infrastructure for the observation of Aerosol, Clouds and Trace gases Re-
search InfraSctructure network) campaign that took place in Cyprus during April 2016.
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2.2. INSTRUMENTATION AND METHODS

2.2.1. SITE DESCRIPTION
Cyprus is located in the Eastern Mediterranean (cf. Fig. 2.1 inset), receiving air masses
from Europe, the Middle East and North Africa [25]. Therefore, it represents an ideal
location for characterizing different aerosol types and investigating the role of particles
in various atmospheric processes.

The measurements reported here were conducted at three different locations. Aerial
measurements, using a UAV, were carried out at Orounda (35o09′ N; 33o07′ E; 310 m
above sea level; a.s.l.), providing highly-resolved spatially and temporally distributed
data up to ca. 2 km above ground level (a.g.l.). Ground-based in-situ aerosol measure-
ments, were performed at the Cyprus Atmospheric Observatory (CAO) at Agia Marina-
Xyliatou (35o04′ N; 33o06′ E; 535 m a.s.l.), located 6.5 km south of Orounda. A PollyX T

Raman LIDAR was located at the suburbs of Nicosia (35o14′ N; 33o38′ E; 190 m a.s.l.), ca.
35 km east of Orounda, providing round-the-clock measurements of the atmospheric
conditions up to 12 km a.g.l.. The exact locations of the measuring points are shown in
Fig. 2.1 and detailed descriptions of the instruments are given below.

Figure 2.1: Map of Cyprus showing the locations of the observation sites used for the measurements reported
in this paper. The inset in the upper-left corner shows the greater area of South Europe, North Africa, and
the Middle East, with the white square indicating the location of Cyprus. The maps were generated by Google
Earth Pro (https://www.google.com/earth/download/gep/agree.html).

2.2.2. UNMANNED AERIAL VEHICLE (UAV )
The UAV employed during the campaign (cf. Fig. 2.2) has a fixed wingspan of 3.8 m,
and is powered by a two-stroke internal combustion engine. It has a take-off weight of
35 kg that results in a payload capacity of approximately 12 kg. The payload bay is 1.3
m × 0.23 m × 0.34 m (length-width-height), and can fit multiple instruments. When
loaded, the UAV can fly for up to 4 hours with an air speed velocity of 25 ± 10 m s−1 and
can reach altitudes up to 4 km a.g.l. (due to airspace limitations, however, only flights
up to 2 km were permitted). An autopilot system allowed predetermined flight plans
that involved spiral rectangular-shaped ascending and descending patterns preventing
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contamination of the sampling system from the engine’s exhaust. For consistency, the
results shown in the rest of the paper correspond to measurements during ascends.

Figure 2.2: Photograph of the UAV of the Cyprus Institute used for the measurements reported in this work.

2.2.3. UAV-BASED OPTICAL PARTICLE COUNTER MEASUREMENTS

Vertical profiles of the particle size distributions of the atmospheric aerosol were mea-
sured using an OPC (i.e., the OPCa ; MetOne, Model 212-2) on-board the UAV, which re-
ported particle size distributions, ranging from 0.15 to 5 µm in radius, in 8 size bins. The
sampled aerosol was dried to below 50% relative humidity (RH) by gently heating the
sampling tube of OPCa . Assuming spherical shape and constant mass density for the
particles, the size distributions were converted into aerosol mass concentrations (see
Section 2.2.4). In addition to OPCa , a single wavelength aethalometer (AethLabs - Model
AE51) with a sampling time resolution of 1 second and a flow rate of 0.2 lpm, was on-
board the UAV to verify that no contamination of the sampled air by the engine exhaust
took place. Each instrument was equipped with an individual sampling inlet that ex-
tended 5 cm from the UAV nose to ensure representative sampling.

2.2.4. PARTICLE MASS CONCENTRATION CALCULATION FROM THE OPCa

MEASUREMENTS

The mass concentration profiles of the coarse particles were calculated from the size
distribution measurements recorded by OPCa . Before converting the aerosol number
concentrations to mass concentrations, the OPC measurements were averaged over 30
s (original time resolution 1 s). This was found to be optimal for suppressing a high
frequency noise of the OPC raw data and at the same time maintaining a relatively high
spatial resolution of ∼ 80 m in the vertical direction. The number concentration (d N ) of
each size bin was converted to volume concentration according to dV (r ) = d N (r ) 4

3πr 3,
where r is the mean radius of each size bin in the recorded measurements. The volume
concentration of particles with radii larger that 0.5 µm were summed and multiplied by
ρd , yielding the coarse mode mass concentration. The variability in the number size
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distributions averaged every 30 s propagated an uncertainty of the order of 10% in the
estimated volume size distributions and the mass concentrations of the particles [26].

2.2.5. LIDAR MEASUREMENTS

A depolarization Raman LIDAR PollyX T [27, 28] was used in the measurements reported
here. This LIDAR emits laser pulses simultaneously at three wavelengths: 1064, 532 and
355 nm. The laser beam interacts with the atmospheric molecules and particles, and
a part of it (backscattered light) is collected by the receiver unit that consists of two
telescopes (near-field and far-field). The elastically backscattered signals are used as
input to the Fernald-Klett algorithm [3, 4, 29] to retrieve the vertical profile of the parti-
cle backscatter coefficient βaer . This method assumes a linear relationship between the
aerosol extinction-to-backscatter ratio constant (i.e., the LIDAR ratio S) throughout the
entire atmospheric column; a critical assumption that can induce uncertainties up to
20-30% of the retrieved property from statistical and systematic errors [30–32].

In addition to the elastically backscattered signal, PollyX T receives the nitrogen Raman-
shifted signal at wavelengths 387 and 607 nm, and the water vapor Raman signal at 407
nm wavelength. The Raman technique [6, 33] utilizes the elastic and inelastic signals to
retrieve the particle extinction αaer and scattering βaer profiles independently, without
any critical assumptions. The range-resolved aerosol LIDAR ratio can then be directly
estimated as the ratio αaer/βaer . In our analysis, we used the Raman technique to re-
trieve the αaer and βaer profiles during night-time, and the Fernald-Klett method during
day-time when the Raman signal is highly affected from the background noise induced
by the scattered sunlight. The PollyX T system also provides information on volume de-
polarization ratio δv from which the particle depolarization ratio δp can be estimated
[7, 34–37]. This allows discrimination between spherical particles (e.g., water droplets)
and non-spherical particles such as dust.

2.2.6. SUN/SKY PHOTOMETER MEASUREMENTS

A lunar/sun sky photometer of the Aerosol Robotic Network (AERONET; [38]) was collo-
cated with the LIDAR at Nicosia, whereas an additional sunphotometer was situated at
CAO. Both instruments provided measurements of the Aerosol Optical Thickness (AOT)
at seven wavelengths (i.e., 340, 380, 440, 500, 675, 871 and 1020 nm). The AERONET
products include, among others, parameters corresponding to the total atmospheric col-
umn such as the Ångström exponent Å (at several wavelength pairs), the particle volume
size distributions in the size range 0.05 to 15 µm (particle radius), the fine and coarse
mode AOT (τ f and τc , respectively) at 440, 675, 871, 1020 nm [39] and the fine and coarse
mode volume concentrations (v f and vc , respectively; 40, 41). According to Dubovik et
al. [42] [43] the retrieval of the particle volume size distribution was demonstrated to be
adequate in practically all situations with AOT > 0.05, which was also the case for the
observations reported here. Cloud screened and quality assured level 2.0 data products
were used in this work. The uncertainties of the AOT were < 0.02 for UV wavelengths and
< 0.01 for wavelengths above 440 nm [44].
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2.2.7. PARTICLE MASS CONCENTRATION PROFILES DERIVED BY THE LI-
DAR MEASUREMENTS AND THE POLIPHON METHOD

The mass concentration profiles from the LIDAR measurements were calculated using
the POLIPHON method [8] as stated above. In the first step of the method, the contribu-
tion of the fine-mode and coarse mode particles to the total backscatter coefficient (βt ) is
calculated based on depolarization measurements [45]. Here we assumed an externally-
mixed aerosol consisting of a fine component with low depolarization (5 ± 1%; 8), and
a coarse component that induces light depolarization of 31 ± 4% [7], corresponding to
dust particles. The dust-related backscatter coefficient was determined as:

βd =βt
(δt −δnd )(1+δd )

(δd −δnd )(1+δt )
, (2.1)

where δt , δnd and δd are respectively the observed total depolarization ratio, the as-
sumed non-dust depolarization ratio and the measured depolarization ratio of dust par-
ticles. Once βd was determined, the non-dust backscatter coefficient was calculated by
βnd = βt −βd. In the calculations presented here we used β and δp values corresponding
to 532 nm wavelength.

In the second step of the method, the mass concentrations of the fine (non-dust;
mnd ) and coarse (dust; md ) aerosol fractions are calculated according to [8]:

md = ρd (vc /τc )βd Sd (2.2)

mnd = ρnd (v f /τ f )βnd Snd , (2.3)

where ρ is the mass density, whereas the product of the backscattering coefficient and
the LIDAR ratioβ·S is the extinction coefficient of the particles, with subscripts d and nd
denoting dust (coarse) and non-dust (fine) particles. It should be noted that the factors
vc /τc and v f /τ f are used to convert the extinction measurements to particle volume
concentration for the coarse and the fine faction, respectively. In this work these factors
were determined from the daily mean data of the sunphotometer that was collocated
with the LIDAR. The volume concentrations v f and vc were obtained from the AERONET
data, whereas the fine and coarse mode AOTs, τ f and τc , at 532 nm wavelength, were
calculated using Å (determined in the 440-675 wavelength range) according to:

τ f ,c(532) = τ f ,c(440) ×
(440

532

)◦
A f ,c(440−675)

(2.4)

Another assumption we made was that the LIDAR-derived dust and non-dust frac-
tions are identical to the photometer-derived coarse and fine particle fractions. The in-
flection point of the AERONET data was adopted as the limit between the fine and the
coarse mode particles. As a result, the fine mode ranged between 0.05 and 0.5 µm (par-
ticle radius) and the coarse mode between 0.5 and 15 µm as shown in Fig. 2.3. The
calculated values of v f /τ f and vc /τc (cf. Table 2.1) are in line with the conversion fac-
tors mentioned by Mamouri and Ansmann [46, 47] who performed an extensive analysis
of the conversion factors of dust over Cyprus.

Apart from v/τ, the other parameters required for determining the aerosol mass con-
centration from the LIDAR measurements are ρ, β and S. Regarding ρ, we used a density
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of 2.6 ± 0.6 g cm−3 for the coarse mode particles (corresponding to dust [48]). Chemical
analysis of filter samples collected during the measurements showed that the dust den-
sity assumed here is valid (data not shown). Values for Snd (60 ± 10 sr) were taken from
the literature [49], and actual measurements were used for Sd . Sd measurements were
only possible during night-time when the Raman channels were operating. We mea-
sured the same Sd values (47 ± 10 sr) for both events analyzed here. All the values of the
parameters that are required as input for the calculations are summarized in Table 2.1 .

2.2.8. POLIPHON METHOD - ERROR ESTIMATION
The uncertainties of βd and βnd in Equation (2.1) were calculated using the Monte-Carlo
method [50]. For each input parameter, we generated 100 normally distributed random
numbers. The values provided in Table 1 were used as the mean parameter and the stan-
dard deviation of the normal distributions. Then, 100 βd and βnd values were calculated
for each point in the atmospheric column and from these the mean values and the stan-
dard deviations (errors) of βd and βnd were estimated to be 22% and 28%, respectively.
For equations (2.2) and (2.3) the uncertainties were calculated analytically using the er-
ror propagation law.

Figure 2.3: Column-integrated volume size distribution measured with the sunphotometer over Nicosia at
06:57 UTC on 15 April 2016. The ranges of particle sizes measured by AERONET sunphotometers, and by the
OPCa are also indicated in the figure.
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Table 2.1: Values of the input parameters used in the POLIPHON algorithm.

Parameter Symbol Values Source/Reference
Dust depolarization ratio δd 31±4% [7]
Non-dust depolarization ratio δnd 5±1% [8]
Dust LIDAR ratio Sd 47 ± 10 sr Raman measurements
Non-dust LIDAR ratio Snd 60 ± 10 sr [49]
Dust particle density ρd 2.6 ± 0.6 g cm−3 [51]
Dust conversion factor (15.04.2016) vc /τc 0.67 ± 0.05×10−6 Sunphotometer
Non-dust conversion factor (15.04.2016) v f /τ f 0.24 ± 0.018×10−6 Sunphotometer

Dust conversion factor (22.04.2016) vc /τc 0.81 ± 0.04×10−6 Sunphotometer
Non-dust conversion factor (22.04.2016) v f /τ f 0.14 ± 0.019×10−6 Sunphotometer
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2.3. RESULTS AND DISCUSSION

2.3.1. HOMOGENEITY OF AEROSOL PROPERTIES OVER THE MEASUREMENT

SITES
Given the proximity (6.5 km) of the ground (at CAO) and the airborne in-situ observa-
tions (at Orounda), as well as the absence of any strong pollution sources in the region,
the measurements were considered to correspond to the same air parcel in terms of at-
mospheric composition. The third measurement location (Nicosia) was situated 35 km
away from the airfield. As suggested by the comparison of sunphotometer measure-
ments at Nicosia and CAO, however, all locations were affected by the same air masses
with minor influence from local emissions that were mostly trapped within the Planetary
Boundary Layer (PBL).

Figure 2.4 shows the AOT500 and the Å440−870 measured by the sunphotometers in
Nicosia and at CAO from 13 to 24 April 2016 when concurrent measurements were per-
formed at the two locations. Overall, the temporal variability of these two parameters ob-
served at Nicosia was very similar with the respective measurements at CAO, exhibiting
correlations coefficients of 0.89 and 0.87 for AOT500 and Å440−870, respectively. This good
correlation was further enhanced during the dust event cases (e.g., on 15 April 2016)
when the relative contribution of the aerosol fine mode was minimized, supporting that
a comparison of aerosol measurements at these locations is meaningful. In terms of ab-
solute values, AOT500 was 15-50% higher at Nicosia compared to CAO, even during the
cases with the dust events, when coarse particles dominated. These higher values at
Nicosia are mainly due to the altitudinal difference between the sites (Nicosia is at an
altitude of 190 m whereas CAO at 535 m above sea level) and the contribution of the lo-
cal aerosol sources to the total aerosol burden. This was further justified by the higher
Å440−870 measurements at Nicosia which signify the presence of small aerosol particles
from anthropogenic sources.

2.3.2. COMPARISON OF THE MASS CONCENTRATION MEASUREMENTS
A total of 6 UAV flights with OPCa on-board were performed during the entire campaign.
However, only 2 fulfilled all the necessary requirements for comparison with the LIDAR
observations. Those requirements are that 1) there are simultaneous measurements of
LIDAR and OPCa , 2) there are cloud-free conditions or clouds are above 7-8 km altitude
so that the LIDAR retrievals can be made, 3) there is enough dust loading, 4) there is
availability of AERONET data, and 5) the airborne in-situ measurements were performed
before the full development of the PBL. All these requirements were fulfilled during the
measurements on 15 and 22 April 2016, which are analyzed below.

CASE STUDY I: 15 APRIL 2016
The atmospheric situation over South-Eastern Europe on 15 April 2016 was dominated
by a high-pressure system resulting in mostly cloud-free conditions over Cyprus. A dust
event of moderate intensity was observed, resulting in an average AOT500 value of 0.4
over Nisosia and CAO (cf. discussion in Section 2.3.1 and Fig. 2.4). Figure 2.5 shows
the LIDAR time-height display during that day, with the upper panel showing the range-
corrected signal of the 1064-nm channel, which provides information about the aerosol
loading and the presence of clouds, and the lower panel the linear volume depolarization
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Figure 2.4: (a) AOT500 and (b) Å440−870 as measured with the sun-photometers at CAO (blue circles) and
Nicosia (red circles) from 13 to 24 April 2016.

ratio δv at 532 nm, which is used to discriminate particles of different shapes that can be
indicative of different sources. Throughout the day, high concentrations of aerosol parti-
cles were observed even up to ca. 7 km altitude (Fig. 2.5a), with a persistent aerosol layer
extending from 2.5 to ca. 7 km. Backtrajectory analysis (cf. Fig. 2.6) corroborated that
this layer resulted from a Saharan dust event that originated in Algeria and traveled over
Italy, Greece and Turkey before reaching Cyprus. Despite passing over polluted areas,
the core of the dust layer remained pure (see analysis below) due to its high elevation
(>2 km) throughout the path. The δv plot (Fig. 2.5b) also shows the temporal evolution
of this dust layer. From 00:00-03:00 UTC the dust extends from 2 to 7 km altitude, but
later (until 14:00 UTC) it becomes shallower. From the early morning hours (07:00 UTC)
to early afternoon (14:00 UTC) when the boundary layer develops, the dust layer is con-
fined above it, reaching up to 5 km altitude. After the collapse of the boundary layer, the
dust layer starts to descend and finally reaches the ground at 18:00 UTC.

The cloud-free and time homogeneous atmospheric scene between 07:00 and 07:50
UTC, which overlapped with the time window of the UAV flight, was selected for cal-
culating the parameters of the atmospheric aerosol using the POLIPHON method. As
mentioned earlier, the Sd values used as input in POLIPHON were not measured at the
same time window (07:00 and 07:50 UTC), but they were derived from night-time mea-
surements. However, back-trajectory analysis verified that the LIDAR was measuring
the same air mass type during these time spans (Fig. 2.6). The LIDAR profiles of β (re-
trieved with the Fernald-Klett method; Section 2.2.5) and δp , that were used as input in
POLIPHON (532 nm only), are shown in Fig. 2.7a-b. The backscatter signal increased
gradually from 1 Mm−1sr−1 at 1 km (532 nm), reaching a maximum of ca. 2.3 Mm−1sr−1

at 3 km where the dust layer core was. The pure dust layer spanned from ca. 2.5 to 3.8
km (δp ∼ 30±2%) while below 2 km, the dust was mixed with almost spherical particles,
probably from the residual layer, as indicated by the relatively low δp values ranging
between 12% and 30%. Figure 2.7c shows the POLIPHON-derived dust and non-dust
related backscatter coefficients βd and βnd from Equation (2.1), and respective uncer-
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tainties determined by Monte-Carlo calculations (cf. Section 2.2.8). The backscatter
coefficient of the fine-mode particles βnd decreased with altitude, while the dust par-
ticles were present even down to 0.7 km. As discussed in Section 2.2.5, the LIDAR ratio
value used in the Fernald-Klett retrieval and the LIDAR ratio corresponding to the dust
particles Sd that is required as input in the POLIPHON algorithm, were estimated from
Raman LIDAR measurements performed between 00:00-01:40 UTC (UTC+3 local time),
just before sunrise. It should be noted here that Raman measurements are only possible
at night as during the day scattered sunlight induces high background noise signal. The
fact that the dust layer observed during the Raman measurements had the same origin
and followed the same atmospheric path before reaching the measurement site between
07:00-07:50 UTC was confirmed by back-trajectory analysis (Fig. 2.6).

Vertical profiles of the RH measured with the UAV and predicted by the WRF−ARW
atmospheric model [52] showed that the atmosphere was dry enough (RH . 50%) at
the ground level and up to 4 km altitude (Fig. 2.7d). As a result we could safely assume
that the aerosol particles were dry and thus changes in the mass density and backscatter
coefficient due to water uptake were negligible.

CASE STUDY II: 22 APRIL 2016
Contrary to Case Study I, a low intensity dust event (AOT500 = 0.1) was recorded over
Cyprus on 22 April 2016. The evolution of the boundary layer dominating the atmo-
spheric situation that day is depicted in the LIDAR time-height plots shown in Fig. 2.8.
From 00:00 to 10:00 UTC a sparse dust layer extended between 1 and 2 km a.g.l. while
after the PBL decay a shallower dust plume was observed between 1 and 1.5 km altitude.
According to the back-trajectory analysis (Fig. 2.9) the dust air mass at 1.5 km originated
from Egypt at the ground level, then it was elevated and passed over Libya, the Mediter-
ranean and Turkey before reaching Cyprus.

The UAV flight on that day was performed between 04:22 and 05:16 UTC. The atmo-
spheric scene between 04:20-05:00 UTC (Fig. 2.8) was selected for the comparison due
to its stable conditions above 0.8 km. Also in this case, the same procedure as in case
I was followed to retrieve the LIDAR profiles that were used as input in the POLIPHON
algorithm. The backscatter coefficient, the particle depolarization ratio, the POLIPHON-
derived dust and non-dust related backscatter coefficients as well as the RH profiles of
this atmospheric scene are shown in Fig. 2.10. In contrast to the estimated δp values de-
termined from the measurements on 15 April, here δp

532 decreases gradually with height
from 0.8 to 2 km having values between 10-17%. These relatively low δ

p
532 values indi-

cate a mixture of Saharan dust with spherical continental/pollution particles. This is
supported by the paths that the air mass follow between 1-2 km which originated from
north-eastern Africa close to Cairo and Alexandria. The LIDAR ratio of 40 ± 7 Sr, mea-
sured during the previous night (at a height where the signal is mostly free of noise; i.e.
1.2-1.4 km), agrees with the findings of [55] and [56] who reported respectively that S532

= 40 ± 5 Sr and S532 = 47 Sr for dust originating from eastern Sahara.

PARTICLE MASS CONCENTRATION PROFILES

Figures 2.11 a and 2.11 c show the mass concentration profiles for the coarse parti-
cles (particles larger than 0.5 µm in radius) as derived by the LIDAR observations us-
ing POLIPHON method for inversion, and the OPCa measurements. The LIDAR profiles,
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Figure 2.5: Range-corrected LIDAR signal at 1064 nm (a) and Volume Linear Depolarization ratio (b) reflecting
the atmospheric conditions over Nicosia on 15 April 2016. Blue color indicates weak backscattering, yellow-
red colors in the range corrected LIDAR signal (a) indicate backscattering mainly from fine aerosols and dust,
whereas the dotted line shows the PBL top. The LIDAR observations used for the comparison with the UAV
measurements were those recorded between 07:00-07:50 UTC.

were calculated by Equations (2.2) and (2.3) using the measuredβd andβnd , profiles and
the dust density values from the literature (cf. Table 2.1). The respective OPCa profiles
were determined by the recorded particle number size distributions assuming the same
dust particle density (cf. Section 2.2.4 for details). To ensure that the LIDAR observations
are representative of the atmospheric aerosol over Orounda and over CAO we compare
the data for altitudes higher than 0.8 km a.s.l. during morning hours when the PBL was
shallow.

The mass concentration profiles from the LIDAR and the OPCa observed on 15 April
2016 (Fig. 2.11 a), show a good correlation, with R = 0.9. In terms of absolute values,
the mass concentrations measured by the OPCa (red curve) lie within the uncertainty
limits (38%) of the LIDAR observations, with the former being equal or lower for the en-
tire range of altitudes, exhibiting a bias ranging from -23.0 to -2.4 µg m−3 with a mean
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Figure 2.6: Back-trajectories of the air masses arriving at several altitudes over Cyprus on April 15, 07:00 (UTC).
The back-trajectories were calculated for a duration of 5 days using the HYSPLIT transport and dispersion
model [53, 54] with GDAS ° meteorological data through the Real-time Environmental Applications and Dis-
play sYstem (READY; http://ready.arl.noaa.gov/index.php).
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Figure 2.7: Day-time profiles of β (355-, 532-, and 1064-nm wavelength) (a) δp (355- and 532-nm wavelength)
(b) βd and βnd (c) determined by POLIPHON, as well as RH profiles from in-situ measurements on-board the
UAV and from WRF−ARW model simulations over Nicosia at 08:00 UTC (d).

of -12.0 µg m−3 (Fig. 2.11 b). The discrepancies between the two methods can be partly
attributed to the assumptions used in POLIPHON: 1) constant S throughout the atmo-
spheric column, 2) contribution in the coarse mode only from depolarizing particles,
and 3) the assumption of an externally-mixed aerosol. Assumptions used for the manip-
ulation of the OPC measurements that can explain differences between the two methods
are mainly related to the refractive index and the shape of the particles. The refractive
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Figure 2.8: Range-corrected LIDAR signal at 1064 nm (a) and Volume Linear Depolarization ratio (b) reflecting
the atmospheric conditions over Nicosia on 22 April 2016. Blue color indicates weak backscattering, yellow-
red colors in the range corrected LIDAR signal (a) indicate backscattering mainly from fine aerosols and dust,
whereas the dotted line shows the PBL top. The LIDAR observations used for the comparison with the UAV
measurements were those recorded between 04:22-05:00 UTC.

index can notably influence the size distribution measured by the OPC, inducing sizing
uncertainties of up to 30% [14, 57]. The refractive index used for calibrating OPCa , how-
ever, has a value of for n = 1.59, which is very close to literature values for Saharan dust
(n = 1.56; 58). The difference between the refractive index values used for the calibra-
tion of OPCa and that used for the retrieval of the LIDAR measurements is estimated
to introduce a bias of 2% to the calculated mass concentration values. Regarding parti-
cle shape, the effect of non-sphericity the particle sizing by light-scattering instruments
having similar scattering angle range that of OPCa (90°±60°) is within less than 20%, with
a tendency towards undersizing [59].

Another source of discrepancy between the mass concentrations determined by OPCa

and the LIDAR is the limitation of the former to measure particles larger than a few
tens of microns due to aerodynamic inlet loses (sedimentation and inertial deposition),
resulting in an underestimation of 20% of the coarse mode volume concentration (cf.
yellow-green hatched area in Fig. 2.3). To account for that, we corrected the OPCa mea-
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Figure 2.9: Back-trajectories of the air masses arriving at 500 m, 1000 m and 1500 m over Cyprus at 04:00
UTC on April 22. The back-trajectories were calculated for a duration of 6 days; the black circles indicate the
locations where the air-mass was below 100 m altitude.
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Figure 2.11: Aerosol mass concentration profiles for case study I and II (a, c) and the respective biases (b, d).
In plots (a) and (c), the blue solid lines represent the mass concentration derived by the POLIPHON. The mass
concentration measured by the OPCa is plotted in red with the red shaded area representing the uncertainties
of the in-situ measurement. The green lines show the mass concentration from the OPCa corrected for the
particles losses. In plots (b) and (d), the red dots show the biases between the values measured by the OPCa
and the LIDAR (OPCa − LIDAR) before applying the corrections, while the green dots are the biases after
corrections. The red and green solid lines show the mean biases before and after correction, respectively.
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surements using the formula: mOPC = mPOLIPHON

∫
OPCa dV /d lnr∫

POLIPHON dV /d lnr
. This correction sig-

nificantly improved the agreement between the OPCa (green curve in Fig. 2.11a) and
the LIDAR measurements, constraining the bias range to -11.1 and 8.8 µg m−3 which
results in a decreased mean bias of −1.1 µg m−3. Further statistical analysis between
the LIDAR and the corrected OPCa measurements showed that our hypothesis that the
two observations refer to the same aerosol population is valid. To be more specific, the
two-tailed T-test yielded a P-value of 0.70 (assuming equal variances), indicating that the
differences between the mean values of the two types of observations are not statistically
significant.

The mass concentration profiles determined by the LIDAR and the OPCa measure-
ments on 22 April 2016 (Fig. 2.11 c) also show a good correlation, with R =0.9. In terms of
absolute values, the mass concentrations determined by the OPCa measurements (green
line) are lower compared to those determined by the LIDAR observations for the entire
range of altitudes, exhibiting biases in the range from -14.7 to 0.6 µg m−3 with a mean
value of -8.7 µg m−3 (Fig. 2.11 d). The integrated volume size distribution measured
by the sunphotomer in Nicosia showed that in this case the OPCa underestimates the
coarse volume fraction by 48%. Upon correction, the mean bias decreases to -1.6 µg
m−3 and, with the exception of one point at 1.8 km altitude, the mass concentration val-
ues from the OPCa lie within the calculated uncertainty resulting from the POLIPHON
algorithm used to invert the LIDAR data (32%). At higher altitudes the mass concentra-
tion decreases drastically and OPCa measurements drop below the POLIPHON uncer-
tainty limits. Also in this case, the two-tailed t-test (assuming equal variances) yielded
a p-value of 0.05 indicating marginal statistically insignificant differences between the
means of the two types of measurements.

Overall, the airborne in-situ and LIDAR observations are in good agreement both
during the observation of a dense as well as of a weak dust event, after the necessary cor-
rections for the OPCa measurements. In the case of the moderate dust event the volume
concentration fraction that is not captured by the OPC range is small and so is the cor-
responding correction. In contrast, during the weak dust event, the OPC misses almost
50% of the volume size distribution which introduces large measurement ambiguities.

2.4. SUMMARY AND CONCLUSIONS
In this study we compare, for the first time to our knowledge, vertical profiles of the
aerosol mass concentrations determined independently by an OPC onboard a UAV and
by remote sensing observations using data from a LIDAR and a sunpohotometer. The
measurements were performed during two cases of dust events that occurred in the re-
gion of the Eastern Mediterranean on 15 and 22 April 2016. During those days, the UAV
flew up to ca. 2 km altitude with the OPC measuring the size distributions of sampled
aerosol particles having radii in the range 0.15-5 µm, from which the aerosol mass con-
centration was calculated. The same information was retrieved by the concurrent LIDAR
and sunphotometer measurements that were inverted using the POLIPHON method.

During the measurements on 15 April 2016 the dense dust layer extended from 2 to
4 km, while a mixture of dust and almost spherical particles was observed below 2 km.
The mass concentration of the coarse mode particles increased from 30µg m−3, at ca. 0.8
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km, to ca. 70 µg m−3, at ca. 1.8 km. Agreement between the in-situ measurements and
the LIDAR observations retrieved with the POLIPHON method was very good (R = 0.9),
with the in-situ measurements lying within the POLIPHON uncertainty limits (38%), ex-
hibiting a mean bias of −12.0 µg m−3 that can be mainly attributed to the difference in
the cut-off diameters measured by the two techniques. Corrections applied to account
for this difference in the cut-off diameters further enhanced the agreement, decreasing
the mean bias to −1.1 µg m−3.

In the measurements carried out on 22 April 2016, a sparse dust layer was observed
between 0.8-2 km altitude during the morning hours. Information from the LIDAR mea-
surements and the backtrajectory analysis suggests that this layer was a mixture of desert
dust with continental/pollution particles. Despite that, however, agreement between the
airborne in-situ and remote sensing measurements in this case was also very good (R =
0.9). In terms of absolute values, the corrected mass concentrations measured by the air-
borne OPC were equal or lower than those derived from the LIDAR measurements for the
entire range of altitudes and exhibited a mean bias of −1.6 µg m−3. The concentrations
measured by the airborne OPC were within the calculated uncertainty of POLIPHON.

The measurements reported here indicate that unmanned airborne OPC measure-
ments and LIDAR observations can provide reliable ways to determine coarse mode
aerosol mass concentration profiles in the atmospheric column, thereby bridging the
gap between in-situ and remote sensing observations. Considering that both methods
can provide dense datasets in a cost-effective manner and on a regular basis, this finding
paves the way towards their systematic exploitation in climate models.
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3
LONG-TERM OBSERVATIONS OF THE

BACKGROUND AEROSOL AT

CABAUW, THE NETHERLANDS

Long-term measurements of PM2.5 mass concentrations and aerosol particle size distri-
butions from 2008 to 2015, as well as hygroscopicity measurements conducted over one
year (2008-2009) at Cabauw, The Netherlands, are compiled here in order to provide a
comprehensive dataset for understanding the trends and annual variabilities of the at-
mospheric aerosol in the region. PM2.5 concentrations have a mean value of 14.4 µg m−3

with standard deviation 2.1 µg m−3, and exhibit an overall decreasing trend of −0.74 µg
m−3 year−1. The highest values are observed in winter and spring and are associated with
a shallower boundary layer and lower precipitation, respectively, compared to the rest of
the seasons. The number concentration of the particles smaller than 500 nm has a mean of
9.2×103 particles cm−3 and standard deviation 4.9×103 particles cm−3 and shows an in-
creasing trend between 2008 and 2011 while it decreases from 2013 to 2015. It exhibits
highest concentrations in spring and summer, despite the increased precipitation, due
to the high occurrence of nucleation-mode particles, which most likely are formed else-
where and are transported to the observation station. Particle hygroscopicity measure-
ments show that, independently of the air mass origin, the particles are mostly externally
mixed with the more hydrophobic mode having a mean hygroscopic parameter κ of 0.1
while for the more hydrophilic mode κ is 0.35. The hygroscopicity of the smaller parti-
cles investigated (i.e., particles having diameters of 35 nm) appears to increase during the
course of the nucleation events, reflecting a change in the chemical composition of the
particles.

This chapter have been published in Science of The Total Environment, Mamali et al., Volume 625, 2018, Pages
752-761, https://doi.org/10.1016/j.scitotenv.2017.12.136.
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3.1. INTRODUCTION
Epidemiological and medical studies have established that Particulate Matter (PM) pol-
lution has a strong impact on human health (e.g., [1–3]), with elevated ambient PM2.5

concentrations being associated with adverse respiratory effects to chronically ill pa-
tients and increased mortality rates for people with respiratory problems [4]. In addition,
fine particles (i.e., particles with diameters below 1 µm), and especially their smallest
fraction that can penetrate deeper in the respiratory tract and reach the alveoli [5], can
enter the blood recirculation system and cause cardiovascular deceases [6]. Model stud-
ies have shown that PM2.5 concentrations correlate well with morbidity and mortality,
causing ca. 3.3 million premature deaths annually around the globe [7].

Apart from being related to adverse health effects, airborne particles emitted from
natural and anthropogenic sources can affect the climate of our planet at local, regional
and global scales. Air-suspended particles affect climate in a direct way by absorbing and
scattering incoming solar radiation [8], and indirectly by acting as Cloud Condensation
and Ice Nuclei (CCN and IN, respectively; [9]). Both effects result in an overall cooling of
the Earth and together can contribute to a forcing of the order of -1 W/m2 at the top of
the atmosphere with an estimated uncertainty of the order of 100% [10]. This high uncer-
tainty results from the high spatial and temporal variability of the atmospheric aerosol
as well as from the poor understanding of key physicochemical transformations that the
aerosol particles undergo during their lifetime. To better understand their role on cli-
mate, and thus to improve the predictability of atmospheric-climate models, we need
long-term measurements of the aerosol properties. Apart from the concentration (by
mass and number) of airborne particles, information on the temporal variability of their
size and chemical composition is highly required for understanding the processes they
are involved in.

The Cabauw Experimental Site for Atmospheric Research (CESAR) in The Nether-
lands is one of oldest stations for atmospheric observations in Europe and one of the
core observatories in the global network. CESAR is one of the few observatories where
characterization of the atmosphere from the ground up to the top of the atmosphere
is taking place by combining in situ sensors installed on the ground and along a 213-
m tower, as well as ground-based remote sensing instruments for measuring radiation,
wind, turbulence, trace gases, aerosols, and clouds at higher altitudes. Continuous long-
term in-situ measurements of the mass concentrations and the number size distribu-
tions of atmospheric particles are performed at CESAR since more than a decade. In
addition, measurements related to the atmospheric state and various atmosphere-land
surface interactions for supporting climate modeling are carried out at CESAR using
both in-situ and remote sensing techniques [11].

Here we report PM2.5 mass concentration and aerosol size distribution measure-
ments conducted at Cabauw from 2008 to 2015, and analyze their trends and seasonal
variability. In addition, we provide aerosol hygroscopicity measurements that took place
over almost one year (10 months), and link them with the patterns observed in the record-
ed size distributions. The rest of the chapter is organized as follows: Section 3.2 describes
the instrumentation used for the measurements. Section 3.3 discusses the measure-
ments, including the inter-annual and seasonal variations of PM2.5 concentrations and
the particle number distributions, as well as the seasonality in particle hygroscopicity.
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Finally Section 3.4 summarizes the most important conclusions.

3.2. INSTRUMENTATION AND METHODS

3.2.1. THE CABAUW EXPERIMENTAL SITE FOR ATMOSPHERIC RESEARCH (CE-
SAR)

CESAR is a rural site in a region that is one of the most populated areas in Europe [12].
The station, located 50 km away from the coast, is surrounded by grassland and agri-
cultural pastures, and is influenced by maritime and continental environments. The
terrain in the region is flat, varying from -3 to 5 m a.s.l. within a radius of 45 km. Figure
3.1 shows the location of the station and the frequency of the different wind directions
based on measurements recorded between 2008 and 2015 at the tower of the station. The
site most often receives continental air masses from Southern Europe (40%), with the
predominant wind directions being Southwestern (SW), advecting polluted air masses
that pass over the neighboring city of Rotterdam. Clean air masses are associated with
Northern (N) air originating from the North Sea or Scandinavia only if they do not follow
trajectories over Amsterdam and Utrecht; i.e., the other two major neighboring cities to
CESAR. Considering that the site mostly receives air masses passing over close-by cities
and a dense highway grid located within a radius of 45 km, the station is representative
of the wider region.

Atlantic & the UK
           (22%)

Scandinavia 
      (12%)
Scandinavia 
      (12%)

Atlantic & the UK
           (22%)

North Sea
    (10%)
North Sea
    (10%)

Figure 3.1: Location of the CESAR and annual relative frequency of the wind directions observed at the site
during the study period.

3.2.2. INSTRUMENTATION

A low-volume sampler operated at a flow rate of 2.3 m3 h−1 and equipped with a PM2.5

sampling head (complying with the standards [13]) was deployed to measure the mass
concentration of particles smaller than 2.5 µm on quartz filters (Whatman QM-A). All
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PM2.5 measurements were performed by the Dutch National Institute of Public Health
and the Environment (RIVM) at the Cabauw Wielsekade station (500 m away from the
tower) where air was sampled at a height of 4 m a.s.l.. The samples were collected every
24 hours, and the mass of the particles deposited on the filters was determined gravi-
metrically [14]. All the filters were conditioned at 20 ± 1 °C and 50 ± 5% RH for at least
48 hours before weighing [15]. PM2.5 measurements were performed on a daily basis
during 2009 and 2015, while for the rest of the years investigated in this work data were
available every second day. During days without PM2.5 measurements, the quartz filters
were replaced by teflon or tissuquartz filters used for metal Elemental or Organic Carbon
analysis, respectively.

A Scanning Mobility Particle Sizer (SMPS; TSI Model 3034) was used to measure the
size distributions of the particles having diameters in the range 9.37 - 516 nm. The SMPS
consisted of an impactor, a charger, a Differential Mobility Analyzer (DMA) and a Con-
densation Particle Counter (CPC). Inversion of the collected data was performed with
the algorithm described by 16. Although the SMPS data used for this analysis cover the
period from 2008 to 2015, the data from January to December 2012 were discarded due
to high noise levels.

A Hygroscopic Tandem DMA (HTDMA) system was deployed in the framework of the
EUCAARI IMPACT campaign to determine the hygroscopicity of the particles observed
from May 2008 to February 2009 at CESAR. In brief, the system consists of two DMAs
(cf. [17], for details) and a CPC (TSI Model 3772; [18]). To reduce the humidity below
20% and comply with the EUSAAR standards [19], a custom-made Nafion drying system
was used upstream the HTDMA, in addition to the sample drying system of the station.
In the HTDMA, the polydisperse aerosol sample was first charge neutralized (by passing
through a 85Kr-source aerosol neutralizer) and then passed through the first DMA that
selected particles of specific dry sizes (35, 50, 75, 110 and 165 nm) before being exposed
at a constant RH of 90% in the humidifier of the system. The size distribution of the
humidified particles was measured by the second DMA and a CPC. Both DMAs used
sheath flows in closed loops [20], whereas the measurement time for each particle size
was 5 min. Values of the hygroscopic parameter κ, which are discussed in the following
section, were determined by the HTDMA measurements [21].

Both the SMPS and the HTDMA sampled air at 60 m a.s.l. through a specially-designed
inlet system that consisted of four parts: (a) 4 PM10 inlets, (b) a Nafion-tube system that
dried the aerosol stream to relative humidity values (RH) below 40%, (c) a 60-m stain-
less steel pipe and (d) a manifold that splits the flow to the instrument suite [22]. The
total flow through the 60-m long inlet pipe was maintained at about 60 l min−1, which
was the highest flow warranting laminar flow (Re ≈ 2000), from which the SMPS and the
HTDMA were sampling at a flow rate of 1 l min−1 each. For the SMPS data, corrections
were applied to account for the diffusional losses of the particles on the walls of the 60-m
sampling line [23].

Meteorological measurements of wind direction, wind speed, temperature and rel-
ative humidity at 40 m altitude were used in the analysis. In addition, back-trajectories
of the air masses arriving at the station were calculated by the NOAA HYSPLIT model
[24, 25].
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3.3. RESULTS AND DISCUSSION

3.3.1. PARTICLE MASS AND NUMBER CONCENTRATIONS

PM2.5 INTRA-ANNUAL VARIATION

Fig. 3.2 shows PM2.5 daily concentrations measured at Cabauw from January 2008 to
December 2015. The measurements exhibit an overall decreasing trend with a slope of
−0.74 µg m−3 year−1, calculated based on the yearly mean values. This trend is partly
(28%) due to the absence of extreme mass concentrations of PM2.5 > 50 µg m−3 from
2011 onwards, which are more frequent under Eastern winds (cf. Fig. 3.3; left figure).
Analysis excluding these extreme values still showed a negative trend with a slope of
−0.54 µg m−3 year−1, suggesting that the overall decrease is mainly attributed to the re-
duction of the background aerosol concentration. Despite the decreasing trend, all the
yearly averages exceed the annual PM2.5 limit of 10 µg m−3 of the World Health Organi-
zation (WHO).

Apart from the annual mean values, also the number of days with PM2.5 concentra-
tions higher than the WHO daily limit of 25µg m−3 decreased substantially over the study
period, especially in winter (data not shown). The majority of the limit exceedances are
associated with stable atmospheric conditions (i.e. Convective Available Potential En-
ergy (CAPE) ≈ 0; [26]), which aid the built-up of pollution. As shown in Fig. 3.3 (see
right figure) those days are mostly associated with winds from the East (E; ca. 65% of
the cases), advecting air masses that pass over the heavily industrialized Ruhr area in
Germany, and from the South (S, ranging from SE to SW; ca. 20% of the cases), traveling
over France and Belgium before reaching Cabauw. Only in few occasions (ca. 15% of the
cases) the air masses had marine origin and traveled from the SW over the Rotterdam
and Antwerp harbor areas.

Figure 3.2: PM2.5 daily concentrations measured at Cabauw from January 2008 to December 2015. Daily mea-
surements are represented by dots color-coded based on the different seasons: blue for winter including the
months December, January and February, green for spring including the months of March, April and May, yel-
low for summer including the months of June, July and August and brown for autumn including the months of
September, October and November. The red line shows the PM2.5 trend calculated based on the yearly mean
values (red hexagons).
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Figure 3.3: PM2.5 values (left) and PM2.5 limit exceedances (right) segregated based on wind direction.

The overall decreasing trends of PM2.5 (both in terms of annual mean concentration
and number of daily limit exceedance days) can be attributed to the more stringent Euro-
pean regulations for industrial emissions [27] and by the more advanced emission treat-
ment technologies introduced in the transportation sector (it should be noted here that
industry and transportation are two of the main contributors of PM2.5 in The Nether-
lands and its neighboring countries; [28, 29]). This hypothesis can be further supported
by the similar decreasing pattern observed in the carbon monoxide (CO) measurements
(cf. Fig. 3.4) which is mainly emitted from biomass burning, combustion and a num-
ber of industrial activities. The inter-annual variability of atmospheric factors influenc-
ing particle concentration (e.g., rain height, temperature, incoming solar radiation, fre-
quency and persistence of cold days < 3 °C) showed no statistically significant trends,
suggesting that the reduced emissions are the main driver of the decreasing trend of
PM2.5.

PM2.5 SEASONAL VARIATION

The highest PM2.5 concentrations throughout the study period were observed in winters
and springs, with average values of 19.0 and 15.0µg m−3, respectively, whereas the lowest
concentrations were observed in summers and autumns, having respective mean values
of 9.1 and 10.8 µg m−3. In general, high emissions from combustion sources (i.e., trans-
portation and residential heating) in winter and autumn, and from agricultural activities
in spring and summer, are the main contributors to this seasonal variation [30].

Apart from the local sources, PM2.5 seasonal variability is also affected by the regional
meteorological conditions including the variations in the wind speed that influences
horizontal transport, in Boundary Layer Height (BLH) which is related to the dilution
of the pollutants, and in precipitation that is the most important sink of PM pollution.
Interestingly, only weak anti-correlation between wind speed and PM2.5 concentrations
(linear Pearson and non-linear Kendall correlation coefficient had respective values of
RPear son = -0.32 and τK end al l = -0.27; [31]) was observed despite the high wind speeds
occurring in The Netherlands, suggesting that vertical dispersion (rather than natural
ventilation) is the main process of dilution. Our analysis showed that the seasonal vari-
ability of the BLH influences the PM2.5 concentrations which is in-line with previous
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Figure 3.4: CO daily average concentrations measured at Cabauw from January 2008 to December 2015.

studies [32]. However, the low BLHs observed during winter cannot alone justify the
higher PM2.5 concentrations, and thus additional factors certainly contribute towards
their seasonality. The rainfall intensity showed an anti-correlation with PM2.5 (RPear son

= -0.68, τK end al l = -0.51, based on monthly average values) with the highest PM2.5 con-
centrations observed in April, which is the driest month of the year (cf. Fig. 3.5 b).

PARTICLE NUMBER CONCENTRATIONS

Figure 3.6 shows the number concentration of particles having diameters between 30
and 500 nm (N30−500) measured at Cabauw from January 2008 to December 2015 (the
measurements during 2012 were discarded due to high noise level). The mean num-
ber concentration of all years was 9.2×103 particles cm−3 with a standard deviation of
4.9×103 particles cm−3. In contrast to the monotonic decrease of the PM2.5 values, the
particle number concentrations show an increasing trend of 8.1 % year −1 from 2008 to
2011 (calculated from the yearly mean values) and a decreasing trend of -11.7 % year −1

between 2013 and 2015. The predominant driver for these trends should be the aerosol
sources since no corresponding changes were observed in the meteorological conditions
in this period. More specifically, in terms of rainfall, which is the major aerosol sink, no
significant drop was recorded in years 2011 and 2013 when the highest N30−500 values
were measured. PM0.5 estimated by the number concentration measurements assum-
ing a constant particle density of 1.5 g cm−3 (data not shown) exhibit the same trend with
the N30−500, suggesting that the decreasing trend of the PM2.5 is driven by a decrease of
particles with diameters larger than 0.5 µm.

Seasonally, N30−500 exhibits a strong anti-correlation with rainfall from January to
June (RPear son = − 0.78; Fig. 3.5), but in July and August, when the rain height reaches
its maximum, the number of particles does not decrease, indicating that aerosol sources
are also higher during this period. The additional sources of particles in the warm period
are possibly the new particle formation (NPF) events (see Section 3.3.2).
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Figure 3.5: (a) Monthly averages of PM2.5 concentrations from 2008 to 2015. The box plots indicate the median
(red line) and the 25% and 75% percentile, whereas the red crosses are the maximum values observed in every
month; (b) rainfall intensity and (c) seasonal variability of N30−500 from 2008 to 2015 (Due to discontinuities of
the SMPS data during the entire study period, only the data between January 2008-December 2011 and January
2013-December 2015, were considered in the analysis)
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Figure 3.6: N30−500 concentrations measured at Cabauw from January 2008 to December 2015. Daily measure-
ments are represented by dots color-coded based on the different seasons (winter (DJF) - blue, spring (MAM) -
green, summer (JJA) - yellow, autumn (SON) - brown). The black dotted line shows the PM2.5 trend calculated
based on the yearly mean values (black diamonds).

3.3.2. AEROSOL PARTICLE SIZE DISTRIBUTIONS

DIURNAL AND SEASONAL VARIATION

Figure 3.7 shows the diurnal variation of the mean particle number size distributions
in the different seasons. The size distribution count median diameter (CMD) and ge-
ometric standard deviation of the background aerosol are ca. 55 nm and 1.81 (average
of the entire study period), respectively. The diurnal variabilities in winter and autumn
are very similar, with pronounced peaks observed during the late morning and evening
hours corresponding to the traffic and residential heating peaks. Interestingly, in spring
and summer, the distributions shift to smaller sizes after 12:00 UTC as a result of the
frequent NPF events occurring during these periods. A comparison between weekends
and weekdays shows that the number concentration decreases by ca. 15% during the
weekends for all seasons. In winter and autumn the peaks of the size distributions are
less pronounced during the weekends as a result of the lower traffic density. Weekends
during spring and summer exhibit intensified midday peaks due to more frequent NPF
events (see discussion further below), which can be explained by the lower condensa-
tional sink as depicted in Fig. 3.8 (cf. similar observation in the measurements reported
by Siakavaras et al. [33]). In an intra-annual basis, the annual mean CMD fluctuated
slightly (within < 10%), while the shape of the size distribution showed no significant
changes.

NEW PARTICLE FORMATION EVENTS

The particle number size distribution measurements show that numerous NPF events
took place during the study period. To discriminate between an "event-day" and a "non-
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Figure 3.7: Diurnal variation of the mean number size distributions in the different seasons. The color shading
represents the particle concentration.
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Figure 3.8: Diurnal evolution of the condensational sink in weekdays (error bars correspond to 1 standard
deviation).

event" day, we used the procedure described by Dal Maso et al. [34]. In brief, we first
examined the data visually, based on the 24-h (midnight to midnight) contour plots of
the size distributions. A day was characterized as an event-day if the size distribution ex-
hibited a new mode corresponding to particles smaller than 25 nm, followed by growth
which lasted for several hours; otherwise it was labeled as a "non-event" day. This clas-
sification showed that NPF events occur at Cabauw throughout the year but they are
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Table 3.1: Number of new particle formation events recorded each month for the years 2010 and 2011.

Month NPF events (2010) NPF events (2011)
January 0 -
February 0 2
March 2 5
April 5 8
May 9 10
June 13 11
July 6 3
August 2 7
September 2 7
October 3 4
November 2 1
December 2 0

pronounced during spring and summer as has been observed in climatological studies
at different locations in Europe [35, 36]. Our analysis focused on measurements from
January 2010 to December 2011, when measurements down to 9.6 nm were available.
Table 3.1 summarizes the number of NPFs for each month. The fraction of the number
of "event-days" to the total number of (measurement) days was 20% in 2010 and 24% in
2011. All the events took place during daytime between 08:00 and 14:00 UTC, with the
majority being observed under cloud free conditions. These observations are in line with
those reported by Manninen et al. [37], who investigated nucleation events and the first
steps of growth, at many observatories in Europe, including Cabauw, using ion spec-
trometer measurements. Back-trajectory analysis showed that NPF events are mostly
related to marine air masses from the NW, N, W and SW (80%). These clean air masses
having low particle number concentrations, and thus low condensational sinks, most of-
ten pass over cities (e.g. Amsterdam, Rotterdam) where they get enriched with gaseous
pollutants which act as precursors for NPF. The rest of the events (20%) were recorded
when air from the E and SE, that carry polluted air from Central Europe, reached Cabauw.

Characteristic NPF events, associated with air masses from the North Sea, are shown
in Fig. 3.9. Solar radiation in the morning triggers the photochemical formation of new
particles which grow to the detectable sizes within ∼3-4 h. A steep increase in the num-
ber concentration of the smaller particles (having diameters up to 25 nm) was observed
around 08:00-10:00 UTC. The small, newly formed particles slowly increase in size reach-
ing that of the background aerosol sizes late at night.

It should be noted here that the smallest particles for which increased concentra-
tions were observed during the events had diameters of ca. 11 nm (note that the SMPS
can measure from 9.6 nm and higher), suggesting that the fresh particles were formed
elsewhere and were advected to the site. This, however, is valid provided that the sub-
11-nm channels of the SMPS do not underestimate the corresponding particle number
concentrations significantly, and that the particles grow slow enough so that the instru-
ment time resolution allows for capturing their growth.
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Figure 3.9: Evolution of the particle size distributions during two consecutive days, (9 and 10 April 2011) with
new particle formation events. The upper panel shows hourly measurements of the aerosol size distribution
(normalized by the maximum value), whereas the lower panel shows the number concentrations of the parti-
cles for four size ranges: 9-25 nm, 26-90 nm, 96-516 nm and 9-516 nm (total).

3.3.3. AEROSOL PARTICLE HYGROSCOPICITY

The hygroscopicity parameter κ is a measure of the affinity of the aerosol particles to
water. Relatively highκ values >1 correspond to the highly hygroscopic inorganic species
(e.g. sodium chloride; [38]) while oxidized organic compounds found in the atmosphere
have κ values in the range 0.01-0.3. In the case of multicomponent aerosol particles κ
can be estimated assuming that the total volume of water is equal to the sum of the water
associated to the individual components [38] and can be calculated as κmi xed =∑

i εi κi ,
where εi is the volume fraction of each component having hygroscopic parameter κi .

Figure 3.10 shows the diurnal pattern of the seasonally averaged κ distributions for
particles having dry sizes of 165 and 35 nm. For all the particle sizes κ was below 0.5,
suggesting the co-existence of organic and inorganic compounds in the aerosol phase
during all seasons. The larger particles (i.e., those having dry diameter of 165 nm) show
a constant diurnal pattern in all seasons. In winter and autumn the 165-nm particles
exhibit an external mixing state with two distinct modes (85% of the days): one corre-
sponding to the background aerosol with κ ≈ 0.4 and a very hydrophobic mode with κ

less than 0.1. The presence of this less hygroscopic mode becomes more dominant dur-
ing periods with intense anthropogenic activities (i.e., traffic in the morning, between
06:00-12:00 UTC, and in the late evening, between 17:00-22:00 UTC, together with resi-
dential heating). In spring and summer, when the contribution of heating is minimum,
the fraction of the less hygroscopic particles decreases markedly, resulting in an inter-
nally mixed aerosol with a mean κ of ca. 0.3 throughout the day, which suggests a strong
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Figure 3.10: Diurnal variation of the κ probability distributions of particles having dry diameters of 165 nm
(left) and 35 nm (right).

influence from organic compounds.

The smaller particles (i.e., those having dry diameters of 35 nm) exhibit different
diurnal patterns each season compared to the larger particles. In winter and autumn,
when particles are emitted from anthropogenic sources between 07:00 and 19:00 UTC,
their κ values are below 0.1. At night the distributions widen and the mean κ value is
ca. 0.2. In spring and summer the distribution follows a different pattern: κ is 0.3 be-
tween 11:00 and 21:00 UTC but decreases to 0.15 during the night. The time of the shift
to higher κ values coincides with the initiation of the NPF events. At night, when these
processes seize, κ shifts back to background values (i.e., around 0.1). The day-by-day
analysis of the diurnal κ distributions showed that the seasonally averaged patterns (cf.
Fig. 3.10) are representative for more than 85% of the days for winter, spring and sum-
mer. However, in autumn, some days exhibit a different pattern (e.g. narrower κ distri-
butions) and the percentage of the days that resemble the seasonally averaged patterns
drops to 60%.

Fig. 3.11 shows theκprobability distribution function for air masses originating from
the North Sea (marine origin) and Central Europe (continental origin). In all cases, the
distributions are bimodal, with the smaller dry particles (35 nm in diameter) having a
more pronounced hydrophobic mode and the larger particles (75 and 165 nm) a more
pronounced hydrophilic mode. This similarity in the κ values when air masses from
marine or continental origins reach the station indicates that particle hygroscopicity is
mainly influenced by local sources.
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Figure 3.11: Probability distributions of κ for different dry particle sizes carried to the station by marine (left)
and continental (right) air masses.

3.4. CONCLUSIONS
In this study we report on a 8-year-long dataset (2008-2015) of aerosol particle mass con-
centrations (PM2.5) and size distributions, as well as on a 10-month record of aerosol
hygroscopicity at the CESAR site in The Netherlands. The yearly mean PM2.5 concentra-
tions showed a decreasing trend that can be attributed to more stringent regulations to
industrial emissions and to the advanced emission treatment technologies introduced
in the transportation sector over the past decade. PM2.5 concentrations exhibit a clear
seasonal variability which is primarily affected by the higher emissions and to a lesser
extent by meteorological conditions such as the BLH and precipitation.

In contrast to the PM2.5, the number concentration of particles having diameters in
the range 30-500 nm showed an increasing trend between 2008 and 2011 and an opposite
trend from 2013 to 2015, with N30−500 values in 2015 being at the same level with those
in 2008, raising questions on whether air quality actually improves as the PM2.5 mea-
surements suggest. Seasonally, N30−500 was higher in spring and summer mostly due
to the production of new particles by nucleation. The diurnal variation of the number
concentration in winter and autumn shows pronounced peaks in the late morning and
evening hours corresponding to the traffic and residential heating peaks. The measure-
ments also show a shift towards smaller particle sizes in spring and summer, supporting
that the particle number concentrations during these seasons are strongly influenced by
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the NPF events.
The hygroscopic parameter κ, for all sizes measured in this work suggest the pres-

ence of organics in the particle phase. The freshly emitted smaller particles (35 nm) are
most often externally mixed compared to the chemically aged larger particles (165 nm).
The diurnal patterns of the seasonally averaged κ distributions of the larger particles
showed constant values throughout the day while the smaller particles exhibited diur-
nal variations. The 165-nm particles are mostly internally mixed in spring and summer
whereas in autumn and winter the κ distributions are bimodal with the more hydropho-
bic peak being temporarily associated to traffic and residential heating. The smaller par-
ticles are externally mixed during all seasons and are also influenced by anthropogenic
activities in the cold season as suggested be the reduced κ values during the day. In
spring and summer, new particles formation events and photochemical aging are af-
fecting the κ distribution, which is shifted to higher values during the day. Air masses
of different origins (continental and marine) exhibit similar κ distributions for all sizes
signifying the dominance of the local sources to particles hygroscopicity.
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4
RADIATIVE FORCING OF

NUCLEATION IN THE

NETHERLANDS

New particle formation events induced by natural and anthropogenic precursor gases in
the atmosphere can contribute up to 50% of the global cloud droplet condensation nu-
clei, and are therefore thought to always enhance the shortwave radiative cooling from
warm clouds. The effectiveness of these events in enhancing radiative cooling, however,
depends on the evolution of the size distribution of the aerosol particles and the result-
ing population of cloud droplets that can form and modulate cloud optical depth over
time. Here we use year-long observations of ground-based particle size distributions and
hygroscopicity of the atmospheric aerosol – conducted in a region strongly affected by an-
thropogenic emissions – together with vertical velocities of the air masses in order to deter-
mine the number concentration of cloud droplets under typical updraft conditions. The
resulting mean diurnal evolution in cloud droplet concentrations, and the consequent ra-
diative forcing associated with the new particle formation events, are then compared with
associated profiles during non-event days. We find that new particle formation actually
decreases the number of droplets that can be formed throughout the course of the event
days, causing a warming effect that ranges between 0.6 and 1.6 W m−2 compared to non-
event days (in daily means). This counterintuitive observation is a result of the shift of
the aerosol distribution to smaller sizes and the slow particle growth to CCN-relevant sizes
during the events. Eventually, droplet number does increase above pre-event levels but
only during the late evening or the night hours when solar radiation is low or absent. This
behaviour is not unique to our study region, suggesting that it is a persistent effect of atmo-
spheric new particle formation, which may carry important implications for their impact
on weather and climate.
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4.1. INTRODUCTION
Atmospheric aerosol particles affect the radiative balance of the Earth directly by scat-
tering and absorbing solar radiation, and indirectly through their role as Cloud Conden-
sation Nuclei (CCN) in cloud droplet formation [1–5]. The microphysical and radiative
properties of clouds strongly depend on the fraction of atmospheric particles that can act
as CCN (cloud albedo effect). The higher the concentration of CCN, the higher the con-
centration and the smaller the size of the resulting droplets formed in the clouds [6, 7],
which, in turn, strongly affects cloud reflectance and consequently the atmospheric ra-
diative balance [8, 9]. At the same time, the smaller the cloud droplets, the lower their
chance of growing to precipitable sizes, and consequently the lower the probability of
the clouds to produce rain (aerosol second indirect effect) [10, 11]. This also affects cloud
lifetime [12], and thus the overall atmospheric radiation budget.

Airborne particles are either emitted directly from anthropogenic or natural sources
(primary particles) [13], or formed by nucleation of precursor gaseous species (secondary
particles) [14]. Once formed in the atmosphere, secondary aerosol particles start to grow,
reaching CCN sizes (typically ' 100 nm in size) after several hours or even over con-
secutive days in some cases [15]. Due to the variable dynamic evolution of secondary
particles, and the fact that not all of them grow enough to act as CCN, quantifying the
extent to which new particle formation (NPF) events affect the microphysical properties
of clouds and the associated radiative cooling remains subject to considerable uncer-
tainty. What is more, the expected appearance of the additional cloud droplets during
the course of the events (compared to the non-event days) can strongly influence their
cooling ability as this is related to the radiation intensity available at the time the clouds
are formed or modulated.

A number of studies assessing the contributions of NPF events to the CCN budget
using long-term observations has shown that these vary from region to region depend-
ing on the particle sources and the ambient conditions. For instance, the frequency of
NPF events in pristine environments is typically low, thereby providing a minor source
of CCN [16]. In polluted environments, on the other hand, NPF events can be rather
frequent (occurring up to 40% of the days on an annual basis), therefore having a signif-
icant impact on the concentration of CCN [17, 18]. In either case, identifying the most
important precursor gaseous species that lead to NPF events and understanding the new
particle formation mechanisms in every case is challenging and therefore requires com-
bination of field, laboratory and modelling studies [19, 20].

On a global scale, NPF has been estimated to contribute as much as ca. 50% of
the CCN to low-level clouds, thereby having potential to act as an important climate
regulator according to modeling studies [21]. Despite our ability of assessing the con-
tribution of NPF to the CCN budget at both regional and global scales, however, only
very recent studies have started linking them with changes of cloud properties (primar-
ily cloud droplet concentration) and the resulting radiative forcing using computational
modelling tools[21–24].

Here we use a combination of observations and models to assess the impacts of NPF
events on cloud formation, and consequently on the atmospheric radiation budget, in
a region that is highly influenced by anthropogenic activities. More specifically, we use
year-long measurements of aerosol size distribution measurements and information of
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aerosol hygroscopicity from observations conducted at the Cabauw monitoring station
in the Netherlands (Fig. 4.1). These measurements are provided as input to a state-of-
the-art cloud droplet formation parametric model [25] in order to predict the resulting
cloud droplet number concentrations under typical updraft conditions. We then eval-
uate the climatological impact by determining how the evolution in the cloud number
concentrations during the course of the NPF events, affect the radiative properties of the
clouds and determine the associated forcing, which we directly compare with associated
values determined during non-event days.

4.2. INSTRUMENTATION AND METHODS
The Cabauw Experimental Site for Atmospheric Research (CESAR) is situated at a rural
location in one of the most populated areas in Europe [26]. It is located 50 km from the
coast in an area surrounded by grassland and agricultural pasture, and is influenced by
maritime and continental air masses. The site most often receives continental air masses
from Southern Europe (40%), with the predominant wind directions being Southwestern
(SW), advecting polluted air masses that pass over the neighboring city of Rotterdam
[27]. Clean marine air masses are associated with Northern (N) air originating from the
North Sea (10%) or Scandinavia (12%) only if they do not follow trajectories over Ams-
terdam and Utrecht; i.e., the other two major neighboring cities to CESAR. Considering
that the site mostly receives air masses passing over close-by cities and a dense highway
grid located within a radius of 45 km, the station is representative of the wider region.
Fig 4.1 shows the location of the station and a picture (inset) of its tower.

Figure 4.1: Location of CESAR and of the major cities in the vicinity. The inset shows the CESAR mast of 213 m
(courtesy of Erwin de Beus).
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4.2.1. AEROSOL SIZE DISTRIBUTION MEASUREMENTS

A Scanning Mobility Particle Sizer (SMPS; TSI Model 3034) was used to measure the size
distribution of the particles having diameters in the range 9.37 - 516 nm with 5 minutes
time resolution (the data presented here are hourly averages). In our analysis we used
data spanning the period from February to December 2011. Inversion of the collected
data was performed with the algorithm described by Wiedensohler et al. [28]. The in-
strument was sampling air from 60 m above sea level through a specially-designed inlet
system that consists of four parts: (a) 4 PM10 inlets, (b) a Nafion-tube system that dried
the aerosol stream to relative humidity (RH) values below 40%, (c) a 60-m stainless steel
pipe and (d) a manifold that split the flow to the instrument suite [29]. The total flow
through the 60-m long inlet pipe was maintained at about 60 l min−1, which was the
highest flow warranting laminar flow (Re ≈ 2000), from which the SMPS was sampling at
a flow rate of 1 l min−1. To account for the diffusional losses of the particles on the walls
of the 60-m sampling line corrections articulated by Henzing et al.[30] were applied.

4.2.2. CLOUD DROPLET NUMBER CONCENTRATION CALCULATION

NPF events can increase the number concentration of atmospheric particles significantly.
Under favorable atmospheric conditions (e.g. availability of precursor vapors, low con-
densational sink) these new particles grow to larger diameters reaching cloud conden-
sation nuclei sizes (ca. 80-150 nm depending on aerosol hygroscopicity and ambient
supersaturation levels) within a few hours to 1-2 days. During the height development
of the diurnal boundary layer, these air masses near the surface will ascend to higher at-
mospheric levels. While rising, the air expands and cools, and the relative humidity (RH)
of the air parcel increases. If the air parcel reaches a critical supersaturation level, the
particles activate and form cloud droplets. Clouds formed during days with and with-
out NPF events can have different microphysical properties as a result of the differences
in the particle size distribution and composition. Higher CCN numbers result in higher
droplet number concentrations (Nd ) and smaller cloud drop diameters, which in turn
will affect the cloud reflectance [6].

Recent studies have examined the impact of NPF events on CCN concentration by
calculating their number at different supersaturation levels using cloud condensation
nuclei counters [17, 31, 32]. However, this approach does not take into account the feed-
back of the CCN on cloud supersaturation that develops in cloudy updrafts. Here we uti-
lized the mechanistic cloud droplet formation parameterization described by Morales et
al. [25] that captures this complexity by efficiently calculating the maximum supersat-
uration (Smax ) that would form in a cloudy updraft and the respective Nd . This model
uses as input the aerosol size distribution, updraft velocity (w), aerosol composition (ex-
pressed by the hygroscopicity parameter κ; [33]) and initial thermodynamic variables
(pressure, temperature at the ground level) of the air parcel.

The SMPS aerosol size distribution measurements were used as input in the cloud
parameterization yielding the Smax and Nd values with 1 hour time resolution. Observa-
tions at the CESAR site with a Doppler lidar (data not shown) suggest that an updraft ve-
locity value w = 0.4 ms−1 is representative of boundary layer cloud formation in the area.
A climatology of the aerosol hygroscopicity parameter at CESAR [27] showed that the κ
of the CCN-relative size particles (75 nm and 110 nm) is relatively constant throughout
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the year having a value of 0.20 ± 0.06. This value was used as input in the cloud drop
parameterization to represent the particles’ chemical composition.

4.2.3. RADIATIVE TRANSFER CALCULATIONS
To quantify the radiative forcing of the NPF events we utilized a radiative transfer scheme
based on the Rapid Radiation Transfer Model for GCMs (RRTMG; [34, 35]), which cal-
culates upward and downward fluxes of the short-wave and long-wave radiation from
the ground up to 80 km using 137 levels in a single column. This scheme underlies the
radiation computations in the model used by the European Centre for Medium Range
Weather Forecasts (ECMWF; [36]). The input meteorological parameters used for the
model runs (cloud cover, temperature, humidity) were obtained from the ERA5 reanal-
ysis data [37], whereas monthly-mean climatology data were fed into the code for the
main trace gases (CO2, O3, CH4, N2O, CFCl3 and CF2Cl2). Cloud dynamics were not
taken into account in this analysis.

Interactions of the radiation with clouds were taken into account by using values of
cloud fraction as well as the liquid, ice and snow water contents from the cloud scheme.
Because the cloud droplet parameterisation model used here calculates only the con-
centration and not the size of the droplets in the clouds, we parametrized their mean
effective radius (re ) using the following diagnostic formulation [38]:

re =
( 3 LWC

4πρw kNd

)1/3
, (4.1)

where LWC is the liquid water content of the cloud given by the ERA5 data, ρw is the
liquid water density, Nd is the cloud drop number concentration and k is a constant
(k = 0.67±0.07 for continental air masses).

In the original version of the code, the parametrization uses prescribed concentra-
tions cloud condensation nuclei (CCN) from monthly-mean climatology data and the
cloud LWC from the ERA5 data. For the purposes of this study the code was modified
such that it uses as input Nd values calculated by the cloud drop parametrization de-
scribed above. The hourly mean Nd values of the NPF and non-NPF days were fed into
the radiation code to calculate the radiative forcing induced by the nucleation events at
the bottom of the atmosphere (BOA) according to:

∆FBO A = ( F N PF
BO A ↓ −F N PF

BO A ↑ ) − ( F non−N PF
BO A ↓ −F non−N PF

BO A ↑ ) , (4.2)

where F N PF and F non−N PF refer to the radiative fluxes during the NPF and the non-NPF
days, respectively, whereas the arrows (↓ ↑) indicate downward and upward fluxes. With
this convention, a plus sign of ∆F implies a warming effect and thus a positive radiative
forcing at the BOA.

4.3. RESULTS AND DISCUSSION
To assess the effect of NPF events on the cloud drop number concentration, first we
categorized each day based on whether NPF events occurred or not using the aerosol
size distribution measurements. Initially, we performed a visual examination of the data
using 24-h (midnight to midnight) contour plots of the size distributions (cf. Figure 4.2).
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Then, we categorized the days into three classes: (a) days with NPF and growth during
which the size distributions exhibited a new mode corresponding to particles smaller
than 25 nm that was followed by an uninterrupted growth for several hours (Type A),
(b) days that the aerosol size distribution showed signs of particles growth but there was
no sudden and significant concentration increase in the nucleation mode particles, or
days with elevated concentration of nucleation mode particles the exhibit a complex
evolution of the size distribution (Type B), (c) non-event days during which the mean
size of the particles varied marginally (Type C).

NPF events at the Cabauw station are more pronounced during spring and summer
compared to the other seasons, which is in accordance with previous studies reporting
measurements carried out in the region [27, 39]. For the period examined here, 13%
where classified as events days (Type A or Type B) and 7% of the days were characterized
as event days with particle growth (Type - A only; cf. Table 4.1 for the absolute num-
bers). A characteristic feature of the NPF events observed at Cabauw is that they exhibit
an increase in the number concentration of nucleation-mode particles that have already
grown to ca. 13 nm (note that the lower detection limit of the particle size distribution
measurements used in this study is 9.37 nm) followed by a linear growth with an appar-
ent mean growth rate of 2.5 nm h−1. The fact that we do not observe an increase in the
number concentration of particles having diameters in the sub-13-nm range suggests
that the new particles have been formed upwind and grown while being advected to the
monitoring station, as has been observed in previous cases [40, 41]. This is corroborated
by the observed linear growth of the particles, which is the result of their physical growth
rate, the wind speed and the distance from the point where the NPF events manifested
upwind.

The size distribution measurements, together with information on the hygroscop-
icity of the CCN active particles [27] and updraft velocities in the region derived from
Doppler lidar measurements at the Cabauw station, was then used as input to the para-
metrization model [25] in order calculate the cloud drop number concentration (Nd )
resulting from the ascending parcels (cf. Section 4.2.2).

Table 4.1: Number of days classified according to NPF occurence/non-occurrence in 2011.

Category Number of days
NPF - Type A 16
NPF - Type B 15
No NPF - Type C 207
Total number of days 238

4.3.1. DIURNAL IMPACT OF NUCLEATION ON Nd
Figure 4.2 shows the evolution of the aerosol particle size distribution measurements
recorded on 10 April 2011, which is a representative day with an NPF event and the wind
blowing constantly from the North-East (N-E) quadrant, together with the associated
Nd values. The air-masses during that day, and for all event days with similar synoptic
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10 April 2011
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t start

Hour of day

Figure 4.2: Evolution of the recorded aerosol particle size distribution, of the calculated cloud droplet concen-
trations associated to these ascending aerosol parcels and of meteorological conditions during a representative
NPF event on 10 April 2011 when the wind direction was from the N-E quadrant. (a) Aerosol size distributions
normalized by the peak number concentration for each measurement, (b) number concentrations of cloud
droplets (Nd ; red circles) predicted by the parameterization model, and of the measured aerosol particles hav-
ing diameters in different size ranges: 9-25 nm (blue), 26-95 nm (grey), 96-516 nm (green), 9-516 nm (black),
and of (c) wind speed (black squares) and wind direction (blue squares).

conditions, pass over the vicinity of the cities of Utrecht or Amsterdam 4 to 6 h before
reaching the monitoring site (cf. Fig. 4.3).

To determine the effect of NPF events on the diurnal variation of the Nd we compare
the mean evolution of the normalized cloud droplet concentration Nd (t )/Nd (tst ar t ),
where Nd (t ) is the droplet number concentration determined at time t during the course
of the event, and Nd (tst ar t ) at the start of the event during the event and the non-event
days. The time is also normalized in order to serve the comparison of the evolution in
Nd during event and non-event days. For each event day tst ar t is determined as the
time when the number concentration of the nucleation mode particles start to increase
dramatically (cf. Fig. 4.2 b) and an additional reference time, denoted as tend , is the
time when the cloud drop number concentration returns to the Nd (t )/Nd (tst ar t ) value
of unity. The same approach was used for the non-event days. It has to be noted here
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b

Figure 4.3: Back-trajectories of the NPF case studies shown in Figure 4.2. Trajectories in plot (a) trace the air-
masses up to 24-h back in time, while plot (b) shows the same trajectories up to 5-h back in time. The two
major cities (Amsterdam and Utrecht) that have probably influenced the particulate and gas signature of the
air-masses are shown with the black polygons.

that from the 10 out of the 16 NPF days of Type A were used in this analysis as for the
rest of the NPF days the diurnal variation of the Nd were obscured by the background
aerosols.

Interestingly, Nd values calculated during the non-event days are higher than those
determined when NPF events were observed as shown in Fig. 4.4. This counterintuitive
observation can be partly explained by the fact that the fraction of large pre-existing
particles acting as CCN in the atmospheric aerosol is lower during the event days. In
fact, low concentrations of large particles prior to the nucleation events is a prerequisite
for NPF to occur, as they provide a low enough condensational sink [14]. Another reason
for the reduced Nd values on the event days can be that the growth of the large pre-
existing particles to CCN-relevant sizes is reduced owing to the redistribution of aerosol
mass to smaller sizes during the formation and growth of the new particles.

Eventually Nd values do increase above pre-event levels but only during the late
evening or the night hours (cf. Fig. 4.4 b) when solar radiation is low or absent. This
pattern is the same regardless of the wind direction, which attributes a strong generality
to the observations. It should be noted that the observed effects are of regional impor-
tance as the low condensational sink periods last for several hours (typically > 10 h), and
the windspeed recorded during the NPF events can be as high as 15 km h−1. This means
that the dimensions of the air masses that yield NPF and consequently low concentra-
tions of cloud droplets can be up to ca. 100 km across, which expands the importance of
our finding beyond the vicinity of our site.

Similar behavior has recently been reported in the literature by Kalkavouras et al. [24]
who examined nucleation events at a remote background site of the Eastern Mediter-
ranean (Finokalia). The combined results in Fig. 4.5 show that the decrease in the
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Nd (t )/Nd (tst ar t ) numbers is more pronounced in Finokalia compared to Cabauw be-
cause the background aerosol number concentrations in the former site are lower be-
cause droplet formation is more sensitive to aerosol (CCN) fluctuations. Nevertheless,
the overall pattern is remarkably similar, providing a first indication that this is a persis-
tent feature of new particle formation events on Nd that may carry important implica-
tions on the impact of particle formation events on regional weather and climate.

   t - t start
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non-NPF days
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Figure 4.4: (a) Mean diurnal variation of normalized Nd during NPF event (in red) and non-event (in blue)
days, and (b) mean diurnal variation of absolute Nd values determined during NPF event (in red) and non-
event (in blue) days. The shaded areas indicate ± σ.

4.3.2. RADIATIVE FORCING OF NPF EVENTS IN THE NETHERLANDS

To determine the indirect radiative forcing (cloud albedo effect) caused by the changes
of the cloud droplet number concentration due to the NPF events, we use the RRTMG,
modified in order to use the estimated mean evolution of the Nd values during the event
and non-event days as input. Representative clouds observed during the event and non-
event days were selected to run these calculations (cf. Fig. 4.6).

For the characteristic clouds occurring during the period that the NPF events are
observed, the radiative forcing of the NPF events ranges from -0.5 to 4.9 W m−2 with a
diurnal mean of 0.6 W m−2. For characteristic clouds that occur during non-event days,
the estimated forcing is higher and ranges from -0.3 to 9.1 W m−2 with a mean of 1.5 W
m−2. In both cases the diurnal mean radiative forcing is positive, meaning that the nu-
cleation events enhance the incoming solar radiation at a regional scale. The difference
in the amount of forcing between event and non-event days underlines the sensitivity of
the system through variations of the cloud optical thickness.

The characteristic cloud during the NPF events is optically thinner and has a shorter
lifetime than the boundary layer clouds we observe during non-NPF events, causing a
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Figure 4.5: Diurnal variation of Nd during NPF event (red line - Cabauw, green line - Finokalia) and non-event
(blue-line) days (normalized and fitted data for σw = 0.3 m s−2).

higher positive forcing when the latter is considered in the calculations. In addition to
that, the increase in Nd resulting from the NPF events becomes higher than that ob-
served during the non-event days only in the late evening or night hours. Although this
increase could affect the cloud droplet concentrations over the day after the NPF event,
we observe that the Nd values drop again during the night as a result of the lower aerosol
number concentration (both for primary and secondary particles), starting at the same
levels (ca. 550 droplets cm−3). This observation makes the event and the non-event
days highly comparable, attributing a high generality to the estimations of the radiative
properties of the resulting clouds.

The abovementioned effects are clearly illustrated in Fig. 4.7 where the short-wave
downward (SWD) radiation at the bottom of the atmosphere is shown for the character-
istic clouds during NPF days (Fig. 4.7 a) and clouds for days without NPF events (Fig. 4.7
b). For illustrative purposes we present the SWD radiation using a relatively low cloud
droplet number concentration of 70 m−3, which is in the range used in many atmo-
spheric models, and an Nd value representative of the Cabauw site (580 m −3). Com-
parison of the SWD radiation lines that correspond to the different Nd values demon-
strates the sensitivity of the radiation code to the cloud droplet number concentration.
As expected, higher Nd values decrease the SWD radiation because, when the liquid wa-
ter path is constant, the cloud droplet radius decreases which results in a higher cloud
albedo. (The liquid water path measurements, from the Cabauw site, for the NPF char-
acteristic cloud are given in Fig. 4.8 (the respective measurements for the characteristic
cloud during days without NPF were not available.)

Comparing the radiation code outcomes with actual measurement of the SWD radi-
ation at the Cabauw site we see that there is a good agreement between the two. Large
deviation at certain times of the day are probably caused by the large variance of the ra-
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diation measurements. During cloud free conditions the radiation code results and the
radiation measurements are in very good agreement as shown in Fig. 4.9.

In summary, here we examined the effect of new particle formation events on the
cloud drop number concentration (Nd ) and the associated indirect radiative forcing in a
region that is highly affected by anthropogenic activity. Our results show that Nd values
are lower during the course of the NPF events compared to those during the non-event
days. This observation can be explained by the reduced concentration of background
particles, which is a prerequisite for NPF to occur, and the fact that the Nd values associ-
ated to the NPF event days increase substantially only after the end of the event (defined
here as the time when the droplet number concentration reaches the value at the start
of the event), in the late evening and the night hours that solar radiation is low or ab-
sent. As a result, NPF events are associated with radiative warming; a conclusion that
is counter-intuitive to the expected/assumed impact associated to the increase of CCN
during NPF events.

Cloud Cover NPF days Cloud Cover non-NPF days

Figure 4.6: Charecteristic cloud cover at Cabauw during NPF and non-NPF days.
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Figure 4.7: Short-wave downward (SWD) radiation at the BOA for characteristic cloud during NPF days (a) and
characteristic cloud during days without NPF (b). The red dotted line shows the SWD radiation calculated by
the radiation code using as input Nd value of 70 m−3 while the magenda line is the SWD for Nd equal to 580
m−3. The green circles are radiation measurements from the Cabauw site and the black line is their average
over 1 h intervals.
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Figure 4.8: Liquid water path measurements from the Cabauw site using a microwave radiometer.
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No Clouds

Figure 4.9: Short-wave downward (SWD) radiation at the Cabauw site measured (green line) and estimated by
the radiation code (red dotted line).
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5
CONCLUSIONS AND OUTLOOK

5.1. CONCLUSIONS
This chapter summarizes the conclusions of this thesis related to the research questions
posed in Chapter 1, and gives an outlook for future research.

The main objectives of this research were to evaluate and compare innovative air-
borne in-situ aerosol measurements with remote sensing observations, to study the cli-
matological characteristics of the aerosol particles at the CESAR observatory in the Nether-
lands and to quantify the impacts of new particle formation events on regional climate.
The main research questions and findings of this thesis are listed below:

1. Can in-situ airborne instrumentation on-board Unmanned Aerial Vehicles (UAVs) pro-
vide reliable measurements of aerosol mass concentration?

2. How trustworthy are the newly developed retrieval algorithms that utilize the synergy
of active and passive remote sensing instrumentation to retrieve vertically resolved aerosol
properties?

Chapter 2 presents a comparison of aerosol mass concentration vertical profiles which
were determined independently by in-situ and remote sensing instruments. More ana-
lytically, the in-situ measurements were realized using an Optical Particle Counter (OPC)
onboard an Unmanned Aerial Vehicle (UAV), whereas for the remote sensing obser-
vations we used a multiwavelength LIDAR and a sunphotometer. The measurements
were performed in the Eastern Mediterranean (Cyprus) during an intensive measure-
ment campaign which focused on the aerosol Saharan dust particles. From the acquired
dataset two cases of dust events were ideal for performing the comparison between the
two measurement techniques. During those days, the UAV flew up to ca. 2 km altitude
with the OPC measuring the size distributions of sampled aerosol particles having radii
in the range 0.15-5 µm, from which the aerosol mass concentration was calculated. The
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same information was retrieved by the concurrent LIDAR and sunphotometer measure-
ments that were inverted using the POLIPHON method.

In one of the two days, we observed a dense dust layer extended from 2 to 4 km and
a mixture of dust and almost spherical particles below 2 km. Agreement between the
in-situ measurements and the LIDAR observations was very good (R = 0.9), with the in-
situ measurements lying within the uncertainty limits of the remote sensing technique
(38%). This yields a mean bias of −12.0 µg m−3 between the two observational meth-
ods that can be mainly attributed to the difference in the cut-off diameters measured
by the two techniques. Corrections applied to account for this difference in the cut-off
diameters further enhanced the agreement, decreasing the mean bias to −1.1 µg m−3.

In the measurements carried out during the second event, a sparse dust layer was
observed between 0.8-2 km altitude during the morning hours. Information from the LI-
DAR measurements and the backtrajectory analysis suggested that this layer was a mix-
ture of desert dust with continental/pollution particles. Despite that, however, agree-
ment between the airborne in-situ and remote sensing observations in this case was
also very good (R = 0.9). In terms of absolute values, the corrected mass concentration
measured by the airborne OPC were equal or lower than those derived from the LIDAR
measurements for the entire range of altitudes and exhibited a mean bias of −1.6 µg
m−3. The concentrations measured by the airborne OPC were within the calculated un-
certainty of the remote sensing technique.

The measurements reported here indicate that unmanned airborne OPC measure-
ments and LIDAR observations can provide reliable ways to determine coarse mode
aerosol mass concentration profiles in the atmospheric column, thereby bridging the
gap between in-situ and remote sensing observations. Considering that both methods
can provide dense datasets in a cost-effective manner and on a regular basis, this finding
paves the way towards their systematic exploitation in climate models.

3. What is the climatological trend of the fine particulate matter mass at Cabauw?

Chapter 3 presents a study based on an 8-year-long dataset (2008-2015) of aerosol par-
ticle mass concentrations and size distributions, as well as on a 10-month record of
aerosol hygroscopicity at the CESAR site in The Netherlands. The yearly mean mass con-
centration of the particles having diameters less than 2.5 µm (PM2.5) showed a decreas-
ing trend that can be attributed to more stringent regulations to industrial emissions and
to the advanced emission treatment technologies introduced in the transportation sec-
tor over the past decade. PM2.5 concentrations exhibit a clear seasonal variability which
is primarily affected by the higher emissions and to a lesser extent by meteorological
conditions such as the BLH and precipitation.

4. What is the climatological trend of the aerosol number concentration at Cabauw and
its seasonal and diurnal variation?

In contrast to the PM2.5, the number concentration of particles having diameters in the
range 30-500 nm showed an increasing trend between 2008 and 2011 and an increasing
trend from 2013 to 2015, with N30−500 values in 2015 being at the same level with those



5.1. CONCLUSIONS

5

71

in 2008, raising questions on whether air quality actually improves as the PM2.5 mea-
surements suggest. Seasonally, N30−500 was higher in spring and summer mostly due
to the production of new particles by nucleation. The diurnal variation of the number
concentration in winter and autumn shows pronounced peaks in the late morning and
evening hours corresponding to the traffic and residential heating peaks. The measure-
ments also show a shift towards smaller particle sizes in spring and summer, supporting
that the particle number concentrations during these seasons are strongly influenced by
the NPF events.

5. What is the diurnal and seasonal variability of aerosol hygroscopicity at Cabauw?

The hygroscopic parameter κ, for all sizes measured in this work suggests the presence
of organics in the particle phase. The freshly emitted smaller particles (35 nm) are most
often externally mixed compared to the chemically aged larger particles (165 nm). The
diurnal patterns of the seasonally averaged κ distributions of the larger particles showed
constant values throughout the day while the smaller particles exhibited diurnal varia-
tions. The 165-nm particles are mostly internally mixed in spring and summer whereas
in autumn and winter the κ distributions are bimodal with the more hydrophobic peak
being temporarily associated to traffic and residential heating. The smaller particles are
externally mixed during all seasons and are also influenced by anthropogenic activities
in the cold season as suggested be the reduced κ values during the day. In spring and
summer, new particles formation events and photochemical aging are affecting the κ
distribution, which is shifted to higher values during the day. Air masses of different ori-
gins (continental and marine) exhibit similar κ distributions for all sizes signifying the
dominance of the local sources to particles hygroscopicity.

6. What is the impact of new particle formation events on cloud number concentration
in the Netherlands?

7. What is radiative forcing of the new particle formation events in the Netherlands?

Chapter 4 examines the effect of new particle formation events on the cloud drop num-
ber concentration (Nd ) and the associated indirect radiative forcing in a region that is
highly affected by anthropogenic activity. To estimate Nd we combine ground-based
measurements, and mean values of particle hygroscopicity, and updraft velocities re-
ported for the region with a mechanistic cloud parameterization model. The resulting
values are then used as input in a state-of-the-art radiative transfer model to determine
radiative fluxes and from those the associated forcing. Our results show that Nd values
during the course of the NPF events are lower compared to those during the non-event
days. This observation can be explained by the lower concentration of background par-
ticles (which is a prerequisite for NPF to occur, and the fact that the Nd values associated
to the NPF event days increase substantially only after the end of the event (defined here
as the time when the droplet number concentration reaches the value at the start of the
event), in the late evening and the night hours that solar radiation is low or absent. As a
result, NPF events are associated with radiative warming; a conclusion that is counter-
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intuitive to the expected/assumed impact associated to the increase of CCN during NPF
events.

5.2. OUTLOOK
The work presented in this thesis provides answers to a number of scientific questions,
however many others are yet to be answered. This last section of the dissertation dis-
cusses how this research could be further extended in the future.

In Chapter 2 we discussed the importance of bridging the long-lasting gap between
aerosol in-situ and remote sensing observations and presented a good agreement be-
tween the two methods in the case of dust particle measurements. In the future, similar
comparisons should be performed for different aerosols types as well as different instru-
ments and retrieval methods in order to ensure the homogeneity of aerosol measure-
ments.

Long-term measurements of the atmospheric aerosols are crucial in order to under-
stand the atmospheric processes involving particles as well as their trends. In Chapter
3 we reported on long-term measurements of the aerosol number concentration and
mass. However, the hygroscopicity dataset covered a period of less than a year, thus lim-
iting our understanding of the temporal variation of hygroscopicity. Having long-term
information on hygroscopicity, would improve the quantification of the aerosol direct ef-
fect, while, combined with an analysis similar to the one presented in Chapter 4, would
shed light into the evolution of the microphysical properties of clouds and their inter-
action with the incoming solar radiation. Based on that, we could improve estimations
of the aerosol indirect effect and further constrain the related uncertainties to climate
predictions.

In addition, long-term records of aerosol hygroscopicity would answer the question
of whether we need to continue measuring hygroscopicity or not. The findings of this
thesis showed that, within the examined period, the fluctuation of the hygroscopicity pa-
rameter was not significant, especially for the CCN-relevant sizes, thus the impact on the
cloud microphysical properties was minor. If the same holds for the inter-annual varia-
tion of hygroscopicity and, given that HTDMA hygroscopicity measurements are labor-
intensive and costly, the need for continuing these measurements should be reconsid-
ered. It is worthwhile pointing out that this conclusions hold for assessing the indirect
effect of aerosol, which concerns relatively big particles. For studies where the smaller
particles are more relevant (e.g., for assessing their direct effect on climate, as well as
their effects upon human health), most likely such measurements are highly valuable
to have on a continuous basis. This, however, would require that those measurements
become more simple and less expensive to install and operate.

Another invaluable finding would be the verification of modeling studies as those
presented in Chapter 4. In this work we used ground in-situ aerosol observations as in-
put for the estimation of the cloud droplet number concentration using a cloud parame-
terization. Using this information, we proceeded to calculate the impact of cloud droplet
number concentration changes to the incoming solar radiation. State-of-the-art remote
sensing instruments and retrieval techniques allow for the calculation of the cloud drop
number and the actual solar radiation that reach the Earth. Verification of the modeling
results from the remote sensing measurements is needed for establishing our trust to
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the models and continue using them for aerosol research. In addition, examining other
locations around the globe for the universality of these conclusions would build more
trust, whereas modeling work to assess the impacts on a global scale would be the final
word in this direction.
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