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Abstract 

This work focuses on characterising various aspects of clean-background and 

polluted aerosol, mainly focusing on the North East Atlantic and Europe, using a range 

of in-situ and remote sensing instrumentation. Prior to achieving the objectives of 

aerosol characterisation, effort was invested in characterising a new, near-real-time 

satellite aerosol profiling products. 

The near-real-time Level 1.5 Cloud-Aerosol Light Detection and Ranging (lidar) 

with Orthogonal Polarization (CALIOP) products were evaluated against data from 

ground-based European Aerosol Research Lidar Network (EARLINET). A statistical 

study was performed on 48 CALIOP overpasses with ground tracks within a 100 km 

distance from operating stations over three years period. For the whole data set, the 

correlation coefficient (R) was 0.86. The correlation was reduced somewhat to R=0.6 

when the analysis was repeated for the planetary boundary layer (PBL) on its own. 

Further filtering to remove free troposphere (FT) layers with high attenuated 

backscatter did not improve the agreement either and suggests that the considerable 

variability across the data set, leading to the low correlation, is due to spatial 

inhomogeneities in the PBL. Additional evaluation between CALIOP and ground-

based lidar close to Atlanta (United States (US)) also showed poor agreement. This 

poor agreement led us to consider the whole feasibility of a Calibration & Validation 

(CALVAL) exercise using a ground-based reference stations for space-borne CALVAL 

platforms. The required accuracy necessitates uncertainties of the order of 2% to be 

meaningful. To achieve this level of uncertainty with a polar-orbiting satellite would 

require averaging the ground-based lidar profiles along the ground track of CALIOP 

for distances of at least 1,500 km, which, clearly, cannot be achieved with ground-

based lidars. 

Satellite remote sensing is useful for characterising sources and extent of long 

range aerosol transport and, in particular, quantifying its contribution to 

transboundary air pollution. Using a threshold Aerosol Optical Depth (AOD) value of 

0.5 for extremely polluted conditions, we analysed the frequency of occurrence of 

such events at the Mace Head Global Atmosphere Watch station and found that over 
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a period of 6 years, a total of 17 extremely-polluted cases were identified. Such 

events were associated with continental pollution outflow from Europe, Sahara Dust 

outflow, or a combination of both. In addition, volcanic ash eruptions and forest fires 

in Canada also contributed. 

Analysis of a 35 year record of sulphur air pollution revealed a 75% reduction 

in pollution associated with reductions in emissions following intervention and 

establishment of the European Monitoring and Evaluation Programme under the 

United Nations Economic Commission for Europe (UNECE) Convention. Over the last 

6 years, the pollution levels over the Mace Head region of the North East Atlantic 

have levelled off, providing us with the opportunity to conduct a detailed statistical 

analysis on the cleanliness of North Atlantic air and the frequency of occurrence on 

clean and polluted air at Mace Head. The unique dataset comprising 6-years online 

measurements of black carbon, aerosol size distributions and aerosol chemistry, 

including organic aerosol, revealed that air masses arriving at Mace Head were clean 

to pristine for 65% of the time, moderately polluted to polluted for 35% of the time, 

and extremely polluted for 1.5% of the time in a 6-year period. In clean-to-pristine 

air, sulphate mass dominates over organics, sea-salt and nitrates, contributing 42% 

to the total, while carbonaceous aerosol (of which more than 90% comprises organics 

and less than 10% black carbon) mass dominates with a 60% contribution in polluted 

air, increasing to 90% in the most polluted. Worryingly, organic aerosol mass, which 

is the single largest contributor to particulate mass pollution, is not measured in 

regulatory networks.   
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1 Introduction and motivation 

Aerosols contribute significantly to Human health as we inhale billions of 

particles every day while we breathe. Depending on the size, density, shape and 

charge, these particles can deposit in our respiratory system. It is known that most 

of the particles with a diameter smaller than 10 μm can penetrate through the 

respiratory system and affect various biological functions (Heyder et al., 2004). 

Air pollution has become a significant concern in many parts of the world 

since the middle of last century. One example of well-known pollution cases from 

that period is the Great Smog of 1952 in London (Stegeman et al., 2002), which have 

lasted for five days and it is estimated to have killed at least 4,000 Londoners. More 

developed countries have been actively trying to reduce local emissions since the last 

century by monitoring different parameters (particulate matter (PM), sulphur oxide 

(SOx), nitrogen dioxide (NO2) or others) of air pollution and introducing the 

acceptable thresholds (European Union (EU) directives 80/779/EEC and 85/203/EEC, 

US EPA Air and radiation: National Ambient Air Quality Standards). However, the air 

pollution remains a serious concern in many developing countries as they are 

experiencing both economic and population growth. An example of smog in Beijing 

(China) is shown in Figure 1. 

 

Figure 1. Severe pollution in Beijing, source: www.chinafile.com 
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The World Health Organization (WHO) has estimated that 7 million deaths in 

2012 (WHO, 2012) were attributable to the joint effects of indoor and outdoor air 

pollution with the peak regions in Western Pacific and South East Asia. The 

premature death numbers for the last two regions were accordingly 2.8 and 2.3 

million annually. In comparison, the same number for Ireland was 1,200 in 2016 while 

432,000 premature deaths happen within EU. WHO assessed that the top causes of 

the premature deaths were: lower respiratory infection (36%), stroke (33%) and lung 

ailment (17%). In addition, air pollution results in a reduced life span. E.g., in China, 

on average, it is reduced by 2 years and even 3.4 years in India. In comparison, in EU, 

the life span reduction related to the air quality issues is less than 1 year. As we can 

see not all regions are equal in this respect, therefore, some of us can enjoy living 

surrounded by clean air; however others spend their life in quite poor conditions with 

regards to air quality. 

It must be noted that aerosol adverse health impacts are opposite to the 

beneficial climate impacts as aerosols produce significant cooling. However, public 

health is of greater concern and the global warming trend should not be 

counteracted at the expense of human health but rather by reducing greenhouse gas 

emissions. Nevertheless, aerosol has impact on global scale too, including the climate 

change. There is a direct effect (aerosol directly scatters and absorbs the solar 

radiation) and an indirect (via formation of clouds and controlling their microphysical 

and radiative properties) effect (Seinfeld et al., 2016), whose overall result is cooling 

and that masks approximately 1/3 of the continental warming. Therefore, it is 

important to measure and quantify aerosol  distributions throughout the atmosphere 

in order to gain better understanding about these effects. 

Remote sensing instruments (including lidar) can detect horizontal and 

vertical distributions of aerosols, thus the quantification of transboundary air-

pollution events can be performed by using them. However, lidar alone is limited to 

a small geographical location. As a solution, lidar networks were deployed to study 

aerosol transport on a larger spatial scale: Global Atmosphere Watch (GAW) Aerosol 

Lidar Observation Network (GALION; Sugimoto et al., 2010), EARLINET (Bösenberg et 

al., 2003; Pappalardo et al., 2014), NASA Micro-Pulse Lidar Network (MPLNET; Lolli 
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et al., 2014) and other; however full global coverage may be achieved by using 

satellite-based lidar systems. Simultaneously, the models for the air quality and the 

meteorology have made respectful progress over the last decade (Beelen et al., 2013; 

West et al., 2013). However, in order to reduce the model uncertainties even further, 

their validation and assimilation with real measurements have to be performed. Until 

recently, ground based aerosol measurement networks have been used for this 

purpose (Stern et al., 2008); however, they contain many white spots on the globe 

where in-situ measurements are missing. With the advent of satellite technologies 

this problem could be resolved; however, the satellite measurements have to be 

validated first. In addition to the model validation, satellite techniques can also be 

useful in evaluating a long-range aerosol movements contributing to transboundary 

air pollution (Ceburnis et al., 2013).  For example, aerosol emitted in one country 

could be transported to another and affect its air quality. Similarly, long range aerosol 

transport would contribute to the global climate effects; therefore, it is important to 

quantify it. 

The aim of this thesis is (1) to reduce the model uncertainties by validating 

near-real-time space borne remote sensing measurements (lidar on the CALIOP 

platform) and (2) to determine the impact of 30-years old air pollution policy and 

emissions control on air quality. In order to achieve these aims, the following 

objectives were established in this work: 

(1) 

A. To investigate the quality of near-real time space borne (CALIOP level 1.5 

lidar data) compared vs ground-based lidar measurements (Chapter 4); 

B. To establish the requirements for ground-based or airborne measurements 

to be suitable for the inter-comparison with the CALIOP measurements 

(Chapter 5);  

(2) 

A. To assess the frequency of occurrence for extreme polluted events at the 

Mace Head Global Atmosphere Watch research station (Chapter 6); 
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B. To quantify a long-range aerosol transport to the Mace Head atmospheric 

station by using combined ground-based and space borne aerosol 

measurements and to evaluate the impact of air pollution policies and 

emission control (Chapter 7). 
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2 Literature review 

This chapter provides the description of key fundamental concepts related to 

atmospheric structure, its properties, and light propagation through the atmosphere, 

aerosol formation, composition, and the impact on climate, the Mace Head 

atmospheric research and Valentia Met Eireann’s stations. 

2.1 Atmospheric structure and its basic properties 

The atmosphere is essentially a fluid layer comprising gases and suspended 

liquid and solid particles and hydrometers above the Earth’s surface. It plays an 

important role in regulating the Earth’s radiation budget and making this planet 

inhabitable. The incoming solar radiation is partly reflected by haze and/or cloud 

layers in the atmosphere and partly absorbed within it. The remaining radiation 

penetrates through the atmosphere and reaches the Earth’s surface. The Earth’s 

atmosphere consists predominantly of nitrogen, oxygen, argon and many trace gases 

(see Table 1). 

Table 1. Fractional volume for different gases in the atmosphere (United States Committee 

on Extension to the Standard Atmosphere, 1976). 

Gas species Fraction of the volume Molecular weight  
(kg kmol-1) 

N2 (nitrogen) 0.78 28 

O2 (oxygen) 0.21 32 

Ar (argon) 9.3*10-3 40 

CO2 (carbon dioxide) 3.1*10-4 44 

Ne (neon) 1.8*10-5 20 

He (helium) 5.2*10-6 4 

Kr (krypton) 1.1*10-6 84 

Xe (xenon) 8.7*10-8 131 

CH4 (methane) 2*10-6 16 

H2 (hydrogen) 5*10-8 2 
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The atmosphere consists of the following main layers: troposphere (including 

planetary boundary layer and free troposphere), stratosphere, mesosphere, 

thermosphere and exosphere as presented in Figure 2. Each of these layers has 

different characteristics in terms of chemical composition, chemical species 

concentration, absorption and scattering capacity, temperature and pressure 

gradients. Due to specific characteristics of the structural layers they play different 

roles in Earth’s radiative balance. 

 

Figure 2. The atmosphere structure with main Earth's layers; the absorption/penetration of 
different wavelengths radiation through different layers and oxygen, nitrogen and ozone 
density distribution across these layers (NASA) 

Boundary layer. The boundary layer is the turbulent sublayer of the troposphere 

with vigorous thermal updrafts and downdrafts and occupies the lowest 1-2 km 

height. The PBL directly interacts with the Earth’s surface which absorbs most of the 

solar radiation during the day. This accumulated energy is released or reradiated in 

infrared spectral range during the night, thus maintaining the radiative balance. The 

planetary boundary layer is separated from the free troposphere by a temperature 

inversion which traps the majority of surface based emissions such as water vapour 

and pollutant leading to typically a more moist and more polluted layer in 
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comparison to the other overlying layer. Thus, this layer is the most diverse and 

dynamic part of the atmosphere as the whole. Usually, turbulent mixing may take 

roughly 30 min with the vertical velocity 1 m s-1 (Hogan et al., 2009) for the emissions 

at the surface to be mixed throughout the PBL. Vigorous cloud processes can break 

through the temperature inversion transporting both water vapour and pollutant 

emissions into the free troposphere while volcanic eruptions can directly inject 

emissions into free troposphere and stratosphere. 

Free troposphere. The FT is a more vertically stable and less turbulent 

tropospheric layer which extends from the top of the PBL up to 10 km altitude from 

the surface of the Earth. The temperature in this layer is changing with height more 

in line with the adiabatic lapse rate1. Mixing and dispersion of pollutants is generally 

much slower than in the turbulent PBL given stronger vertical stability; however, 

mixing is mainly driven by large scale meteorological processes such as those 

associated with frontal systems and highly convective cloud systems. Even though 

drier than the PBL, clouds also form in the free troposphere. 

Tropopause. The tropopause is the temperature inversion boundary between 

the troposphere and the stratosphere. While the temperature is largely decreasing 

with height in the troposphere the opposite happens in the stratosphere and the 

resulting temperature change limits mixing between those two layers. The height of 

the tropopause can vary from 8 km at the poles up to 16 km at the equator. 

Stratosphere. The stratosphere occupies the altitudes from around 10 km up 

to approximately 50 km. The temperature is between 0° C and -60° C in this layer and 

the lapse rate becomes negative due to the absorption of ultraviolet (UV) radiation 

by ozone. The ozone reaches its maximum concentration near the middle (~25 km) 

of the stratosphere. The upper part (from around 20 km) of the stratosphere is 

dominated almost entirely by molecules. Particles are found only after very strong 

volcanic eruptions or from rocket launches, strong wild fires and deep convection. 

                                                           
1 The lapse rate is -6.5 K/km in free troposphere (Coesa et al., 1976) 
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Stratopause. This layer is a transition from stratosphere into mesosphere and 

resides from 50 km up to 55 km above the surface of the Earth. The atmospheric 

pressure is about 1/1000th of the sea level pressure. A peak in the temperature 

occurs in this layer after which temperatures start to drop again into the mesosphere 

layer. 

Mesosphere. The mesosphere (literally middle sphere) expands above the 

stratopause from 50 up to 85 km.  The air in the mesosphere contains much less 

oxygen than in the troposphere. The mesosphere holds less than 1% of atmospheric 

mass, while the rest more than 99% of the atmosphere's mass is located below the 

mesosphere.  The air density is very low in this layer, resulting in low atmospheric 

pressure. When the meteors enter Earth's atmosphere, many of them burn up in this 

layer. One more characteristic of this layer is that the temperature decreases with 

the height and the coldest temperatures in Earth's atmosphere occur at the top of 

this layer of the mesopause. 

Mesopause. The mesopause separates the mesosphere and lower 

thermosphere and it is the coldest region in the atmosphere due to the lack of solar 

heating and cooling by carbon dioxide. The temperatures reach close to -100 degrees 

Celsius, but they rise again afterwards. The average height is about 85 km. 

Thermosphere. The layer above mesopause is called thermosphere. Due to 

the height of this layer, X-ray and UV radiation absorption from the Sun, results in 

temperatures higher than 2000 degrees Celsius. Thermosphere temperatures 

depend on the solar activity or day/night cycle. The difference between day and night 

can be up to 200 degrees Celsius. Moreover, strong solar radiation ionises the air 

molecules and results in a charged ions that feed the ionosphere. The air density in 

this layer is so thin that it is more similar to the outer space rather than the 

atmosphere. Nevertheless, this layer is still a part of the Earth’s atmosphere, but 

these almost vacuum like conditions prevent the heat transfer between molecules 

and they become somewhat separated. Northern and Southern Lights, known as 

Aurora, occur in this layer. 
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Exosphere. The highest of the main layers, which normally starts at height of 

500 km. The highest of the Earth’s atmosphere is the Exosphere, which is a gradual 

atmospheres transition into the vacuum of space. There is an argument whether it 

belongs to the Earth’s atmosphere or just a part of space. The lower boundary of the 

Exosphere varies between 500 and 1000 km, depending on the solar activity, but 

there is no clear upper boundary as it transits into the space. Some fast moving 

molecules can even escape into space and never return to the Earth, but others 

eventually descend back into lower atmosphere due to the gravity force. 

2.2 Light propagation in the atmosphere 

Active (for example, generated by an artificial source such as a laser) and 

passive (ambient) light sources are typically used for measuring atmospheric 

composition. For this reason, it is important to understand the light propagation in 

the atmosphere and its interactions with molecules, aerosols and clouds. There are 

several common parameters which can be used to quantify the energy of the light 

beam (Figure 3). The first of them is the radiant flux Fw which represents the rate of 

the radiant energy reaching a given location per unit time having a dimension of  

[J s-1] or [W]. Another parameter, which describes the energy of the light beam, is 

spectral radiant flux F(λ). This parameter defines the flux within the bandwidth λ±Δλ 

per unit bandwidth and has the dimension of [W nm-1]. The third parameter is radiant 

flux density for describing the amount of radiant flux reaching certain area and having 

a dimension of [W m-2]. The solid angle ω is subtended angle on a sphere and it equals 

the subtended area on the sphere divided by the square of the sphere radius with 

the units of steradians. The last parameter is the radiance, which represents the 

radiant flux per unit of solid angle. 

When the light interacts with the atmospheric medium, two phenomena take 

place – absorption and scattering.  
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Figure 3. Characterizing parameters of the light beam in the medium (Kovalev and Eichinger, 
2004)  

The cumulative effect of absorption and scattering is called extinction and 

consists of the following: 

• scattering and absorption by aerosol particles; 

• scattering (e.g. nitrogen, oxygen) and absorption (e.g. ozone, water 

vapour) by molecules of the atmospheric gases. 

Gustav Mie started the development of the theory and principles of the 

analysis for absorption and scattering of electromagnetic radiation by publishing a 

paper on light scattering by dielectric absorbing spherical particles in 1908 (Horvath 

et al., 2009).  

In simplified form, the light flux F0,λ reaches an absorbing and turbid layer with 

the thickness H, as it is shown in Figure 4. The intensity of the flux decreases to Fλ 

after the light passes this layer (which depends on the light wavelength).  

 

 

Figure 4. Absorption of the light in the layer (Kovalev and Eichinger, 2004) 

 

The ratio between the fluxes F0,λ and Fλ is called optical transmittance T: 
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 𝑇(𝐻) =
𝐹𝜆

𝐹0,𝜆
 (1) 

The optical transmittance can have values from 0 to 1 and it is dependent on 

the depth H. If no light absorption happens in the layer then T(H)=1. If no light passes 

through the layer, the transmittance T(H) equals 0. In reality, the light has to travel 

through the heterogeneous layers of the atmosphere. Schematic light propagation is 

presented in Figure 5, where the initial radiant flux F0,λ enters the first layer of the 

thickness r. Later, a reduced flux Fλ(r) passes through a differential element dr and 

passes through another layer.  

 

Figure 5. Light interaction within heterogeneous layers (Kovalev and Eichinger, 2004) 

 

The Beer-Lambert-Bouger’s law describes the total extinction of the light in 

such heterogeneous layers as: 

 𝐹𝜆 = 𝐹0,𝜆𝑒− ∫ 𝜅𝑡(𝑟)𝑑𝑟
𝐻

0 , (2) 

where H is the depth of the layer, κt,λ(r) is the extinction coefficient.  

Then the transmittance T(H) can be expressed as: 

 𝑇(𝐻) = 𝑒− ∫ 𝜅𝑡(𝑟)𝑑𝑟
𝐻

0 . (3) 
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2.3 Aerosol formation, composition and sources 

Aerosol system comprises solid or liquid particles suspended in a gas (Hinds, 

1999). There are two main types of aerosol sources - natural and anthropogenic. 

Volcanic emissions, sea spray, other wind interaction with Earth’s surface or the 

biosphere emissions belong to the former, while emissions from transport, industry 

and agriculture originate from the latter, man-made, source. Anthropogenic aerosols 

include black carbon, organic matter, nitrate and sulphate and resuspended dust. 

The black carbon (soot) particles and pyrogenic aerosols in the form of primary 

organic matter are the result of incomplete combustion of fossil fuels (Shrestha et 

al., 2010), cooking as well as biomass burning, while sulphates and nitrates are mainly 

formed from transport emissions and/or residential heating (Fuzzi eta al., 2015), 

especially of sulphurous heavy fuels. The emissions from residential heating, 

transport, industry and power plants vary greatly depending on the fuel type and the 

combustion technology used. Supermicron fly-ash particles are predominantly 

produced in coal combustion while submicron carbonaceous aerosols are the 

ubiquitous product of all combustion types. Additionally, secondary aerosol can be 

produced by gas-to-particle conversion of SO2 and NOX released during the 

combustion. Both organic matter and sulphate can also be of natural origin with 

sulphur compounds emitted from the marine biosphere and organic matter from 

both the marine biosphere and the terrestrial biosphere. 

The size of aerosols particles can vary greatly from nanometers to hundreds 

of micrometers, both natural and man-made (Ruzer and Harley et al., 2013). As well 

as possessing highly complex chemical composition, the shape of the particles can 

also be complex, rendering them difficult to characterise (Figure 6) – it can range 

from a simple spherical shape up to very complex fractal agglomerates. Physical 

aerosol properties would thus depend on both, the size and the shape of the 

particles. 

In terms of formation mechanisms, there are two aerosol formation 

mechanisms: primary and secondary. Primary aerosol can be formed from 

fragmentation and mechanical breakup up of a parent material or (incomplete) 
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combustion processes. Primary aerosols inherit the chemical properties of the parent 

material and primary particles are directly emitted into the atmosphere. Typically, 

primary aerosols are surface-sourced. Secondary aerosols can be formed in the 

atmosphere aloft (from boundary layer up to the stratosphere) through phase 

transitions and gas-to-particle formation processes. Phase transitions are either via 

nucleation or condensation processes while heterogeneous secondary aerosol 

formation results from multi-phase chemical reactions (O’Dowd et al., 2012a). This 

formation of secondary aerosols can take place far away from the source.  

 

Figure 6. The images of scanning electron microscope (not at the same scale) show the wide 
variety of aerosol shape (O’Dowd et al., 2012a) 

 

Airborne aerosol particles can travel great distances following wind and 

synoptic scale systems. This results in a complex temporal and spatial distribution of 

aerosol concentrations. Significant aerosol dispersion has been observed following 

events such as volcanic eruptions (Ovadnevaite et al., 2009; Ansmann et al., 2010; 

Hervo et al., 2012), outbreaks of Saharan dust (Ansmann et al., 2011; Papayannis et 

al., 2002) or forest fires (Bhoi et al., 2009). 

As with aerosol shape diversity, chemical composition of aerosols can be 

diverse as well. The composition can range from simple inorganic compounds to 

complex organic mixtures as a result of nucleation, condensation and multiphase 
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chemical reactions. The chemical composition, morphology and size of the aerosol 

particles are closely related to the formation processes and sources (Lee and Allen et 

al., 2012). 

The main particle removal mechanism from the atmosphere is either dry or 

wet deposition. The deposition rate of the aerosol can depend on several factors: 

particle size, the level of the turbulence in the atmosphere and surface type. For 

example, the lifetime of supermicron particles can vary from an hour to 1–2 days; 

while the submicron particles can remain in the boundary layer for up to 4–8 days. 

The lifetime can reach even years (Deshler et al., 2008) if the aerosol is vertically 

transported into high atmospheric layers, where removal processes are limited to 

gravitational settling which is very slow, especially submicron particles (Textor et al., 

2003). 

2.4 Vertical distribution of aerosol 

Given that the majority of biogenic and anthropogenic aerosol sources and 

their precursors are linked to the surface, one would expect a strong negative 

gradient in the vertical distribution of aerosols. Indeed, this is what is revealed when 

the atmosphere is probed with, for example, lidar profiling. However, gradients 

depend on the particle size, chemical composition and formation mechanisms 

(Ceburnis et al., 2008). 

Measurements of the vertical distribution of aerosols shows particle mass 

and number concentrations stratified into different layers of the atmosphere. 

Typically, the atmospheric boundary layer (lower 1000-2000 m) contains the 

maximum aerosol concentration. An example of the vertical aerosol structure is 

shown in Figure 7. In this case, the temperature inversion of the boundary layer is at 

1500 m altitude. Also, there is a visible surface-mixed layer at 500 m with peak 

aerosol in the layer. The attenuated backscatter coefficient value reaches  

2x10-3 sr-1m-1 and that coincides with the European pollution outflow towards the 

North Atlantic Ocean. Clean layer with low attenuated backscatter values were 

detected above 2,000 m, in the free troposphere. 
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Figure 7. Vertical profile of LIDAR attenuated backscatter at the Mace Head Atmospheric 
Research Station shows atmospheric boundary layer and free troposphere. Polluted 
continental European outflow was detected in surface-mixed layer (O’Dowd et al., 2012a) 

 

Lidar measurements performed from the ground or air/space-borne 

platforms allow also probing of important stratospheric aerosol layer (Deshler et al., 

2008). An example of this is shown in Figure 8, where total number and size-resolved 

concentration profiles of stratospheric aerosol measured above Laramie (US) are 

displayed. The measurements were performed at different times: (a) June 1992 (1 

year after the Pinatubo eruption) and (b) May 2006 (15 years after Pinatubo). After 

eruption, we can see the peak concentration value close to 10 cm-3 for the particles 

larger than 0.15 µm at 20 km height (Figure 8a), while it decreased down to the value 

of less than 1 cm-3 fifteen years later (Figure 8b). It is apparent, that the decrease of 

at least an order of magnitude in aerosol concentration was captured after 15 years 

in stratospheric aerosol. 
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Figure 8. Profiles of stratospheric aerosol above Laramie (US) measured (a) June 1992, 1 year 
after the Pinatubo eruption and (b) May 2006, 15 years after Pinatubo. Various size particles 
contribution is presented by different colours. A vertical yellowish line marks the same 
concentration of 1 cm-3 for both measurements and it suggests a reduction in stratospheric 
aerosol after 15 years (Deshler et al., 2008). 

 

We can see that volcanic eruptions (such as Pinatubo which injected 30 Tg of 

SO2 into the stratosphere) have a globally significant role contribution to the 

stratospheric aerosol load and, thus, potentially climate. The chemical composition 

of the majority of stratospheric aerosol is dominated by sulfuric acid (75%) and water 

(25%). 

The distribution of aerosol particles varies horizontally as well as vertically 

over the globe primarily due to the unevenly distributed land masses in both 

Hemispheres. The world oceans cover 70% of Earth’s surface, however, the Northern 

Hemisphere contains 67% of the total land surface. The climatology of simulated 



17 
 

aerosol particle concentration for the 10 year period is shown in Figure 9 (Lauer et 

al., 2006). The lowest particle number concentration was found around Antarctica 

while the highest concentration was found in the region stretching from 60˚N 

(Northern Hemisphere) to 20˚S (Southern Hemisphere). 

 

Figure 9. Climatology of simulated submicron aerosol concentrations for 10 years period 
represents the beginning 1990s with global coverage. Organic matter (OM), sulfate (SO4), 
black carbon (BC), ammonium (NH4), nitrate (NO3), mineral dust, sea salt and aerosol water 
were considered by the model during the simulations (Lauer et al., 2006) 

2.5 Water uptake by aerosols  

Water vapour is a significant component of the atmosphere and its 

contribution to the greenhouse effect is substantial, if not dominant. Moreover, it 

drives the formation of clouds and aerosol haze, which are responsible for around 

50% of our planet’s albedo. Every cloud or haze droplet must have an aerosol seed 

to attract water and the aerosol water affinity depends on the particle chemical 

composition. Clouds do not form without aerosol particles acting as condensation 

nuclei given ambient supersaturation levels encountered (typically less than 1% 

which is more than a 1000 times lower than that required for nucleate a pure water 

droplet). Therefore, aerosols are not only facilitating formation of clouds, but are 
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central in the Earth’s hydrological cycle. Many of the inorganic compounds and salts 

present in aerosol particles are water soluble thus possessing hydrophilic properties 

and, as a result, particles rapidly grow in size by water condensation. Such soluble 

compounds are sulphates, sea salt, nitrates and other inorganic species. In contrast, 

majority of organic compounds are generally hydrophobic thus repelling water and 

supressing droplet growth. The size of the droplet has a direct effect on its scattering 

capacity, therefore, hydrophilic aerosol leads to larger droplets, and consequently, 

stronger direct scattering of the solar radiation as the scattering is a function of 

particle cross section (effective area) (Flores et al., 2012).  

The aerosol water uptake capacity is called the hygroscopic growth factor 

(GF), which is the ratio of the aerosol wet size (diameter) in humid conditions (e.g. 

relative humidity (RH) of 90%) to dry size (typically below 40% RH for majority of 

salts). The GF is defined at a known RH value and depends on particle chemical 

composition. Hygroscopic GFs of salts at 90% RH range from 1.7 to 2.3 for ammonium 

sulphate and sea salt, respectively, while organic compounds have much lower 

hygroscopic GFs, ranging from 1.0 to 1.4. Larger GF, e.g. 2.0, means doubling in 

particle size, and 8 times in particle mass, as water becomes the dominant 

component. For smaller particles, the Kelvin effect affects the GF, reducing its GF as 

the particle size decreases (in other words, the equilibrium vapour pressure increases 

as particle size decreases). Hygroscopic aerosol properties are particularly important 

in sub-saturated conditions, where RH is below 100%, while the particle size becomes 

a dominant factor in super-saturated conditions when RH exceeds 100% (i.e. in the 

case in the cloud formation).  In the boundary layer, relative humidity generally 

increases with height and so does the equilibrium size of a wet haze particle, resulting 

in increased AOD. 

In contrast to sub-saturation where ‘wet’ particle size is in equilibrium with 

ambient RH, in super-saturated environments, particles attract water to reach a 

metastable condition when they grow rapidly and continuously to become cloud 

droplets, which can be 100 times larger than the original aerosol particle or 

condensation nucleus. This process is called cloud-droplet activation. Cloud droplet 

activation is described by Köhler theory (Köhler, 1936), which defines a critical 
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aerosol droplet size in relation to the ambient super-saturation. Larger particles 

would more readily grow and thus reach the critical size after which they are 

activated into a cloud droplet. There is an inverse relationship between the particle 

size and the super-saturation at which it is activated as smaller particles would 

require larger super-saturations to become droplets. In addition, particle solubility 

matters at sub-saturated conditions and is governed by Raoult term while surface 

tension defines droplet growth in super-saturated conditions. Soluble compounds, 

as aforementioned inorganic salts, would attract more water in sub-saturated 

conditions and thus would have larger effect on direct climate effect (see next 

paragraph) when compared to organic matter, however, some specific organic 

compounds can also be efficient cloud nuclei due to peculiar solubility/surface 

tension effects (Ovadnevaite et al., 2011). In general, organic matter in the absence 

of surfactants would have lower water affinity resulting in smaller direct effect and, 

in most cases, diminished cloud activation ability. 

In conclusion, aerosol water uptake has a strong impact on its optical 

properties, cloud formation ability as well as on chemical reactions undergoing in the 

aqueous phase. 

2.6 Aerosol impact on climate 

Aerosols have an impact on the global radiative budget directly via scattering 

and absorbing incoming solar radiation, and indirectly, through modification of cloud 

microphysical properties that lead to changes in cloud radiative properties and cloud 

lifetime (Haywood et al., 2003; Yu et al., 2006). Both aerosol direct and indirect 

impacts manifest themselves in a net global cooling effect partly offsetting global 

warming by greenhouse gases. The former is called a direct aerosol radiative forcing 

effect, while the latter is named an indirect radiative forcing effect which is further 

split into first (cloud properties; Twomey et al., 1974) and second (cloud lifetime) 

indirect effect (Albrecht et al., 1989). The direct radiative effect relates to the direct 

light scattering and absorption aerosol particles.  The two processes combined result 

in overall aerosol extinction efficiency. Some aerosols contribute more to the scatter 
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(sulphate, sea salt), while others to the absorption (black carbon). The ratio of 

scattering coefficient to the extinction is called a single scattering albedo and 

describes an aerosol property related to direct climate effect. 

The 1st indirect effect (Albrecht et al., 1989) can be illustrated by an example 

of two clouds that are forming in similar environmental conditions, but one contains 

more aerosol particles, therefore, more cloud condensation nuclei and is a, so called, 

polluted cloud, while another is a clean cloud with less condensation nuclei. The 

environment conditions are the same, so there is the same amount of available liquid 

water, which is distributed among different number of droplets in clean and polluted 

clouds. This situation will result in more, but smaller, droplets in the polluted cloud 

and less, but larger, droplets in the clean one. Therefore, an effective radius of the 

cloud droplet, which is a weighted mean of the cloud droplet size, will be smaller in 

the polluted cloud if compared to the clean one. In summary, the more cloud 

condensation nuclei are available, the more numerous will be cloud droplets, thus 

resulting in smaller, but more abundant droplets in a cloud. Smaller droplets would 

result in larger scattering resulting in higher cloud reflectance or albedo. This effect 

is also called Twomey effect after the scientist who first discovered it. Smaller, more 

numerous droplets, also supress precipitation and will affect cloud lifetime.  

The latter is called a 2nd indirect effect (Albrecht et al., 1989). As written 

above, the 2nd indirect effect is linked to the cloud lifespan, because a 

collision/coalescence efficiency of cloud droplets with smaller effective radius would 

be diminished, which would delay an onset of precipitation. Since the precipitation 

is one of the main parameters determining the cloud lifetime, this effect prolongs it. 

Longer living clouds increase the albedo as clouds have higher optical depth than 

aerosols. An example of first indirect aerosol effects is shown in Figure 10, where the 

ship stack emissions, detected from the satellite, are revealed. The emitted ship 

plume particles can rise into the cloud level and affect the number and growth of the 

cloud droplets, thus modify cloud microphysics and alter the reflectance of the 

clouds. 
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Figure 10. An image taken by the RC-10 high-resolution broadband (0.51–0.90 µm 
wavelength) camera aboard the NASA ER-2 aircraft at 1840 UTC on 13 Jun 1994 during the 
Monterey Area Ship Track experiment. The zoomed region shows a cargo ship and the early 
formation of a ship track (Durkee et al., 1994) 

 

Figure 11. Radiative forcing due to natural and anthropogenic components and their 
uncertainties from pre-industrial times (1750). Warming effect is shown in red colour while 
cooling effect is in blue colour (IPCC, 2013) 
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Another important term is the global radiative budget. In simple terms, the 

global radiative budget shows the difference (balance) of absorbed and emitted 

energy by the Earth and its atmosphere. Most often, the global radiative budget is 

presented as a change from the pre-industrial level (typically 1750).  

Definition of Radiative forcing was derived in The Intergovernmental Panel on 

Climate Change (IPCC) assessment reports by Ramaswamy et al. (2001), who defined 

it as ‘the change in net (down minus up) irradiance (solar plus longwave; in W m–2) 

at the tropopause after allowing for stratospheric temperatures to readjust to 

radiative equilibrium, but with surface and tropospheric temperatures and state held 

fixed at the unperturbed values’. The Intergovernmental Panel on Climate Change 

regularly performs the assessment on the effect of atmospheric constituents in terms 

of global warming and cooling capacity (IPCC, 2013) which is depicted in Figure 11. 

The anthropogenic greenhouse gases with a dominant carbon dioxide share 

contribute to the global warming effect with a radiative forcing of 2.83 [2.54 to 3.12] 

W m-2 and low uncertainties (demonstrating pretty good understanding of the 

related phenomena). Quite contrary, aerosols and clouds contribute mostly to the 

cooling effect with a total direct radiative forcing of –0.70 [–1.80 to -0.30] W m–2 

(IPCC, 2007) and pretty large uncertainties compared to the greenhouse gasses. The 

total anthropogenic effect is 1.6 [0.6 to 2.4] W m-2 (IPCC, 2007) which indicates the 

overall warming effect. One of the biggest remaining challenges - a more accurate 

estimation of aerosol impact on climate – becomes obvious. That is related to the 

fact that aerosol emission, formation, chemical composition and evolution are very 

complex by nature, spatial and temporal extent. 
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2.7 Global aerosol budgets 

As highlighted above, there are two main types of aerosol sources - natural 

and anthropogenic. Primary organic matter and sea spray, sulphate and silicates from 

volcanoes, particulate organic matter from biogenic sources and desert dust are 

natural sources of aerosol particles. Nitrates from transport emissions, primary and 

secondary organic matter from fossil fuel combustion and biomass burning are the 

main anthropogenic sources of aerosol. Andreae et al., (2008) provided a summary 

of emitted/produced particle mass and number burdens (Table 2). Sea salt accounts 

for the greatest mass emission globally (in ‘best guess’ category) of 10130 Tg a-1, 

which is followed by mineral (soil) dust with 1600 Tg a-1. In terms of sulphates, 

anthropogenic emissions dominate with 122 Tg a-1 and they are followed by biogenic 

sources accounting for almost half of the mass emission (57 Tg a-1). Biogenic 

secondary organic category contributes 25 Tg a-1 to mass emissions while 

anthropogenic component accounts for 3.5 Tg a-1. Black carbon total emission is 10 

Tg a-1 with fossil fuel contributing almost half of it - 4.5 Tg a-1. 

Table 2. Particle emission/production and burdens estimated for the year 2000 
(Andreae et al., (2008)) 

Aerosol group Mass emission Mass 
burden 

Number 
prod. 

Number 
burden 

“Best 
guess” 

Min
  

Max  
Tg 

 
a-1 

Tg a-1 

Carbonaceous aerosols 

   Primary organic  
   (0–2 mm) 

95 40 150 1.2 - 310∙1024 

   Biomass burning 54 26 70 - 7∙1027 - 

   Biogenic 35 15 70 0.2 - - 

Black carbon (0–2 mm) 10 8 14 0.1 - 270∙1024 

   Open burning and 
   biofuel 

6 5 7 - - - 

   Fossil fuel 4.5 3 6 - - - 

Secondary organic 28 2.5 83 0.8 - - 

   Biogenic 25 2.5 79 0.7 - - 

   Anthropogenic 3.5 0.05 4.0 0.08 - - 
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Aerosol group Mass emission Mass 
burden 

Number 
prod. 

Number 
burden 

“Best 
guess” 

Min
  

Max  
Tg 

 
a-1 

Tg a-1 

Sulphates 200 107 374 2.8 2∙1028 - 

   Biogenic 57 28 118 1.2 - - 

   Volcanic 21 9 48 0.2 - - 

   Anthropogenic 122 69 214 1.4 - - 

Nitrates 18 12 27 0.49 - - 

Industrial dust etc. 100 40 130 1.1 - - 

Sea-salt 

d < 1 mm 180 60 500 3.5 7.4∙1026 - 

d = 1–16 mm 9940 3000 20000 12 4.6∙1026 - 

Total 10130 3000 20000 15 1.2∙1027 27∙1024 

Mineral (soil) dust 

<1 mm 165 - - 4.7 4.1∙1025 - 

1–2.5 mm 496 - - 12.5 9.6∙1025 - 

2.5–10 mm 992 - - 6 - - 

Total 1600 1000 2150 18±5 1.4∙1026 11∙1024 

 

Significant uncertainty in aerosol climate impacts is primarily driven by the diversity 

of aerosol sources, transport mechanisms and different formation and removal 

processes in various regions resulting from heterogenous spatial and temporal 

distributions of aerosols. Chemical transport and global climate models are used to 

quantify aerosol radiative forcing. Globally spread long-term observations of 

atmospheric composition are central in validating models. In addition, space-borne 

and ground-based remote sensing provides aerosol vertical and horizontal 

distribution on a global scale which was unheard as recently as two decades ago. In 

general, remote sensing is providing long-term measurements where observation 

platforms were simply not possible, e.g. remote oceanic or polar regions. 

2.8 The Mace Head Atmospheric Research Station 

The Mace Head (MHD) Atmospheric Research Station is one of the key World 

Meteorological Organisation (WMO) GAW observatories worldwide with 

unprecedented long-term record of a wide array of atmospheric constituents 

spanning more than three decades. The MHD station is located at 53◦19`N, 9◦53`W in 
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county Galway on the west coast of Ireland (Jennings et al., 2003, O’Dowd et al., 

2014). Observations at Mace Head include greenhouse gasses, trace gases, aerosol 

properties, cloud microphysics and boundary layer microphysical parameters all of 

which are now undertaken continuously and operationally. The background aerosol 

has been sampled and studied at MHD since 1958 (O’Connor et al., 2008). One of the 

station unique characteristics is that around 50-60% of the air masses arrive from the 

west (Jennings et al., 2003).  

As marine aerosol is important in terms of climate effect, the MHD station is 

ideally located to measure the prevailing westerly-south-westerly air masses from 

the North Atlantic. For this reason, marine aerosol studies became a unique scientific 

niche over the last two decades with numerous publications (Cooke et al., 1998; 

Jennings et al., 2003b; O’Dowd et al., 2004; Ehn et al., 2010; Rinaldi et al., 2011; 

O’Dowd et al., 2013; Sipila et al., 2016).  

Apart from marine aerosol MHD station is well geographically located for 

studying volcanic ash and dust from Iceland, Saharan dust, anthropogenic pollution 

and biomass burning (Simmonds et al., 2004; Ovadnevaite et al., 2009; O’Dowd et 

al., 2012b). State of the art aerosol microphysics, gases and remote sensing 

instruments are used to detect them at the MHD station. They allow measurement 

of the particle concentrations, size distribution, particle hygroscopic growth factors, 

optical properties, cloud microphysics, aerosols chemical species and composition 

(Ceburnis et al., 2011; Martucci and O’Dowd, 2011; O’Dowd et al., 2012b; 

Ovadnevaite et al., 2012).  

 Many large-scale campaigns and experiments have been conducted at MHD 

station. For example,  the North Atlantic Marine Boundary Layer Experiment 

(NAMBLEX) in 2002, during which detailed measurements of the marine boundary 

layer structure and atmospheric composition were made (Coe et al., 2006; Heard et 

al., 2006). Also, New Particle Formation and Fate in the Coastal Environment 

(PARFORCE, O’Dowd et al., 2002) 

Under the UNECE  European Monitoring and Evaluation Programme (EMEP) 

major ionic chemical composition have been undertaken since the 1980s with 
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additional intensive campaigns focused on elemental/organic carbon measurements 

have  undertaken in 2002-2003 with the aim of assessing the feasibility of elemental 

carbon and organic carbon monitoring on a regular basis.  
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2.9 The Met Éireann Valentia Observatory 

Valentia Observatory is part of Met Éireann’s (the Irish Meteorological 

Service) observing system for both meteorological and atmospheric composition 

parameters. It is located one kilometre west of the town of Cahirciveen, on the 

estuary of the Feartha river. The Observatory carries out surface weather and upper-

air meteorological measurements, as well as a wide range of other scientific activities 

including ozone monitoring, geomagnetics, seismology, solar radiation and 

environmental monitoring. Its coordinates are 51° 56' 23"N - 10° 14' 40"W 

(http://www.met.ie/about/valentiaobservatory). 
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3 Methods and measurements 

This chapter provides the description of in-situ, remote-sensing instruments 

and used models which were used in this work to detect aerosols and perform later 

analysis.  

3.1 Ground measurements 

The first section of this chapter is dedicated to in-situ instruments: 

Condensation Particle Counter, High-Resolution Time-of-Flight Aerosol Mass 

Spectrometer, Multi-angle Absorption Photometer, Nephelometer, offline chemical 

filters, and Scanning Mobility Particle Sizer Spectrometer. 

3.1.1 Condensation Particle Counter 

The Condensation Particle Counter (CPC) is used to measure total particle 

concentration and in this study here was used, the CPC 3010 manufactured by TSI 

Incorporated (US). The instrument is essentially a continuous flow cloud chamber 

which activates nuclei larger than 10 nm diameter into micron sized liquid droplets 

in a supersaturated alcohol vapour. Particles smaller than 10 nm are not detectable 

by laser or light scattering, hence they are activated into larger droplets where single 

particles can be detected and individually counted. The instrument measures the 

aerosol particle number concentration. The main specifications of the instrument are 

given below in Table 3 while the diagram of the instrument is shown in Figure 12.  

The aerosol particles reach the instrument through the aerosol inlet and they 

pass into a saturator block where the mixing ratio of the alcohol vapour is allowed to 

increase in the carrier stream. After the saturator, the flow stream enters a cooling 

region or condenser block witch supersaturates the stream and activates the nuclei. 

Here, during and after the activation, they are grown by condensation of the 

evaporated alcohol inside of the saturator up to the sizes of aerosol droplets large 

enough to be detected by a light-scattering technique. The light scattering unit 

consist of laser diode, collimating lens, focusing lens and collecting lens with the 
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photodetector. Here, the droplets scatter the light from laser diode, which is 

collected by collimating lens and focused by focussing lens onto a photodetector. The 

photodetector performs the conversion of the light into an electrical signal, which is 

later recorded by the software on attached personal computer. 

 

 

Figure 12. Model 3010 CPC Flow Schematic (Model 3010 Condensation Particle Counter 
Instruction Manual, TSI Inc.) 
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Table 3. CPC Model 3010 Specifications (Model 3010 Condensation Particle Counter 
Instruction Manual, TSI Inc.) 

Parameter  Value  

Sample flowrate 1.0 L/min (0.035 cfm) ± 10% 

Outlet (total) flowrate 2.0 L/min (0.07 cfm) 

Vacuum source 450 mm (18 in.) Hg minimum 

Particle size range: 

minimum detectable particle 

maximum detectable particle 

 

50% of 0.01 μm particles 

>3 μm 

Particle concentration range 0.0001 to 10,000 particles cm-3  
with <10% coincidence at 

10,000 particles cm-3 

Working fluid Reagent-grade n-butyl alcohol 

Light source 50 mW, 780 nm laser diode 

Size (LWH) 19 by 22 by 19 cm (8.5 by 7.5 by 7.5 in) 

Weight 5.5 kg (12 lbs) 

 

 

3.1.2 Aerosol Mass Spectrometer 

The Aerosol Mass Spectrometer measures size resolved chemical mass 

composition of non-refractory species in/on submicron aerosol particles. It can 

quantify organics, sulphate, nitrate, ammonium, chloride (Jimenez et al., 2003) and 

sea salt (Ovadnevaite et al., 2012). The basic concept of the Aerosol Mass 

Spectrometer (AMS) is summarised by Jayne et al. (2000). Different versions of the 

instrument have been manufactured by Aerodyne Researched Incorporated (US). 

Here we use the High Resolution Time of Flight Aerosol Mass Spectrometer. Aerosol 

sampling, mass spectrometric, vacuum and a particle time-of-flight (TOF) techniques 

are utilized in the AMS to derive an aerodynamic particle size and chemical 

composition. The instrument schematic diagram is shown in Figure 13. There are 

three main sections in AMS: an aerosol sampling chamber (aerosol inlet), a particle 

sizing chamber and particle composition detection chamber (Jayne et al., 2000).  
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Figure 13. AMS structural diagram (Jimenez et al., 2003) 

The 4 mm apertures are used to isolate differentially pumped sections of 

AMS. In an aerosol sampling chamber, a critical orifice ensures the flow rate of 

1.46 cm3 s-1 at ambient pressure before entering aerodynamic lenses. 

The aerodynamic lenses design proposed by Liu et al. (1995) is used in the 

sampling chamber. The particles are focused into a narrow beam (<1 mm diameter) 

by using the aerodynamic particle beam forming lenses for the aerodynamic 

diameter between 70 and 500 nm. The efficiency of the lenses is shown in Figure 14. 

 

Figure 14. Particle collection efficiency as a function of the diameter for aerodynamic lenses 
used in AMS (Jayne et al., 2000) 
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This lenses tube consists of six lenses which design was modelled by a 

commercially available fluid dynamics program FLUENT (Jayne et al., 2000). This 

aerosol sampling section, in which the aerodynamic lenses are installed, operates at 

2 Torr pressure. The particle-sizing section is separated by a 4 mm diameter aperture 

from next section. Next, aerosol beam is sucked inside aerodynamic sizing section by 

maintaining the pressure below 10-3 Torr. In this section, a particle time-of-flight 

measurement is performed on different particle velocities which depend on the 

particle size. The larger particles accelerate to relatively slower velocities if compared 

to the smaller particles. The particle velocity is derived from its time-of-flight, which 

is proportional to a particle aerodynamic diameter. The particle beam passes through 

the TOF chopper wheel with a rotating disk with two radial slits (Jayne et al., 2000). 

The disk either allows the beam pass freely or blocks completely, or defines (initially 

chosen by the user) a rate of the cycles to pass the beam.  

The position of the chopper (open, blocked or chopped) determines the AMS 

operating mode. AMS can operate either in a mass stepping mode or scanning mode. 

Inside this section, an infrared photo-diode detector pair is used to measure the start 

of the particle TOF cycle. A 4 mm diameter aperture is used to isolate the particle-

sizing and particle composition sections. The last section operates at 10-7 Torr 

pressure (Jimenez et al., 2003). The detection of aerosol chemical composition is 

performed in this section by focusing particle beam into a resistively heated (~600˚C) 

closed-end tube which vaporises the non-refractory component of the aerosol. 

Vaporised molecules are then ionised by electron impact ionization and are 

channelled into the mass spectrometer. The vaporization of the particles and location 

of the electron impact ionizer are presented in Figure 15. 
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Figure 15. Top and front view of the vaporizer (Canagaratna et al., 2007) 

 

The vaporization tube and an electron impact ionizer of the mass 

spectrometer are mounted closely. As a result, such arrangement allows to ionize the 

vapour by the electron impact and to count individual particles once there are 

enough of the positive ions (particle mass). The data acquisition is implemented by 

connecting the multiplier of the spectrometer to a pre-amplifier and later to National 

Instruments data acquisition card. The logging software on a personal computer is 

used to record the measurements. 

3.1.3 Multi-angle Absorption Photometer 

Measurements of BC were undertaken by Multi-angle Absorption 

Photometer (MAAP) (model 5012) instrument. The instrument was manufactured by 

TSI Incorporated (US) and it is based on the aerosol-related light absorption principle 

whereby light absorption is a function of absorbing mass loading. Typically, the 

absorbing mass is atmospheric black carbon but the signal can also be influenced by 

desert dust and/or volcanic ash. A data inversion algorithm is used to retrieve the BC 
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concentration by accounting multiple scattering processes within aerosol, its layers 

and the filter matrix. The main specifications of MAAP are given in Table 4. 

The flow diagram of MAAP is shown in Figure 16. The aerosol particles reach 

the instrument trough the aerosol inlet and they pass through the downtube.  

 

Figure 16. Model 5012 MAAP Flow Schematic (Model 5012 Instruction Manual Multi Angle 
Absorption Photometer, Thermo Fisher Scientific Inc.) 

 

Next, the particles deposit onto the glass fibre filter tape in detection 

chamber, where a 670 nm visible light source is used towards the filter tape matrix 

with deposited aerosol particles. Later on, a series of photo-detectors are used to 

measure the light transmitted into the forward hemisphere and reflected into the 

back hemisphere of the filter. A clean filter spot is used as a reference to calibrate 

zero level. Multiple reflection intensities and the reduction of light transmission are 

integrated over the sample run period which is estimated into the BC concentration. 
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Table 4. Main MAAP instrument specifications (MAAP Model 5012 Instruction Manual) 

Parameter Value 

BC Measurement Range 0-60 μg m-³ BC @ 30 min averaging  

0-180 μg m-³ BC 10 min averaging 

Lower Detection Limits 10 min value: < 50 ng m-³ BC; < 0.33 Mm-1 
Babs 

30 min value: < 20 ng m-³ BC; < 0.13 Mm-1 
Babs 

Sample Flow Rate Measurement 0.5-1.4 m3 h-1; Linearity error < 1% @ 16.7 
l/min 

Filter Tape Glass fiber filter GF10; Length approx. 40 m 

Retention degree 99.98 % 

Physical Dimensions 19.0” (W) X 12.4” (H) X 12.6-15.75” (D) 

Total Weight 25 kg (55 lbs) 

 

3.1.4 Offline chemical filters 

The offline chemical composition measurements by using sequentially 

mounted untreated and impregnated Whatman filters have been used at Valentia  

station (Section 2.9) since 1980. This method has been used to analyse (by employing 

a 2-stage filter pack method) 24 hour PM10 samples for sulphate and sulphur dioxide 

at EMEP sites. Similar measurements, only by using single polytetrafluorethylene 

(PTFE) filters, have been performed at the Mace Head GAW/EMEP atmospheric 

station since 2001. 

3.1.5 Scanning Mobility Particle Sizer Spectrometer 

The measurements of the aerosol particle size distributions were performed by 

built-in-house Scanning Mobility Particle Sizer Spectrometer (SMPS) which is based 

on an electrical mobility detection technique. The instrument consists of two main 

parts: electrostatic classifier and CPC. The flow schematic of the instrument is shown 

in Figure 17.  

Sampled particles pass through a nafion dryer to reduce the relative humidity 

below 30% and enter an aerosol neutralizer, where they are exposed to high 

concentrations of both positive and negatively charged ions and acquire the charge. 
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State of charge equilibrium is achieved through frequent collisions with the bipolar 

ions.  

 

Figure 17. Built-in-house SMPS Flow Schematic (adapted from Kuang et al., 2016) 

 

Charged particles enter a TSI Differential Mobility Analyzer (DMA) where they 

are separated by size: a pre-set electric field causes the particles of resultant 

electrical mobility (size) to exit the DMA and be selected for counting by the CPC (see 

CPC section for details). The CPC signal is then transferred into a computer with an 

inversion program that accounts for multiple charges and other instrumental transfer 

functions. A range of voltages are set in scanning mode to obtain a whole particle 

spectrum. Mace Head SMPS follows the European Supersites for Atmospheric 

Aerosol Research (EUSAAR) instrument operation procedure and covers particle size 

range from 20 to 500 nm. 
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3.2 Remote-sensing 

This section is dedicated to remote-sensing techniques and associated 

instruments. As the name implies itself, the remote sensing data acquisition process 

does not require making physical contact with the object. By its nature, the remote 

sensing can be split into two types – active and passive. In first case, the signal in the 

form of different wavelength waves (e.g. light, electromagnetic radiation) is 

transmitted by the instrument and later, the same instrument records the received 

reflected signal. Examples of active remote sensing are radar and lidar techniques. In 

passive remote sensing, the object or its surrounding emits the radiation (e.g. 

sunlight, infrared) which is detected and recorded by the instrument. An example of 

this type of technique is a sun photometer, which measures ambient light intensity 

and/or optical its properties. 

Remote sensing instruments are typically ground-based, airborne, or space-

borne on satellites. Ground-based remote sensing instruments can contribute to 

ground-based networks with high time resolution in a given location but limited 

spatial coverage. One example of such a network is the Aerosol Robotic Network 

(AERONET) sun photometer network with 230 automated sites worldwide, which 

continues to extend. The description of the remote instruments (and where 

applicable their networks), which measurements were used in this study, is given in 

next sections. 
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3.2.1 Lidars 

 

3.2.1.1 Elastic and inelastic scattering 

Based on the nature of the energy transfer during the process of scattering, 

two types of scattering can occur – elastic and inelastic. 

Elastic scattering occurs if the energy (and the wavelength) of the light is 

conserved during its interaction with the scattering medium. As a result, only the 

direction changes after this interaction. The size of the particle and the wavelength 

of interacting light are the major parameters which influence the energy transfer 

during the interaction. In order to distinguish the type of scattering, a dimensionless 

size parameter x was derived as follows: 

 𝑥 =
2𝜋𝑟

𝜆
, (4) 

where r is the radius of a spherical particle with the diameter d, λ is the 

wavelength of interacting light. A relationship between the size parameter, 

wavelength and particle size is presented in Figure 18. 

 

Figure 18. The influence of spherical particle and wavelength on type of scattering 
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If the size of particles in scattering medium are much smaller than the 

wavelength of interacting light (x<<1), the scattering is called Rayleigh scattering. In 

this case, the molecular backscatter coefficient βm at wavelength λ can be written as: 

 𝛽𝑚 =
8𝜋3(𝑚2−1)

2
𝑁𝑚𝑜𝑙

3𝑁𝑠
2𝜆4 (

6+3𝛾

6−7𝛾
) (

𝑝

𝑝𝑠
) (

𝑇𝑠

𝑇
), (5) 

where m is an index of refraction, γ is the depolarization factor, Ts and ps are 

the temperature and the pressure at sea level; Nmol, p and T are the profiles of the 

pressure and the temperature according to the standard of US Standard Atmosphere. 

The amount of scattering due to a single molecule is called the molecular 

cross-section σm which is defined as (Kovalev and Eichinger, 2004): 

 𝜎𝑚 =
𝛽𝑚

𝑁
, (6) 

where N is the molecular density. 

As mentioned earlier if the size parameter x≈1, then Mie scattering takes 

place. This type of scattering is characteristic for particulates. The Mie scattering 

depends on: the wavelength of the light λ, the particulate number density Np and the 

shape of the particles. 

The particulate backscatter coefficient βm for spherical mono-disperse 

particulates can be written in the form: 

 𝛽𝑝 = 𝑁𝑝𝜋𝜌2𝑄𝑠𝑐, (7) 

where Np is the particulate number density, ρ is the particle radius and Qsc is 

a single particle scattering efficiency. 

A more realistic scenario is when particles in the atmosphere are different in 

size and composition. In such a poly-disperse medium, the particle backscatter 

coefficient βp for the ensemble of particles can be determined: 

 𝛽𝑝 = ∑ 𝑁(𝜌𝑖)𝜋𝜌𝑖
2𝑄𝑠𝑐,𝑖

𝑘
𝑖=1  (8) 

If the energy (and the wavelength) of the light changes during its interaction 

with the scattering medium, then such scattering is called inelastic scattering.  
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Raman scattering is one type of inelastic scattering. The interaction of the 

molecules with the light leads to several bands of Raman scattering with wavelength 

shifts. This phenomenon is caused by the excitation of rotational and vibrational 

energy levels of the molecules. Normally, only a small part of scattered light 

(photons) change the wavelength λ post interaction. This type of scattering depends 

on interacting molecules (water vapour H2O, nitrogen N2, oxygen O2 or other trace 

gases) and the light wavelength λ. The Raman scattering for the aforementioned 

molecules is depicted in Figure 19. 

 

Figure 19. Raman scattering with wavelength shifts for water vapour H2O, nitrogen N2, 
oxygen O2 (Weitkamp, 2005) 

 

This phenomenon happens due to the nature of two interacting mechanisms. 

If the light energy is absorbed by a molecule, then the frequency of scattered photons 

decreases, 𝑣�̃� = 𝑣1̃ − |𝛥�̃�|. If the energy of the molecule is transferred to the 

scattered photons, then the frequency of scattered photons increases 𝑣�̃� = 𝑣1̃ +

|𝛥�̃�|. However, the Raman scattering is weaker compared to other types of scattering 

(e.g. Rayleigh) and as a result, requires relatively high concentrations of the 



42 
 

atmospheric gases. But at the same time, the Raman scattering allows the 

determination of atmospheric aerosol extinction coefficient α without the 

assumptions about the relationship between the backscatter and extinction 

coefficients (Klett et al., 1981; Ansmann et al., 1990). In this case, the extinction 

coefficient can be expressed as: 

 α(𝜆𝐿, 𝑧) + α(𝜆𝑅 , 𝑧) =
𝑑

𝑑𝑧
[𝑙𝑛

𝑂(𝑧)𝑁(𝑧)

𝑧2𝑃(𝑧)
], (9) 

where α is total extinction coefficient at wavelengths λL (transmission 

wavelength) and λR (receiving wavelength), O(z) is the overlap function of the lidar, 

P(z) is the received power, N(z) is the number density (nitrogen N2 and oxygen O2 

profiles can be used) and z is the distance (altitude) from which the power was 

received. 
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3.2.1.2 Lidar setup 

A lidar is a UV, visible or IR wavelength radar which is particularly effective at 

detecting targets such as aerosols and clouds, and consequently, is used for profiling 

these constituents in the atmosphere.  The basic lidar (shown in Figure 20) consists 

of the two main parts: transmitter and receiver. The first of them uses a laser as the 

light source of wavelength λ. The wavelength λ is chosen based on the application of 

the lidar and it may vary from nm up to μm. The lidar minimum vertical resolution is 

determined by the duration of the laser pulse, which can be in the range of 5-20 ns. 

The top altitude at which the lidar can perform the measurements is mainly 

influenced by the power of the laser P0, which is characterized in units of mJ. 

However, the data acquisition card can be a limiting factor as well. The acquisition 

card is able to store a certain number of points per profile, but usually the laser beam 

is attenuated before this maximum number of points is reached. Combining the 

emission and detection at different wavelength and different scattering types allows 

the direct measurement of atmospheric parameters (backscatter and extinction 

coefficients, lidar ratios and depolarisation ratio).  

 

Figure 20. Basic diagram of lidar setup (Weitkamp, 2005) 

  

Usually, a beam expander is used to reduce the divergence of the laser beam. 

After that, the beam is emitted into the atmosphere in parallel to the telescope (in 

the receiver unit). Part of the beam backscatters from the particles or the molecules 

(of the atmospheric gases) and the backscattered photons are received by the 

telescope.  
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The lidar systems can be either bi-axial or mono-axial type (Figure 21). 

Independent of this type, the transmitted beam and the field of view should overlap. 

This overlap between both can be implemented by using two designs, which are 

shown on Figure 21. 

 

Figure 21. Two types of lidar overlap (Kovalev and Eichinger, 2004) 

The backscattered photons are detected by the optical detector (either 

photodiode or photomultiplier tube) and converted into an electrical signal. Later on, 

the signal is digitized by using a fast analog-to-digital converter (ADC) and stored on 

a computer. 
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3.2.1.3 Lidar equation 

The lidar equation is described in detail by Kovalev and Eichinger (2004) and by 

Weitkamp (2005), among others. In simplified form for single-scattering, it can be 

expressed as: 

 𝑃(𝑅) = 𝐾𝐺(𝑅)𝛽(𝑅)𝑇(𝑅), (10) 

where P(R) is the power received from a distance R, K is a factor of the lidar 

system performance, G(R) describes the range-dependent measurement geometry, 

β(R) is the backscatter coefficient at the distance R. 

The term K, which is the lidar system performance factor, can be determined: 

 𝐾 = 𝑃0
𝑐𝜏

2
𝐴𝜂, (11) 

where P0 is the mean power of the single laser pulse, c is the speed of light, τ is 

temporal pulse length, the term 
cτ

2
 is the length of the volume V during the lidar 

measurement, A is the area of the telescope optics and η is the efficiency of the lidar 

system. The geometry of lidar measurement is visually presented in Figure 22. 

 

Figure 22. Geometry of lidar measurement (Weitkamp, 2005) 

 

The next term of the equation (10) is the geometric factor G, which is calculated 

using the equation: 
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 𝐺(𝑅) =
𝑂(𝑅)

𝑅2 , (12) 

where O(R) is the overlap function of the laser beam and the telescope field of 

view, which depends on the distance R. The geometrical factor G is the function of 

the distance R and it decreases squarely with R, because the telescope area is part of 

a sphere with radius R (as it is shown on Figure 22). 

The backscatter coefficient β(R) shows how much light backscatters within the 

scattering angle of 180˚: 

 𝛽(𝑅, 𝜆) = ∑ 𝑁𝑗(𝑅)
𝑑𝜎𝑗

𝑠𝑐𝑎

𝑑𝛺
(𝜋, 𝜆)𝑗 , (13) 

by summing all the number concentrations Nj(R) of type j and the differential cross 

sections dσ𝑗
𝑠𝑐𝑎/𝑑𝛺 within the volume V. 

The light backscattered by particles (p) and molecules (m) in the atmosphere - β(R) - can 

be expressed as: 

 𝛽(𝑅, 𝜆) = 𝛽𝑚(𝑅, 𝜆) + 𝛽𝑝(𝑅, 𝜆), (14) 

where the molecular backscatter is dominated by nitrogen N2 and oxygen O2 molecules, 

while the particulate backscattering occurs because of variety of aerosol (e.g. volcanic ash, 

Saharan dust) in the atmosphere. The molecular scattering decreases with height (looking 

from the Earth surface) due to decreasing air density with altitude. The particulate scattering 

can have varying spatial and temporal extent. 

The last term of equation (eq.10) is the transmittance T(R). It describes how much of 

the light is lost on the way from the lidar through the medium to the scatterers. The 

transmittance is expressed as the specific form of the Beer-Lambert law for lidar, which can 

have the values between 0 and 1:  

 𝑇(𝑅, 𝜆) = 𝑒𝑥𝑝 [−2 ∫ 𝛼(𝑟, 𝜆)𝑑𝑟
𝑅

0
], (15)  

where α(r,λ) is the extinction coefficient, the factor 2 is used due to the two-way 

transmittance path. 

The extinction coefficient α(r,λ) can be defined as 

 α(𝑅, 𝜆) = ∑ 𝑁𝑗(𝑅)𝑑𝜎𝑗
𝑒𝑥𝑡(𝜆)𝑗 , (16) 

by summing all the number concentrations Nj(R) of type j and the extinction cross 

sections dσ𝑗
𝑒𝑥𝑡 within the volume V.  
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The extinction of light can occur due to scattering and absorption of particles and 

molecules, thus the extinction coefficient α(R,λ) can be expressed as 

 𝛼(𝑅, 𝜆) = 𝛼𝑚
𝑠𝑐𝑎(𝑅, 𝜆) + 𝛼𝑚

𝑎𝑏𝑠(𝑅, 𝜆) + 𝛼𝑝
𝑠𝑐𝑎(𝑅, 𝜆) + 𝛼𝑝

𝑎𝑏𝑠(𝑅, 𝜆), (17) 

where the indices sca and abs represent the components for scattering and absorption, 

the m and p stand for molecular and particle components. 

The extinction-to-backscatter ratio or lidar ratio S is calculated as 

 𝑆(𝑅) =
𝛼(𝑅)

𝛽(𝑅)
. (18) 

The particle lidar ratio Sp can be written as 

 𝑆𝑝(𝑅, 𝜆) =
𝛼𝑝(𝑅,𝜆)

𝛽𝑝(𝑅,𝜆)
, (19) 

while the molecular lidar ratio Sm is constant, following Rayleigh scattering theory: 

 𝑆𝑚(𝑅, 𝜆) =
𝛼𝑚(𝑅,𝜆)

𝛽𝑚(𝑅,𝜆)
=

8𝜋

3
𝑠𝑟. (20) 

Having all terms (11-17) explained, the lidar equation (10) can be written as: 

 𝑃(𝑅, 𝜆) = 𝑃0
𝑐𝜏

2
𝐴𝜂

𝑂(𝑅)

𝑅2 𝛽(𝑅, 𝜆)𝑒𝑥𝑝 [−2 ∫ 𝛼(𝑟, 𝜆)𝑑𝑟
𝑅

0
]. (21) 
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3.2.1.4 CALIOP 

NASA, in collaboration with the French space agency, Centre National d’Etudes 

Spatiales (CNES), developed a satellite-based lidar system called CALIOP, which is on 

board of the CALIPSO platform (Cloud-Aerosol Lidar and Infrared Pathfinder Satellite 

Observation; Winker et al., 2009). The CALIPSO satellite was launched into orbit in 

April 2006 and it is a part of the afternoon constellation (A-Train) of scientific 

satellites dedicated to observations of the atmosphere (Stephens et al., 2002). It 

follows a sun-synchronous polar orbit at 705-km altitude and has a 16-day repetition 

cycle.  

The CALIOP instrument directly measures the vertical profile of the total 

attenuated backscatter coefficient as seen from above the atmosphere with a spatial 

resolution down to 30 meters vertically and 333 meters horizontally (Winker et al., 

2009). This Level 0 raw data is averaged both horizontally and vertically before it is 

downlinked to the NASA Langley Research Centre (LARC) where various levels of 

scientific data products are produced (Level 1, Level 1.5, Level 2 and Level 3). The 

vertical resolution for this processing Level 0 varies from 30 m (-0.5 km to 8.3 km) up 

to 300 m (30.1 km to 40 km), while the horizontal resolution varies from 333 m (-0.5 

km to 8.3 km) up to 5 km (30.1 km to 40 km) (Powell et al., 2010). The technical 

specifications of the instrument are provided in Table 5 and its diagram is shown in 

Figure 24. 

 

Figure 23. CALIPSO orbit example (the map source thematic data centre ICARE) 
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Table 5. CALIOP technical specifications 

Parameter Value 

Light source Neodymium doped yttrium-aluminium-garnet  
(Nd:YAG) laser 

Wavelengths 532 nm and 1064 nm 

Output power 110 mJ for each wavelength 

Polarization Linear 

Laser pulse width 20 ns 

Laser pulse repetition frequency 20.16 Hz 

Telescope diameter 1.0 M 

Field of View 130 µrad 

Digitization rate 10 MHz 

Raw signal resolution Horizontal 333 m 

Vertical 30 m 

Detector type (532 nm channel) PMT (Photomultiplier Tube) 

Detector type (1064 nm channel) APD (Avalanche Photodiode) 

Instrument mass 156 kg (CALIOP only) 

Instrument used power 124 W 

 

CALIOP working principles. Part of the light, that is emitted by the laser, is 

scattered back to the receiver (telescope). The received light beam is split into 532 

nm and 1064 nm components by a dichroic beam splitter. In order to reduce the solar 

background, a band pass filter of 35 pm built from an etalon and an interference filter 

are used for the 532 nm channel; only an interference filter is used for the 1064 nm 

channel. Next, the 532 nm beam is split into parallel and perpendicular components 

of the beam by using a polarization beam splitter. The backscattered photons at 532 

nm (parallel and perpendicular polarisation) and at 1064 nm are detected by the 

photomultiplier detectors and later digitized by 14-bit ADC. Only measurements 

performed below 40 km for 532 nm wavelengths and below 30 km for 1064 nm 

wavelength are downlinked as data. 
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Figure 24. CALIOP diagram (Winker et al., 2009) 

 

Aerosol types. The cluster analysis of AERONET measurements (conducted 

1993-2002) was performed to characterize CALIOP aerosol types (Omar et al., 2005), 

which identified six main types: clean marine, polluted dust, dust, polluted 

continental, clean continental and smoke/biomass burning. They were implemented 

in an automated CALIOP aerosol classification algorithm (Omar et al., 2009; Burton 

et al., 2013). Two more aerosol types (clean air and mixed) were added later. The 

CALIOP aerosol selection algorithm (Figure 25) uses altitude, location, surface type, 

volume depolarization ratio 𝛿𝑣 and integrated attenuated backscatter 𝛾′ at 532 nm 

to determine the aerosol type. The last two parameters are defined as (Omar et al., 

2009): 

 𝛾′ = ∫ 𝛽(𝑧)𝑇(𝑧)𝑑𝑧
𝑏𝑎𝑠𝑒

𝑡𝑜𝑝
 , (22) 

 𝛿𝑣 =
𝛿𝑣

′ [(𝑅𝑚𝑎𝑠−1)(1+𝛿𝑚)+1]−𝛿𝑚

(𝑅𝑚𝑎𝑠−1)(1+𝛿𝑚)+𝛿𝑚−𝛿𝑣
′ , (23) 

where, β is the total attenuated backscatter coefficient, T is the two-way 

transmittance of the atmosphere from the lidar to the altitude z, δv is the corrected 

depolarization ratio, Rmas is the ratio of the total attenuated backscatter to the 

molecular backscatter, 𝛿𝑣
′  is the depolarization ratio and δm is the molecular 

depolarization ratio. 
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Figure 25. CALIOP aerosol type detection flowchart (Omar et al., 2009) 

 

CALIOP algorithm provides several levels of products: 

• Level 0, unprocessed lidar data at full resolution; 

• Level 1, unprocessed lidar data at full resolution which are geo-located and 

time referenced; 

• Level 2, geophysical variables derived from Level 1 data. 

The Level 1.5 product is derived by spatially averaging 60 individual Level 1 lidar 

profiles and merging them with the Level 2 vertical feature mask product. It has a 

spatial resolution of 20 km horizontally and 60 m vertically and it is restricted to the 

altitude range -0.5 to 20 km (Powell et al., 2010). 

Level 2 product provides information on aerosol layer type, cloud layer, cloud 

profile as well as vertical feature mask products. 

Uncertainties: The CALIOP attenuated backscatter coefficient uncertainties 

(CALIPSO Quality Statements) are calculated using the equation: 

 




N

i

i
N 1

21
 

, (24) 
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where σi is the attenuated backscatter uncertainty at the range bin i and N is 

the Level 1 profile range bin number. 

CALIOP data applications: The CALIOP products combined with other satellite-

based instrument Moderate Resolution Imaging Spectroradiometer (MODIS) 

products were used to study forest fire aerosols (Bhoi et al., 2009) and helped tracing 

dust storms in the Mediterranean (Kaskaoutis et al., 2012). CALIOP data were 

deployed for model evaluations (Paz et al., 2013). In addition, depolarization ratios 

from CALIOP measurements were used to validate single scattering simulations of 

contrails (Xie et al., 2012). 

During last two decades, satellite-based remote sensing contributed to the 

quantitative characterization of biomass burning and understanding of fires and fire-

related features (energy release rates, burned areas, the spatial distribution) (Winker 

et al., 2007; Bhoi et al., 2009; Ichoku et al., 2012). This led to more realistic model 

parameterization of smoke emissions. As a result, the smoke trajectories and 

atmospheric residence time predictions were improved and a better representation 

of smoke interactions with clouds and radiation was achieved (Ichoku et al., 2012). 

As part of this work, only 532 nm wavelength Level 1.5 product data were used 

and analysed, such as: latitude, longitude, profile with coordinated universal time 

(French: Temps universel coordonné) (UTC) time, mean total attenuated backscatter 

at 532 nm, standard deviation of the total attenuated backscatter at 532 nm, total 

attenuated backscatter uncertainty at 532 nm and Level 2 feature type (Powell et al., 

2010).  
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3.2.1.5 EARLINET 

Routine long-term observations of the optical properties of different aerosol 

types has been performed by multiple research programmes in Europe (Mattis et al., 

2004, 2008; Giannakaki et al., 2009); however, these measurements were typically 

limited to one geographical location. In order to study aerosol transport on a larger 

spatial scale, lidar networks should be deployed (Bösenberg et al., 2003; Pappalardo 

et al., 2014), in conjunction with space borne platforms. For this reason, EARLINET 

network was established in 2000 to provide a comprehensive statistically 

representative data set of the aerosol vertical distributions.  

At present, 27 European stations contribute to this network by performing the 

measurements a few times per week according to the schedule (Pappalardo et al., 

2014). EARLINET stations cover four regions: central Europe (Hamburg, Leipzig, 

Cabauw and Maisach), western Mediterranean (Granada, Madrid and Barcelona), 

central Mediterranean (Lecce, Napoli, Potenza and L`Aquila) (Pappalardo et al., 

2009). The four regions are shown on the map (Figure 26).  

The various locations of the stations allow the detection of different types of 

aerosols: marine, urban, rural, Saharan dust, long‐range‐transport aerosol from 

America and Asia. Most of the lidar systems are developed and run by research 

institutions. This results in a large variation of specifications (varying number of 

wavelengths, different wavelengths, elastic and inelastic backscattering, portable 

and stationary setups). The list summarizing the EARLINET stations, wavelengths and 

produced products as of the year 2009 is provided in Appendix (Pappalardo et al., 

2009). 
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Figure 26. EARLINET stations map (map source MODIS) 

 

The main wavelengths used in lidar are 355 nm, 532 nm and 1064 nm. The light 

beam is generally emitted at 1064 nm by a Nd:YAG laser. Then, the frequency can be 

doubled or tripled to emit at 532 nm or 355 nm. The utilisation of different 

wavelengths allows the calculation of the colour ratio or the Ångström exponent. An 

extinction-to-backscatter ratio, or lidar ratio can be derived for aerosol type 

classification (Cattrall et al., 2005; Groß et al., 2013). An inelastic scattering signal is 

used in the Raman channel: most of the photons have the same energy (same 

wavelength) after being scattered by molecules; however a small fraction is scattered 

at a different wavelength.  If a molecular density is known, the extinction coefficient 

can be calculated. The particle backscatter coefficient can be calculated by using the 

ratio between the signals detected in the Raman channel and the elastic channel 

(Weitkamp, 2005).  

The EARLINET measurements are conducted three-times during preselected 

week days (one daytime measurement and two night measurements per week) and 

during important aerosol events like Saharan dust, forest fire smoke, volcanic events 

and photochemical smog episodes. In June 2006, EARLINET started to coincide their 
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measurements with CALIPSO overpasses (Mattis et al., 2007; Pappalardo et al., 

2010). 
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3.2.1.5.1 Conversion of EARLINET measurements to CALIOP 

style attenuated backscatter 

The CALIOP instrument directly measures profiles of the total attenuated 

backscatter as seen from space, and NASA provides them in the Level 1.5 data set. 

The EARLINET stations produce aerosol backscatter coefficients and so the two 

different backscatter coefficients cannot be inter-compared directly. For this reason, 

a method similar to that of Mona et al., (2009) was adopted for converting the 

EARLINET particulate backscatter coefficients into total attenuated backscatter 

values as observed from space, thus allowing for a valid inter-comparison of CALIOP 

and EARLINET measurements. The following equations were used to calculate 

EARLINET attenuated backscatter. The total attenuated backscatter βatt(z) at altitude 

z is given by 

  )()()( 2 zzTz totatt   , (25) 

where T2(z) is the two-way transmittance from the lidar in space down to the altitude 

z, and βtot is the total backscatter coefficient, defined as  

 )()()( zzz molpartot   , (26) 

where βpar is the particulate (aerosol) backscatter coefficient, and βmol is the 

molecular backscatter coefficient. 

In order to calculate the total backscatter coefficient βtot, the EARLINET 

particulate backscatter coefficient is used as βpar in Eq. (26) and the molecular 

backscatter coefficient βmol is calculated from the atmospheric temperature and 

pressure profiles (Sissenwine et al., 1962). The molecular backscatter and extinction 

cross sections for air appropriate for CALIOP are given in National Aeronautics and 

Space Administration (NASA) documentation by Powell et al., (2010) as 5.167 x 10-31 

m2 and 5.930 x 10-32 m2 sr-1 respectively. Using the methods of Bucholtz et al. (1995), 

the molecular number density Ns in standard air (defined at reference atmospheric 

pressure Ps = 1013.25 mbar and temperature Ts = 15 °C) is 2.54743 x 1025 mol. m-3, 

so (assuming that the atmospheric equation of state is accurately represented by the 
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ideal gas law) the molecular backscattering coefficient at any altitude h is given by

  

 )(
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Nh

s

s
sbackmol  

 (27) 

where  back is the backscatter cross section given above, and P(h) and T(h) are the 

pressure and the temperature of standard atmosphere.  

The two-way transmittance for a downward-looking lidar is calculated using the 

following equation: 

])(2exp[)(2 zdzzT
z

top
   , (28) 

where top is the highest altitude of the profile (nominally 20 km), and α(z) is the total 

extinction coefficient, which is the sum of the particle extinction coefficient αpar and 

the molecular extinction coefficient αmol.  

The particle extinction coefficient αpar is calculated according to 

 
parapar S   , (29) 

where βpar is the EARLINET particle backscatter coefficient and Sa is the particulate 

extinction-to-backscatter ratio, (commonly known as the lidar ratio). The lidar ratios 

Sa have been extracted from the dataset of the aerosol types identified in the CALIOP 

Level 1.5. The reason why these values have not been taken directly from the 

EARLINET dataset is that only a limited number of lidar ratios Sa were available for 

the coincident measurements. In fact, this number is significantly reduced by the fact 

that a lidar needs to be equipped with a Raman channel for the independent 

extinction profile measurements, and these measurements are normally available 

only during night-time because of low signal-to-noise ratio during daytime. 

After calculating the terms αmol and αpar, the transmittance was derived using 

Eq. (28) and the EARLINET total attenuated backscatter profile was calculated using 

(Eq. 25).  

The methodology described in this section uses the CALIOP derived 

information (lidar ratio Sa) for converting the EARLINET particle backscatter 
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coefficient into total attenuated backscatter, so the EARLINET derived products are 

not independent from CALIPSO ones. 

In order to reduce the noise in the CALIOP signal (especially during daytime), 

the five profiles of the CALIOP total attenuated backscatter closest to the EARLINET 

station were averaged and then compared to the total attenuated backscatter of the 

EARLINET station. All of our CALIOP data points therefore correspond to spatial 

averages 100 km in length along the ground tracks, centred at the points of closest 

approach to the EARLINET stations. 

To enable direct comparisons, the altitude scales of the EARLINET lidar 

profiles were adjusted to be the same as that of CALIOP (above mean sea level) at 60 

m vertical spacing. In this way we obtained pairs of values at each altitude, referred 

to here as “data points”, for each overpass. 
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3.2.1.6 EARL ground-based lidar system in Atlanta 

An eye safe atmospheric lidar system for undergraduates research experience 

has been developed by the Georgia Tech Research Institute (GTRI) and Agnes Scott 

College (ASC) under a grant from the National Science Foundation to develop a lidar 

(West et al., 2006). The lidar was named EARL (Eye-safe Atmospheric Research Lidar). 

EARL is located in the Bradley Observatory at Agnes Scott College in Atlanta, Georgia 

at the latitude and the longitude of 33.77 and -84.29 degrees accordingly and at an 

elevation of 315 m above mean sea level (Figure 27).   

 

Figure 27. Location of Atlanta’s lidar (map source Google Maps) 

 

The lidar on the Agnes Scott College campus is 8.3 km due east of the 

AERONET sun photometer on GTRI campus. Both campuses are located in Atlanta, 

Georgia (US). The National Weather Service (NWS) balloon launch site for the upper 

air data is 48.5 km SSW of the sun photometer, in Peachtree City, Georgia. Such 

location of the lidar allows using the pressure and temperature data from the local 

NWS radiosonde launches and it also provides the possibility to compare AOD 

derived from the lidar measurements with the photometer measurements. 
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EARL is a simple elastic lidar and it operates at 523.5 nm wavelength. The 14 

μJ pulses of 523.5 nm wavelength light are transmitted at a frequency of 2500 Hz. In 

order to improve the detection capabilities of the lidar during day-time, a 400 

microradians field of view and a narrow optical band of 1.4A are used in the setup of 

the system. At night, EARL can detect the aerosol layers up to 22 km in the 

stratosphere. To increase the signal-noise-ratio, the time averaging, which ranges 

from one minute at the lowest altitudes to tens of minutes at the highest, is used on 

EARL. The telescope of the lidar is based on a 24-inch f/4 parabolic mirror mounted 

near the floor. A secondary 8-inch mirror is used to direct the received light to the 

photomultiplier tube. Two receiver channels for short range and long range are 

utilized to ensure the large dynamic range of received signal from the PBL and the 

stratosphere. The details of the system are given below. 

Table 6. Specification of the EARL lidar system (Forrister et al., 2014)  

Transmitter   

 Wavelength 523.5 nm 

 Pulse energy 14 μJ 

 Pulse repetition frequency 2500 Hz 

 Aperture diameter 200 mm 

 Beam divergence 90 μrad 

 Fluence at aperture 0.5 × 10−7 J cm-2 

   

Receiver  Short range Long range 

 Aperture Diameter 610 mm 610 mm 

 Percentage of light 9% 91% 

 Effective focal length 2.57 m 2.57 m 

 Field of view 1.2 mrad 0.4 mrad 

 Bandwidth 1 nm 0.12 nm 

 Optical efficiency 0.032 0.23 

 Detector type PMT PMT 

    

Data system 2-channel, 16-bit, 10 M Sample/s A/D 
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3.2.1.6.1 Site description 

The details on used lidar can be found in Section 3.2.1.6 while CALIOP and its 

products descriptions are given in Section 3.2.1.4. In Atlanta, the closest ground 

tracks occur first during daytime, with an average offset distance of 80 km, and two 

days later during night-time, with an average offset of 12 km (Figure 28). 

The CALIOP Level 1.5 total attenuated backscatter profile is used in our 

comparisons. The term “total” indicates the sum of the parallel and cross polarization 

signals for molecular and aerosol backscatter at each range interval. CALIOP total 

attenuated backscatter data is calibrated and reported in absolute units (km-1sr-1). 

The Level 1.5 data files also include the predominant aerosol type, which is typically 

Urban or Clear Continental near Atlanta, Georgia.  

The EARL lidar is 8.3 km due east of the AERONET sun photometer at GTRI; 

both are located in Atlanta, Georgia. The NWS balloon launch site for upper air data 

is 48.5 km SSW of the sun photometer. A map designating instrument locations as 

well as nominal CALIOP ground tracks is shown in Figure 28; details are listed in 

(Forrister et al., 2014). 

 

Figure 28. Instrument and ground track locations. The EARL lidar (gold diamond) and 
AERONET (green diamond) are in Atlanta, GA; the radiosonde launch site (blue diamond) is 
in Peachtree City, GA; and the CALIOP ground tracks are shown for night-time (blue line) and 
daytime (red line).The blue and red dots indicate the locations of the five closest-approach 
Level 1.5 data files that were averaged. 
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The small offset distance between ASC and the night-time ground track made 

the EARL lidar a good choice for this comparison study. The EARL lidar, with its low 

crossover altitude, was designed for studies in the PBL as well as higher altitudes. Our 

data acquisition episodes included a variety of wind directions, resulting in CALIOP 

and the EARL lidars not always measure the same air mass. However, measurement 

biases did not appear to be correlated with wind direction or speed.  
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3.2.1.6.2 Data acquisition 

The EARL lidar was operated during CALIOP overpasses every time the sky 

was either clear or had few clouds, typically from one hour before the overpass to 

one hour after. Data were acquired during night and day, yielding a total of nine data 

acquisition episodes from June 2013 to February 2014. Because clear sky conditions 

were desired, time intervals when clouds appeared were not included in the data 

averaging, which occasionally decreased EARL temporal averaging from 2 hours to 

75-95 minutes.  

Table 7 contains a list of the dates and times of each episode, as well as 

information about cloud removal. To determine the molecular density of air as a 

function of altitude, we used pressure and temperature data from local radiosonde 

profiles at 00:00 UTC for the daytime data and 12:00 UTC for the night-time data.  

Table 7. EARL lidar data acquisition episodes 

Date Time of Day 
Closest 

Approach (UTC) 
Time Interval 

(UTC) 
Cloud 

Removed 

22 Jun 2013 Night 07:42 06:15 – 07:30 Yes 

10 Oct 2013 Day 19:07 15:15 – 16:50 Yes 

12 Oct 2013 Night 07:42 06:19 – 08:08 No 

11 Nov 2013 Day 19:07 18:07 – 20:09 No 

13 Nov 2013 Night 07:42 06:55 – 08:42 No 

14 Jan 2014 Day 19:07 19:09 – 21:07 No 

16 Jan 2014 Night 07:42 06:43 – 08:39 No 

30 Jan 2014 Day 19:07 17:49 – 19:50 No 

02 Feb 2014 Night 07:42 06:18 – 08:43 No 

 

AERONET AOD and absorption Angstrom exponent data (AAE) were used to 

check the conversion of the ground lidar signal into nadir-viewing geometry, but 

were only available during daytime. Therefore, night-time data conversion used the 

earliest AERONET data for the following day. The total ozone optical depth for Atlanta 

was used to calculate ozone absorption using the World Ozone and Ultraviolet 

Radiation Data Centre database. 
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3.2.1.6.3 Conversion of EARL lidar measurements to CALIOP 

style attenuated backscatter 

EARL lidar data is exported in terms of range-corrected, background-

subtracted digitizer counts for each 80,000-pulse average in two receiver channels: 

short-range (SR) and long-range (LR). The SR channel has better signal-to-noise (SNR) 

up to 2-2.5 km while the LR channel is better above 2-2.5 km. Both channels contain 

vertical profiles to 30 km in 15 m altitude increments. To obtain the best SNR over 

the entire vertical profile, we merged the SR and LR data at an altitude where both 

channels had achieved full crossover and had high SNR.  

To convert our profiles, we used the equations described by Grigas et al. 

(2015) and in Section 3.2.1.5.1 (eq. 25-29) to calculate the profiles for backscatter 

β(z) and extinction α(z) of both the molecular (mol) and aerosol (aer) data.  

The procedure used here for obtaining the profiles of βmol(z), βaer(z), αmol(z), 

and αaer(z) varied slightly from explained in Section 3.2.1.5.1. Elastic backscatter 

lidars, such as the EARL lidar, require a Klett algorithm, constrained by AOD values, 

to separate βaer(z) (Klett et al., 1981). The Klett algorithm requires αmol(z) and βmol(z) 

as inputs, which we computed using molecular number density from local radiosonde 

data and cross-sections for extinction and scattering at 523.5 nm. The molecular 

profiles were interpolated into the same altitude intervals as the EARL data and were 

converted to 532 nm.  

The Klett algorithm is a recurrence relation that starts at a highest altitude 

and works downward to the lowest altitude at which the lidar has achieved complete 

crossover (500 m in our case). At the highest altitude, the value of βaer must be 

known, so it is convenient to pick an aerosol-free altitude where the value of βaer is 

zero. To find the altitudes where the atmosphere was aerosol-free, the averaged 

range-corrected EARL signal was plotted along with βmol scaled to match the lidar 

signal at the highest altitudes, as shown in Figure 29. The altitude at which the two 

curves merged was taken as the lowest aerosol-free altitude. 
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The Klett algorithm also requires Sa to be known. For polluted urban aerosol, 

CALIOP uses Sa = 70 sr, so this value was used in all of our retrievals except when the 

aerosol level was very low, in which case we assumed clean continental aerosol (Sa = 

35 sr; Omar et al., 2009). After retrieving the βaer(z) profile for each episode, we found 

αaer(z) according to Eq. 6 from Grigas et al. (2015). To validate the assumed Sa, we 

extrapolated our αaer(z) profile down to the surface and then integrated it from the 

surface to the top. The resulting lidar AOD was then compared to the value measured 

at the Georgia Tech AERONET station. The AERONET values are displaced in time 

from the night-time lidar measurements, so they may not be very representative for 

those data sets. The comparisons are shown in Table 8. 

 

 

Figure 29. An example fit of the molecular backscatter (blue) to the ASC lidar signal (red) 
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Table 8. AOD values for performed measurements by EARL lidar  

Date 
Time of 

Day 

Time 
Interval 

(UTC) 
Sa Lidar AOD 

AERONET 
Time (UTC) 

AERONET 
AOD 

22 Jun 2013 Night 0615 – 0730 35 0.15 1120 0.15 

10 Oct 2013 Day 1515 – 1650 70 0.091 1910 0.0791 

12 Oct 2013 Night 0619 - 0808 35 0.047 1220 0.037 

11 Nov 2013 Day 1807 – 2009 35 0.046 1910 0.046 

13 Nov 2013 Night 0655 – 0842 35 0.0063 1250 0.029 

14 Jan 2014 Day 1909 – 2107 70 0.051 1900 0.096 

16 Jan 2014 Night 0643 – 0839 70 0.040 1350 0.067 

30 Jan 2014 Day 1749 – 1950 70 0.038 1900 0.058 

02 Feb 2014 Night 0618 – 0843 35 0.035 1320 0.042 

 

On all occasions but two (14 and 16 January 2014), the Sa value we used 

matched the reported CALIOP aerosol type. 16 January 2014 was the only night-time 

data set with very high boundary layer signals, so we used a polluted air value. 14 

January 2014 had an active boundary layer that CALIOP did not see, so we used the 

polluted value even though CALIOP saw clear air. All of the other Sa values match 

CALIOP‘s reported aerosol class.  

Once βaer(z) and αaer(z) were determined for the EARL lidar’s altitude range, 

the coefficients in the aerosol-free region were set to zero while the coefficients at 

other altitudes were translated from 523.5 nm to 532 nm using the AAE measured at 

GTRI’s AERONET station. Total backscatter was calculated using βmol(z) and βaer(z). 

Total extinction was calculated using αmol(z) and αaer(z), as well as ozone extinction. 

The ozone number density is included in the Level 1.5 data products, but only up to 

20 km, which includes approximately one-half of the total ozone. For this reason, 

ozone data in Dobson units was retrieved for each episode from the World Ozone 

and Ultraviolet Radiation Data Centre databases. Dobson units are column-

integrated, and one unit corresponds to 2.69 x 1020 molecules m-2. The ozone cross 

section at 532 nm is 2.7 x 10-25 m2/molecule (Brion et al., 1998), yielding an optical 

depth per Dobson unit of 7.3 x 10-5. 
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The two-way transmittance was calculated using the total extinction values 

and then multiplied by the total backscatter to find the total attenuated backscatter 

for a nadir-viewing lidar. We smoothed our values to 60 m resolution using a moving-

average filter. Both the EARL and CALIOP total attenuated backscatter data were 

expressed in units of Mm-1 sr-1. The CALIOP Level 1.5 data were averaged spatially 

using the five closest 20 km overpass data sets in order to improve their low SNR.  
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3.2.1.7 Jenoptik CHM15k ceilometer 

The ceilometer is an active remote sensing instrument, which is based on the 

lidar principle (explained earlier in Section 3.2.1). A basic ceilometer consists of the 

laser, the telescope and the photo diode with the electronics. Typically, the 

instrument’s laser emits in the near-infrared range, however it is less powerful 

compared to lidar systems. The original ceilometer’s purpose was to measure 

meteorological atmospheric parameters: cloud height and boundary layer height 

while reaching visibility up to 15 km height. And still, most of the European 

meteorological offices record only the cloud base and PBL heights from ceilometer’s 

measurements (Haeffelin et al., 2012). Recently, several studies investigated 

different vendors’ ceilometers abilities to detect cloud base, planetary boundary and 

mixing layer heights by comparing them to other remote sensing instruments (Emeis 

et al., 2004; Wiegner et al., 2006; Münkel, 2007; Martucci et al., 2010; Haeffelin et 

al., 2012). 

It was established that some ceilometers can also be used for measuring height 

profiles of free-tropospheric aerosol layers during particle plume events (Saharan 

dust, biomass burning/smoke or volcanic ash, e.g. Flentje et al., (2010a, 2010b); 

Münkel et al., (2013)). Few years ago, the national weather services and other 

agencies in Europe started to build their networks of aerosol profiling ceilometers, 

e.g. more than 50 ceilometers (model Jenoptik CHM15kx) were installed by the 

German Weather Service (DWD) in Germany (Flentje et al., 2010a; Mona et al., 2012). 

The aim of such networks is to have an operational alert system for particle plumes 

and automated retrieval of backscatter and extinction coefficients for the mass 

concentration estimate (Flentje et al., 2010b; Emeis et al., 2011). 

However, ceilometers ability to detect aerosol layers other than the PBL 

depends on the instrument model and manufacturer (Munkel and Rasanen, 2004; 

Martucci et al., 2010). Martucci et al., (2010) found that the Vaisala CL11 ceilometer’s 

signal-to-noise ratio is lower compared to the Jenoptik CHM15K ceilometer.  
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Ceilometers are cheaper compared to lidar systems, however they have a few 

downsides. The low SNR of the ceilometers in FT, which is caused by the weaker laser 

power, is one of the limitations. As a result, the ceilometer has difficulties of 

detecting very thin aerosol layers. Secondly, the calibration of the ceilometer’s data 

needs to be performed (e.g. with a sun photometer) (Markowicz et al., 2008; Wiegner 

et al., 2012) in order to retrieve the extinction, while more sophisticated lidar 

systems (detecting the Raman signal) allow retrieving the extinction using own 

measurements. Another ceilometers’ difference from sophisticated lidars is related 

to the fact that the ceilometers emit only one wavelength. That limits the capabilities 

of most ceilometers to retrieve certain aerosol parameters, e.g. the colour ratio, 

which can be used to distinguish the fine-mode from coarse-mode aerosols (Chand 

et al., 2008). 

 The measurements of the Jenoptik CHM15k performed at the Mace Head 

Atmospheric Research Station will be used as supplementary information in this 

work. This instrument was designed and built by the company Jenoptik AG 

(Germany). The specifications of the instrument are provided in Table 7 (Cloud Height 

Meter CHM 15k User Manual, 2009). 

Table 9. Jenoptik CHM15k technical specifications 

Technical Aspect Specification 

Measuring range   30 – 15,000 m 

Light source Nd:YAG laser 

Wavelengths 1064 nm 

Energy per pulse 8 μJ 

Pulse duration ~ 1 ns 

Laser pulse repetition frequency 5 - 7 kHz 

Raw signal resolution Vertical 15 m 

Detector type APD  
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3.2.2 Radiometers 

 

3.2.2.1 MODIS 

In order to support the monitoring and modelling of changes in climate and 

eco-systems, two MODIS instruments on board of the Aqua and Terra platforms were 

launched by NASA on May 4, 2002 and on December 18, 1999 (Remer et al.2005), 

respectively. Both platforms have the sun-synchronous, near-polar and circular 

orbits at 705 km and only the equator crossing times are different for them. The Aqua 

platform crosses the equator from south to north in the afternoon at 13:30, while 

the Terra platform passes from north to south over the equator in the morning at 

10:30.  

The trajectories of Aqua and CALIPSO are exactly the same (Figure 23) as both 

belong to A-Train with other satellite-based platforms (Aura, CloudSat, G-COM-W1 

and OCO-2). The Aqua and Terra platforms have a 16-day repeat cycle with the swath 

of 2330 km cross the track and 10 km along the track at nadir. The specifications for 

the instruments are provided in below. 

Table 10. MODIS Aqua and Terra instruments specifications  
(Barnes et al., 1998; Guenther et al., 2002) 

Parameter Value 

Scan Rate 

 

20.3 revolutions per minute (rpm), cross track 

Swath Dimensions 2330 km (cross track) by 10 km (along track at nadir) 

Telescope 17.78 cm diameter, off-axis, afocal (collimated),  
with intermediate field stop 

Size 1.0 x 1.6 x 1.0 m 

Weight 228.7 kg 

Power 162.5 W (single orbit average) 

Data Rate 10.6 Mbps (peak daytime); 6.1 Mbps (orbital average) 

Quantization 12 bits 

Spatial Resolution 250 m (bands 1-2), 500 m (bands 3-7), 1000 m (bands 8-36) 

Design Life 6 years 
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The MODIS instrument has following main components: 

• calibration modules; 

• afocal telescope assembly; 

• Aft optics platform (AOP); 

• main electronics module (MEM); 

• radiative cooler assembly. 

MODIS functional design with the main components is presented in Figure 30. 

 

Figure 30. MODIS functional design (Barnes et al., 1998) 

 

Four on-board calibration modules: solar diffuser (SD), solar diffuser stability 

monitor (SDSM), spectral radiometric calibration assembly (SRCA), and blackbody 

(BB); are installed. One side of the double-sided scan mirror can see the calibration 

modules while other side can scan Earth with ±55 degrees angle. The light is directed 

by the scan mirror into the afocal telescope and the beam splitters within AOP are 

used to divide the light spectrally into visible (VIS), near-infrared (NIR), short-wave 

and mid-wave infrared (SWIR)/(MWIR) and long-wave infrared (LWIR) bands. After 

that, the light of different bands is transmitted through the VIS, NIR, SWIR/MWIR and 

LWIR refractive objectives and it reaches four focal plane assemblies (FPA). Where 
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the output signals are digitized, processed, and sent to the spacecraft for storage 

and/or transmission to the ground (Barnes et al., 1998).  

Solar radiation, atmospheric trace gases, tropospheric aerosols and the cloud 

radiative properties are monitored as indicators of the Earth's climate change in a 

wide spectral range by MODIS on Aqua and Terra. The usage of different spectral 

bands depends on the application. The list of the bands, which are used to derive 

AOD, is given below. 

Table 11. MODIS Aqua and Terra bands used for deriving AOD  

(Barnes et al., 1998; Guenther et al., 2002) 

Band Abbreviation Wavelength Resolution (m) Primary Use 

1 VIS red 620–670 nm 250 Land/Cloud/Aerosols 
Boundaries 2 NIR 841–876 nm 250 

3 VIS blue 459–479 nm 500 Land/Cloud/Aerosols 
Properties 4 VIS green 545–565 nm 500 

5 SWIR1 1230–1250 nm 500 

6 SWIR2 1628–1652 nm 500 

7 SWIR3 2105–2155 nm 500 

20 MIR 3.660–3.840 µm 1000 Surface/Cloud 
Temperature 

 

NASA produces six MODIS data levels (Parkinson et al., 2000):  

• Level 0 (unprocessed instrument/payload data at full resolution);  

• Level 1A (unprocessed instrument data at full resolution, time-

referenced, and annotated with ancillary information); 

• Level 1B - Level 1A data that have been processed to sensor units; 

• Level 2 - geophysical variables at the same resolution and location as 

the Level 1 source data; 

• Level 3 - variables mapped on uniform space-time grid scales; 

• Level 4 - Model output or results from analyses of lower level data. 

The derivation of AOD over land on a global scale became achievable only 

because of a wide spectral range and high spatial resolution with nearly daily global 
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coverage by MODIS on Aqua and Terra. The following algorithms were developed to 

retrieve AOD from the spectral reflectance over different surface types (Levy et al., 

2013): 

• “Dark Target” for retrieving AOD a) over the ocean (dark in visible and 

longer wavelengths)(Tanré et al., 1997); b) over vegetated/dark-soiled 

land (dark in visible spectrum) (Kaufman et al., 1997), 

• “Deep Blue” for retrieving AOD over desert/arid land (bright in visible 

spectrum) (Levy et. al., 2013). 

The AOD retrieval from MODIS has been continuously evaluated and 

validated since early time of MODIS operations (Chu et al. 2002; Remer et al. 2002, 

2005). 

Following improvements were implemented: update on surface reflectance 

assumptions, aerosol model optical properties and assumptions on Rayleigh optical 

depths and gas (H2O, O3, CO2) absorption corrections, generation of the MODIS Land 

Cover Type Product at 500 m spatial resolution (Levy et al., 2007, 2013, Friedl et al., 

2010). Currently, the latest version of the MODIS data set is collection 6. 

As part of MODIS version 6 data collection, the aerosol products are also 

derived. The diagram representing processing of the atmosphere products is 

presented in Figure 31. 
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Figure 31. MODIS processing of atmosphere products (Parkinson et al., 2000) 

One of the atmosphere products is MOD08_D3 (daily Level 3 global product), 

which includes the statistics derived from Level 2 atmosphere products: MOD04_L2, 

MOD05_L2, MOD06_L2, and MOD07_L2 including AOD. MOD08_D3 is provided in 

1.0°×1.0° equal angle grid with the file frequency 1/day in HDF format and maximum 

file size of 411MB. The equal-angle grid has a fixed dimension of 360×180 pixels. 

Below, the equations are given for deriving the MOD08_D3 product’s simple 

statistics. x1, x2, …., xn are the pixel values from Level 2, Qi is quality flag for each 

value and wi is weighting factor. The regular mean Xd 
̅̅ ̅̅ (eq.30), quality assured 

weighted mean XdQ
̅̅ ̅̅ ̅ (eq.31), regular standard deviation Xstd (eq.32), quality assured 

standard deviation Xstdq (eq.33), the minimum Xmin (eq.34) and the maximum Xmax 

(eq.35) are defined as: 

 𝑋𝑑
̅̅̅̅ =

∑ 𝑤𝑖𝑥𝑖
𝑛
𝑖

∑ 𝑤𝑖
𝑛
𝑖

, (30) 

 𝑋𝑑𝑄
̅̅ ̅̅ ̅ =

∑ 𝑄𝑖·𝑥𝑖
𝑛
𝑖

∑ 𝑄𝑖
𝑛
𝑖

, (31) 

 𝑋𝑠𝑡𝑑 =
∑ (𝑤𝑖·𝑥𝑖−𝑤𝑖·𝑋𝑑̅̅ ̅̅ )2𝑛

𝑖

∑ 𝑤𝑖
2𝑛

𝑖

, (32) 
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 𝑋𝑠𝑡𝑑𝑄 =
∑ (𝑄𝑖·𝑥𝑖−𝑄𝑖·𝑋𝑑̅̅ ̅̅ )2𝑛

𝑖

∑ 𝑄𝑖
2𝑛

𝑖

, (33) 

 𝑋𝑚𝑖𝑛 = min(𝑥1, 𝑥2,…,𝑥𝑛), (34) 

 𝑋𝑚𝑎𝑥 = max(𝑥1, 𝑥2,…,𝑥𝑛). (35) 

As part of this work, AOD from Collection 6 Level 3 MYD08_D3 (Aqua) product 

data is used and analysed. 
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3.2.2.2 SEVIRI 

The twelve channel imager, called Spinning Enhanced Visible and Infrared 

Imager (SEVIRI) is the imaging radiometer on-board Meteosat Second Generation 

(MSG) which is operated by European Organisation for the Exploitation of 

Meteorological Satellites (EUMETSAT) in cooperation with European Space Agency 

(ESA) (Schmetz et al., 2002). EUMETSAT is an intergovernmental organisation with 

30 member states. EUMESTAT is responsible for the procurement of the launch 

services, the development of the ground systems required to control the satellites, 

acquisition and processing of the data. The development and procurement of MSG is 

performed by ESA. Both agencies cooperate in the development and the 

maintenance of the European satellites for the meteorological observations. MSG-4 

is the last satellite resulting from this cooperation, which has been launched on 15 

July 2015.  

The instrument performs the measurements of the reflected solar radiation 

in twelve channels (Table 11). The primary aim of SEVIRI is the observation of the full 

disk of the Earth with a repeat cycle of 15 minutes (Aminou et al., 2002). The orbit of 

MSG is geostationary; the orbital period matches the rotation rate of Earth. Typical 

parameters of this satellite are given in Table 10. The European and African 

continents, and parts of the Atlantic and Indian oceans are covered by MSG. 

Table 12. Typical MSG parameters 

Parameter Value 

Height above equator 35,786 km 

Orbit radius 42,155 km 

Orbit circumference 264,869 km 

Arc length per degree 736 km 

Orbital velocity 11,066 km h-1 = 3.07 km s-1 

The spacecraft’s spin and the scanning mirror are used in order to perform 

line by line scan of Earth (Figure 32). The spin axis of the spacecraft with the rotation 

of 100 rpm is oriented in the south-north direction and that contributes to the line 

scan from east to west. Next, a scanning mirror mechanism moves in steps of 125.8 
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microradians or 9 km equivalent on the Earth surface in the south-east direction 

(Aminou et al., 2002). The image of the Earth is created by assembling both 

techniques. The scanning principle is shown in Figure 32. 

 

Figure 32. The SEVIRI mechanical scanning principle and the spin rate of the satellite (Aminou 
et al., 2002). 

 

SEVIRI has one high-resolution visible (HRV), two visible, one near infrared, 

six infrared and two water vapour channels. The details on each of the channels are 

provided in Table 13. The instrument has twelve channels which are used for 

different applications (Schmetz et al., 2000): 

• VIS0.6 and VIS0.8 channels are used for monitoring of aerosol and land surface 

and vegetation, detection and tracking of cloud, identification of scene; 

• NIR1.6 channel provides aerosol information, allows distinguish between snow 

and cloud, as well as ice and water clouds; 

• IR3.9 channel helps to detect cloud and fog; 

• IR6.2 and IR7.3 channels provides observations of water and winds; 

• IR8.7 channel helps discriminate between ice and water clouds, makes available 

quantitative information on thin cirrus clouds;  

• IR9.7 channel is used for monitoring ozone patterns;  

• IR10.8 and IR12.0 channels helps to measure sea and land surface and top 

temperatures;  
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• IR13.4 channel provides the temperature from the lower troposphere. 

Table 13. Spectral channel characteristics of SEVIRI (Schmetz et al., 2002). 

Channel 

No. 

Abbreviation Channel Spectral Band in μm 

  λcen λmin λmax 

1 VIS0.6 0.635 0.56  0.71 

2 VIS0.8 0.81 0.74 0.88 

3 NIR1.6 1.64 1.50 1.78 

4 IR3.9 3.90 3.48 4.36 

5 WV6.2 6.25 5.35 7.15 

6 WV7.3 7.35 6.85 7.85 

7 IR8.7 8.70 8.30 9.1 

8 IR9.7 9.66 9.38 9.94 

9 IR10.8 10.80 9.80 11.80 

10 IR12.0 12.00 11.00 13.00 

11 IR13.4 13.40 12.40 14.40 

12 HRV 9 broadband detection elements 

 

As part of MACC project, the thematic data centre ICARE (Lille, France) 

provides operational aerosol products derived from the SEVIRI calibrated radiances: 

near real time SEVIRI aerosol product over ocean (product name SEV_AER-OC) and 

SEVIRI aerosol product over land (product name SMAOL). Both products include AOD 

at 550 nm wavelength and Angstrom exponent with spatial resolution of 3 km at 

nadir and 15 minutes time resolution. As calibrated radiances are necessary to 

compute AOD and other environmental products, the five SEVIRI channels were 

inter-calibrated with MODIS and Geostationary Operational Environmental Satellite 

(GOES)/Visible Infrared Scanner (VIRS) (Doelling et al., 2004). It was found that 

monthly gains of the visible channels computed from April to August of 2004 were 

quite stable. Compared to MODIS and GOES-12 temperatures, the SEVIRI 3.9 μm 

channel temperature was colder while the temperature of the 11.7 μm channel was 

warmer for SEVIRI. 

SEVIRI aerosol retrieval over ocean algorithm was developed by Thieuleux 

(2005) and the retrieval algorithm over land was presented by Bernard (2011). Both 
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algorithms use the SEVIRI visible and near-infrared channels at 0.6 µm and 0.8 µm to 

derive aerosol optical depth. The validation of the retrieved AOD over ocean was 

performed by comparison with AOD from the coastal Mediterranean and Atlantic 

stations from AERONET and with the polar orbiting sensor Polarization and 

Directionality of Earth Reflectance (POLDER) (Thieuleux et al., 2005) during June 

2003. The validation showed a good agreement for AOD. The validation of AOD over 

land was performed by using the sun-photometer network AERONET and MODIS 

during three months period in 2006 (Bernard et al., 2011). Both, the temporal daily 

evolutions of AOD and the retrieved geographic patterns of AOD demonstrated good 

agreement. The two ICARE derived aerosol products (SEV_AER-OC and SMAOL) are 

used in this work. 
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3.3 Modelling 

 

3.3.1 HYSPLIT 

In this work, a Hybrid Single-Particle Lagrangian Integrated Trajectory 

(HYSPLIT) model (Draxler, R. R. and Rolph, G. D et al., 2013) was used. One of the 

model’s features allows computing backward and forward trajectories for the 

particles (the air masses). If a backward trajectories analysis is performed, the origin 

of the air mass can be determined. Later, an additional investigation can be 

performed (e.g. by using ground-based in-situ or satellite remote sensing 

measurements) in order to determine the source of the particles. This model can also 

perform computing complex dispersion and deposition simulations of the particles. 

Few examples of such applications include forecasting the dispersion of volcanic ash, 

wildfire smoke and radioactive material. 

The model calculation method is a combination of the Lagrangian (a moving 

frame of reference for the advection and diffusion calculations) and the Eulerian (a 

fixed three-dimensional grid as a frame of reference to compute the pollutant air 

concentrations) approaches. In order to run the simulations, the gridded 

meteorological data are used by HYSPLIT. Air concentration calculations associate the 

mass of the pollutant species with the release of either puffs, particles, or a 

combination of both. Horizontal deformation of the wind field, wind shear and the 

vertical diffusivity profile are used to calculate the dispersion rate. Air concentrations 

are calculated as cell-average concentrations for particles. 

Additionally, different model parameters (up to three starting (ending) points 

of the trajectory, the trajectory type: normal, matrix, ensemble and frequency; the 

height of the particles and other) can be adjusted to set the properties of the 

trajectories. The model can be run either as stand-alone on different platforms 

(Windows, Mac and Linux) or it can run through a web interface on NOAA website 

(Draxler, R. R. and Rolph, G. D et al., 2013).  
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4 CALIOP near-real-time backscatter  
products compared to EARLINET data 

The chapter’s question: 

What is the quality of near-real time spaceborne (CALIOP level 1.5 lidar data) 

compared vs ground-based lidar measurements? 

The expedited near-real-time Level 1.5 CALIOP version 3 products were 

evaluated against data from the ground-based EARLINET. The statistical framework 

and results of the three year evaluation of 48 CALIOP overpasses with ground tracks 

within a 100 km distance from operating EARLINET stations are presented and 

include analysis for the following CALIOP classifications of aerosol type: dust, 

polluted dust, clean marine, clean continental, polluted continental, mixed and/or 

smoke/biomass burning. For the complete data set comprising both PBL and FT data, 

the correlation coefficient (R) was 0.86. When the analysis was conducted separately 

for the PBL and FT, the correlation coefficients were R=0.6 and R=0.85, respectively. 

From analysis of selected specific cases, it was initially thought that the presence of 

FT layers, with high attenuated backscatter, led to poor agreement of the PBL 

backscatter profiles between the CALIOP and EARLINET and prompted a further 

analysis to filter out such cases; however, removal of these layers did not improve 

the agreement as R reduced marginally from R=0.86 to R=0.84 for the combined PBL 

and FT analysis, increased marginally from R=0.6 up to R=0.65 for the PBL on its own, 

and decreased marginally from R=0.85 to R=0.79 for the FT analysis on its own. This 

suggests considerable variability, across the data set, in the spatial distribution of the 

aerosol over spatial scales of 100 km or less around some EARLINET stations rather 

than influence from elevated FT layers. For specific aerosol types, the correlation 

coefficient between CALIOP backscatter profiles and the EARLINET data ranged from 

R=0.37 for polluted continental aerosol in the PBL to R=0.57 for dust in the FT. 
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4.1 Data 

In this part of my work, the total attenuated backscatter for CALIOP (βatt.CAL) 

and EARLINET (βatt.EARL) were inter-compared during the period from November 2010 

to December 2012 as well as for several days in April and May 2010 during the 

Eyjafjallajökull volcano eruption. 

The CALIOP level 1.5 total attenuated backscatter was used in this study, 

which description can be found in Section 3.2.1.4 of this thesis. CALIOP has an 

automatic aerosol classification, which algorithm detects six main aerosol types: 

clean marine, polluted dust, dust, polluted continental, clean continental and 

smoke/burning biomass. Such aerosol type detection is implemented in Level 2 

aerosol subtyping algorithm. Level 1.5 product does report feature types having the 

designation “clear air” and “mixed aerosol”. The first type is used to describe range 

bins absent of detected features while the second type is used if the 20 km horizontal 

averages contain more than one of the six CALIOP aerosol types. The Level 2 vertical 

feature mask provides information on cloud and aerosol layers as well as the type of 

aerosol in each identified layer. 

EARLINET was chosen as the reference network for this inter-comparison. At 

present, this network is one of the most sophisticated lidar networks in the world. 

The ground-based lidar measurements used in this study were acquired from the 

EARLINET portal www.EARLINET.org. The aerosol backscatter coefficient profiles 

with uncertainties were provided in each of the EARLINET files. The EARLINET profiles 

were averaged over the time interval which varied between 30 min and 2 hours. 

CALIOP-EARLINET inter-comparisons were only considered for coincident 

overpasses, defined as having a CALIOP ground track within a 100 km distance from 

the EARLINET station. The backscatter coefficients provided by EARLINET were 

converted into total attenuated backscatter values using the method described in 

Section 3.2.1.5.1.  

In order to quantify the agreement between CALIOP and EARLINET 

measurements, the correlation coefficient, the mean bias, and the factor of 

exceedance (Kristiansen et al., 2012) were used.  

http://www.earlinet.org/
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4.2 Case studies 

Two particular cases of CALIOP overpasses were chosen to demonstrate the 

CALIOP’s capability to detect aerosol layers under different conditions and compare 

to the EARLINET measurements. CALIOP overpasses close to the Barcelona and 

Granada EARLINET stations are used in this illustration. The first overpass represents 

one of the best agreements between CALIOP and EARLINET stations out of 48 

overpasses; the second overpass is an example of a case with discrepancies between 

the measurements by the two instruments. The CALIOP overpass map for the first 

case study (Barcelona) is shown in Figure 33.  

 

Figure 33. CALIOP overpass over Barcelona station on 20 September 2011 at 02:00 UTC at 
77.9 km distance from the station. The red circle shows 100 km distance from the EARLINET 
station (the red dot in the center). The black line represents the CALIOP ground track, while 
the green empty diamonds represent five CALIOP profiles that were averaged and compared 
to EARLINET measurements. 

The attenuated CALIOP and EARLINET backscatter coefficients vs. altitude are 

shown in the left panel of Figure 34. The aerosol type flag was assigned by the CALIOP 

aerosol classification algorithm (Liu et al., 2009) and it is presented in each case by 

different coloured dots in Figure 34. The attenuated backscatter profiles agree well 

in the FT, and the PBL top was adequately distinguished by CALIOP (Figure 34). 
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Figure 34. Left panel: attenuated backscatter versus altitude for a CALIOP overpass at 
Barcelona station on 20 September 2011 at 02:00 UTC at 77.9 km distance from the station, 
(the red line shows the EARLINET attenuated backscatter profile, the red dashed lines show 
EARLINET uncertainties, the dots represent CALIOP data, and the black dashed lines show 
the CALIOP uncertainties); right panel: corresponding scatterplot of CALIOP attenuated 
backscatter (different colours represents different detected aerosol type; see legend) against 
EARLINET attenuated backscatter with a 1:1 reference line (black). 

The results show that the correlation between the two profiles is strong, with 

a correlation coefficient of 0.96. The factor of exceedance equals 0.1, which shows 

an overestimation of 60 % of the CALIOP data points compared to matching EARLINET 

data points. For this case, the calculated mean bias value was  

0.1 Mm-1sr-1. 

The second case study was carried out for a CALIOP overpass over the 

Granada EARLINET station (Figure 35) and it represents a Saharan dust event, which 

stretched from the region of western North Africa over Gibraltar towards the 

southern part of Spain. The HYSPLIT (Draxler and Rolph, 2013) was used to analyse 

the origin of the air mass. The backward trajectory analysis confirms that the air mass 

came from Africa, the Sahara region. The results of the air mass trajectory analysis 

are shown in Figure 36. The attenuated backscatter vs. altitude is shown in the left 

panel of Figure 37. A dust layer is detected between 4 km and 6.5 km by both lidars, 

however, the CALIOP profile differs from the EARLINET profile at the higher altitudes 

by an amount outside the uncertainty bounds of the instruments. There are some 

additional discrepancies between CALIOP and EARLINET measurements (left panel of 
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Figure 37). The top of the CALIOP-detected dust layer is approximately 500 m higher. 

There were two distinguishable aerosol layers in the EARLINET backscatter profile, 

namely the primary one between 5 km and 6 km altitude and a secondary one around 

2 km altitude. However, the secondary layer in the PBL region is barely 

distinguishable in the CALIOP profile. 

 

Figure 35. CALIOP overpass over Granada station on 7 July 2011 at 02:20 UTC at 67 km 
distance from the station. The red circle shows 100 km distance from EARLINET station (the 
red dot in the center). The black line represents the CALIOP ground track while the green 
empty diamonds represent five CALIOP profiles that were averaged and compared to 
EARLINET measurements. 
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Figure 36. Hysplit backward trajectories for the overpass over the EARLINET station in 
Granada on 7 July 2011 at 02:00 UTC confirm that the air mass came from the region of 
western North Africa, over Gibraltar, and towards the southern part of Spain 

 

Figure 37. Left panel: Attenuated backscatter versus altitude for a CALIOP overpass over 
Granada station on 7 July 2011 at 02:20 UTC at 67 km distance from the station (the red line 
shows the EARLINET attenuated backscatter profile, the red dashed lines show EARLINET 
uncertainties, the dots represent CALIOP data, and the dashed lines show the CALIOP 
uncertainty); right panel: corresponding scatterplot of CALIOP attenuated backscatter 
(different colours represents different detected aerosol; see legend) against EARLINET 
attenuated backscatter, with a 1:1 reference line (black). 
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Those differences between two profiles could happen for few reasons. Since 

Granada is located in a valley, temperature inversion is pretty usual phenomena 

there. The inversion could trap the pollutants that form near ground-level. It is worth 

to mention also that both measurements were separated by a distance of 67 km with 

the Sierra Nevada mountain range (elevation 3.5 km) between the station and the 

CALIOP track. As a result, all earlier mentioned circumstances (the mountains, the 

temperature inversion and the distance) could limit the CALIOP’s abilities to detect 

the local pollution within the PBL. In contrast, this local pollution event was 

successfully detected by the EARLINET station in the valley. Another reason for the 

discrepancy could be an invalid CALIOP aerosol type classification. However for this 

specific case, CALIOP detected the layer as a dust layer and the lidar ratio Sa provided 

in EARLINET file was equal to 55 (dust). That eliminates the possibility of invalid type 

classification for this case. It is likely that local topographic location combined with 

trapped local pollutants during the summer period (e.g. smog) negatively influenced 

the agreement between the CALIOP and EARLINET measurements. As a result, the 

correlation between two profiles is not as strong as in the first case, during which no 

obvious obstacles were present between the Barcelona EARLINET station and the 

adjacent CALIOP track over the Mediterranean Sea. Thus, for the second case, the 

correlation coefficient was 0.47 while the mean bias was -0.09 Mm-1sr-1. 

Consequently, the factor of exceedance was -0.15, which shows that 65 % of the 

CALIOP total attenuated backscatter values were lower than EARLINET values. 

The next section provides an overview of the agreement between CALIOP and 

EARLINET attenuated backscatter values for all of the CALIOP overpasses with ground 

track offset distances of 100 km or less. 
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4.3 EARLINET-CALIOP comparison  
with ground track distance 100 km  

From November 2010 to December 2012, 48 CALIOP overpasses occurred 

within a 100 km distance from an operating EARLINET station (the list of overpassed 

stations is given in Table 14), with aerosol layers classified as dust, polluted dust, 

clean marine, clean continental, polluted continental, mixed and/or smoke/biomass 

burning. These 48 overpasses resulted in 7405 data points that were deemed valid 

for evaluation against EARLINET. The scatterplot of CALIOP and EARLINET attenuated 

backscatter values for all of these data points is shown in Figure 38. 

Table 14. EARLINET stations that had coincident measurements with CALIOP during the 

observational period (Pappalardo et al., 2014) 

Nr. Station Code Station name, location Coordinates 

1 at Athens, Greece 37.96˚ N, 23.78˚ E 

2 ba Barcelona, Spain 41.389˚ N, 2.112˚ E 

3 be Belsk, Poland 51.84˚ N, 20.79˚ E 

4 bu Bucharest, Romania 44.348˚ N, 26.029˚ E 

5 ca Cabauw, Netherlands 51.97˚ N, 4.93˚ E 

6 ev Evora, Portugal 38.568˚ N, 7.912˚ W 

7 gr Granada, Spain 37.164˚ N, 3.605˚ W 

8 hh Hamburg, Germany 53.568˚ N, 9.973˚ E 

9 is Ispra, Italy 45.811˚ N, 8.621˚ E 

10 ma Madrid, Spain 40.456˚ N, 3.726˚ W 

11 ms Maisach, Germany 48.209˚ N, 11.258˚ E 

12 na Napoli, Italy 40.838˚ N, 14.183˚ E 

13 pl Palaiseau, France 48.7˚ N, 2.2˚ E 

14 po Potenza, Italy 40.601˚ N, 15.724˚ E 

 

The CALIOP and EARLINET data correlate well (R = 0.86), with a mean bias 

equal to 0.03 Mm-1sr-1, while the factor of exceedance value is 0.17. The latter 

statistical parameter indicates that 67 % of the CALIOP attenuated backscatter values 

were higher than the corresponding EARLINET measurements. However, there were 

several points that deviated from the 1:1 line. In order to investigate the cause of 

these outliers, the data were colour coded by the overpass distance (Figure 38) and 
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the vertical height of the aerosol layer (Figure 39), which revealed that the majority 

of the outliers were observed when the distance between the EARLINET station and 

CALIPSO overpass exceeded 30 km.  

 

Figure 38. CALIOP vs EARLINET total attenuated backscatter for CALIOP overpasses over 
EARLINET stations within 100 km ground track offset distance. The colour scale shows the 
ground track distance from the EARLINET station. 

 

Figure 39. CALIOP vs. EARLINET total attenuated backscatter for CALIOP overpasses over 
EARLINET stations points within 100 km ground track distance, with colour coding showing 
the aerosol layer altitude 
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Moreover, the correlation seemed to be dependent on the height of the 

aerosol layer, where the larger discrepancies are observed for low altitudes. This is 

also in agreement with Mona et al., (2009) and Pappalardo et al., (2010). 

Furthermore, the correlation seemed to be dependent also on the presence of 

multiple layers in the FT and the PBL at the same time (as in the second case study). 

Therefore, further analysis was performed for the PBL and the FT separately. 

 

4.1.1.4 PBL and FT with ground track distance 100 km  

The PBL height was assumed to always be 2.5 km for this analysis (Mattis et 

al., 2004; Pappalardo et al., 2004). The scatterplots for the separated PBL and FT 

datasets are shown in Figures 38 and 39 characterized by R, MB and FoE parameters 

(Table 15). 

Table 15 Statistics of CALIOP and EARLINET agreement within the PBL and the FT with 

ground track distance within 100 km 

Region R MB (Mm-1sr-1) FoE 

Entire range 0.86 0.03 0.17 

PBL 0.60 -0.14 -0.12 

FT 0.85 0.06 0.22 

 

The correlation is significantly stronger for the FT (R = 0.85) compared to the 

PBL (R = 0.60). The factor of exceedance for the FT equals 0.22, which indicates that 

72 % of the CALIOP total attenuated backscatter values were higher than the 

EARLINET values, with a mean bias of 0.06 Mm-1sr-1. Correspondingly, the FoE for the 

PBL was equal to -0.12 and MB = -0.14 Mm-1sr-1, which suggests that only 38 % of 

CALIOP values were higher than EARLINET values in the PBL. 

The aerosol layers in FT are often characterized by smaller horizontal 

variability compared to the PBL, it is then likely that a higher EARLINET-CALIOP 

correlation will be in the FT. On the other hand, the boundary layer, especially during 

convective periods, undergoes higher temporal and spatial variability due to 
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continuous PBL updraft and FT downdraft, which could influence lower correlation 

between CALIOP and EARLINET in the PBL. Moreover, when an aerosol layer occurs 

in the FT, it attenuates the CALIOP lidar signal that will have less energy to penetrate 

further down into the PBL. To investigate that idea, data filtering with threshold 

values from the second case study were used. However, this choice reduced the 

amount of CALIOP overpasses from 48 down to 27, while the number of data points 

available for the comparison dropped from 7405 down to 3398. 

 

Figure 40. CALIOP vs EARLINET total attenuated backscatter for CALIOP overpasses over 
EARLINET stations for the PBL only, within 100 km ground track distance 

 

Figure 41. CALIOP vs. EARLINET total attenuated backscatter for CALIOP overpasses over 
EARLINET stations for the FT only, within 100 km ground track distance 
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4.1.1.5 Filtered PBL and FT  

with ground track distance 100 km  

In this analysis, the data points were selected from the CALIOP overpasses 

based on threshold values of the column backscatter coefficient (vertically summed 

values). These values were derived from the second case study (with aerosol layer 

occurring in the FT above the PBL) in two chosen altitudes ranges (up to 3 km and 

above 3 km). The threshold column backscatter value for the altitude range up to 3 

km was 38 Mm-1sr-1, while the value above 3 km was 71 Mm-1sr-1. Next, only CALIOP 

overpasses with detected aerosol with lower than these threshold values were used 

in the analysis. After applying such filtering, the statistics are presented in Table 16. 

Table 16 Statistics of CALIOP and EARLINET agreement within the PBL and the FT using data 

filtering 

Region R MB (Mm-1sr-1) FoE 

Entire range 0.84 0.01 0.08 

PBL 0.65 -0.09 -0.09 

FT 0.79 0.03 0.11 

 

The scatterplots of the attenuated backscatter for CALIOP and EARLINET after 

applying this data filtering are presented in Figure 42 and Figure 43.  

 

Figure 42. CALIOP vs. EARLINET total attenuated backscatter for CALIOP overpasses over 
EARLINET stations only for PBL. The plot includes all data points for overpasses without 
aerosol layers present in both the PBL and the FT. 
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Figure 43. CALIOP vs. EARLINET total attenuated backscatter for CALIOP overpasses over 
EARLINET stations within 100 km overpass distance only for FT. The plot includes all data 
points for overpasses without present layers present in both the PBL and the FT. 

The correlation between the two sets of attenuated backscatter 

measurements became marginally stronger in the PBL (R = 0.65), while the same 

parameter for the FT decreased from R = 0.85 to R = 0.79. Correspondingly, the other 

statistical parameters improved for the PBL (MB = -0.09 and FoE = -0.09) but they 

decreased by a factor of two for the FT (MB = 0.03 and FoE = 0.11). This suggests 

considerable variability, across the dataset, in the spatial distribution of the aerosol 

over spatial scales of 100 km or less around some EARLINET stations rather than 

influence from elevated FT layers. 

As it was already mentioned, CALIOP has aerosol detection algorithm to 

determine aerosol type (Section 3.2.1.4). In the following paragraphs, the results of 

different aerosol types determined by CALIOP and their inter-comparison with 

ground-based lidar measurements are discussed. 

The dust aerosol is usually transported over long distances in the FT (Figure 

45b), where its correlation is stronger (R = 0.57) compared to the PBL (R = 0.46, 

Figure 44c), because the PBL aerosol is more affected by local sources.  

The polluted dust aerosol detected by CALIOP represents a mix of dust and 

biomass burning/smoke aerosol. Both types of aerosol contribute to trans-boundary 

air pollution and are transported in the FT. However, the correlation coefficient for 
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polluted dust aerosol is higher in the PBL (R = 0.44) than in the FT (R = 0.38) (Figure 

44d and Figure 45c). 

 

Figure 44. Five level 1.5 feature types for CALIOP overpasses over EARLINET stations for the 
PBL. The plot includes filtered data points for overpasses without layers present in both the 
PBL and the FT. 

 

On other hand, the polluted continental aerosol originates from local sources, 

which is consistent with the fact that CALIOP detected this type exclusively in the PBL 

(Figure 44e); however, this localization affected CALIOP’s ability to represent the 

variations of the polluted aerosol, because significant spatial averaging is required to 

obtain adequate SNR. Strong local sources could result in higher temporal and spatial 

variability in the PBL. Therefore, a poorer correlation (R = 0.37) between CALIOP and 

EARLINET could be a result of different area coverage for the two methods. 
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Figure 45. Four level 1.5 feature types for CALIOP overpasses over EARLINET stations for the 
FT. The plot includes filtered data points for overpasses without layers present in both the 
PBL and the FT. 

 

The mixed aerosol (Figure 45d) was detected only in FT cases, with the lowest 

R = 0.35 value across all aerosol types. The reason for this is that it is a mix of other 

aerosol types, which causes a low value of the correlation coefficient. 

The technique of data filtering allowed improving the agreement between 

different aerosol types, but at the same time the improvements were not very 

significant.  
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4.4 Summary 

Over three years, 48 CALIOP overpasses occurred within a 100 km ground 

track offset distance from an operating EARLINET station, resulting in 7405 data 

points for the analysis presented here. The inter-comparison of the total attenuated 

backscatter profiles from near-real-time CALIOP Level 1.5 data and converted 

EARLINET data showed fairly good agreement, with the correlation around 0.86, a 

mean bias of 0.03 Mm-1sr-1 and a factor of exceedance of 0.17. On average, the 

CALIOP attenuated backscatter values were slightly higher (by 3 %) than the 

EARLINET values. 

While it was suspected that the presence of high-concentration layers in the 

FT affected the agreement between CALIOP and EARLINET, after filtering out these 

cases with notable FT aerosol layers, no real improvement in the correlation 

coefficient was observed. This suggests that the lack of a high correlation between 

the datasets is more likely due to variability in the distribution of aerosols across the 

100 km area selected around the EALRINET stations. Before applying the filtering, the 

CALIOP attenuated backscatter values were lower by 20 % in the PBL compared to 

the EARLINET measurements, however, they were higher by 8 % in the FT. After 

applying the filtering, the correlation coefficient improved (from R = 0.60 up to 

R = 0.65) within the PBL, and the mean bias decreased from MB = -0.14  

Mm-1sr-1 down to MB = -0.09 Mm-1sr-1. The factor of exceedance decreased as well, 

from FoE = -0.12 to FoE = -0.09. Finally, the majority of the outliers in the regression 

plot of CALIOP and EARLINET attenuated backscatter were shown to be caused by 

the presence of layers in both the PBL and the FT.  

The aerosol types detected by CALIOP were consistent with the source of the 

aerosol and the transport mechanism. Aerosols from local sources were mainly 

detected in the boundary layer, while long range transport pollution was observed in 

the FT. The correlation for different aerosol types was stronger within the FT and it 

was in the range of 0.35 to 0.80, with mean bias values of -0.24 to 0.27 Mm-1sr-1, and 

the factor of exceedance between -0.05 and 0.11. The correlation for the PBL was 
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slightly weaker (R = 0.37-0.61) and the mean bias values were in the range of -0.19 

to 0.19 Mm-1sr-1, with the factor of exceedance -0.16 to 0.02.  
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5. Comparison of lidar methodologies  
and implications for CALVAL of space borne lidar 

The chapter’s question: 

What are the requirements for ground-based or airborne measurements to be 

suitable for the inter-comparison with the CALIOP measurements? 

The CALIOP instrument on the polar orbiter CALIPSO is an elastic backscatter 

lidar that produces a global uniformly-calibrated aerosol data set. Several CALVAL 

studies for CALIOP conducted with ground-based lidars and CALIOP data showed 

large aerosol profile disagreements, both random and systematic. In an attempt to 

better understand these problems, we undertook a series of ground-based lidar 

measurements in Atlanta, Georgia, which did not provide better agreement with 

CALIOP data than the earlier efforts, but rather prompted us to investigate the 

statistical limitations of such comparisons. Meaningful CALVAL requires inter-

comparison data sets with small enough uncertainties to provide a check on the 

maximum expected calibration error. Representative comparison profiles pretty 

often cannot be acquired with ground-based lidars because spatial aerosol 

inhomogeneities introduce systematic error into the averages. In order to assess 

different stations (including from EARLINET) suitability for the inter-comparison with 

CALIOP performed measurements, the representativeness study has to be 

performed on each of them. These conclusions have implications for future satellite 

lidar CALVAL efforts; because planned satellite lidars measuring aerosol backscatter, 

wind vector, and CO2 concentration profiles may all produce data requiring 

considerable along-track averaging for meaningful CALVAL. 
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5.1 Inter-comparison of CALIOP and EARL lidar measurements 

In order to compare the CALIOP and EARL lidars measurements, the 

measurements performed by EARL lidar were converted to the total attenuated 

backscatter by using the method described in Section 3.2.1.6.3. Figure 46 shows our 

comparisons of the nadir-viewing attenuated backscatter profiles converted from 

EARL lidar data with the corresponding CALIOP profiles.  

 

Figure 46. Comparisons of lidar profiles. Mean 532-nm attenuated backscatter profiles are 
shown for CALIOP (red) and the EARL lidar (blue) 
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The random noise in the CALIOP profiles is much higher than the EARL profiles 

due to their much longer measurement range and shorter integration times, and the 

daytime noise level is higher than night-time due to the statistical fluctuations 

associated with solar background light. The subjective agreement between the 

CALIOP and EARL profiles in the aerosol-free atmosphere above 10 km is good in all 

cases in the sense that the CALIOP data are roughly centred around the EARL profiles. 

This finding is not surprising, because the EARL profile conversion requires a retrieval 

algorithm that normalizes the total backscatter profile to the molecular backscatter 

profile, calculated from radiosonde air density, at altitudes above the aerosols. Good 

agreement only means that radiosonde data recorded within a few hours at a nearby 

site are representative of air density observed by CALIOP. 

In the PBL and a few kilometers above it, the agreement between the EARL 

lidar and CALIOP is not as good. The two profiles have differences well outside of 

CALIOP noise excursions in about half of the episodes. Occasionally, the top of the 

boundary layer is not even apparent in the CALIOP data - see 14 January 2014, for 

example. No seasonal or day versus night trends in the agreement were observed in 

this limited data set, despite a much closer CALIOP-to-EARL offset distance at night 

and the lack of solar background noise for night episodes. The best agreement occurs 

when aerosol backscatter is lowest, but once again this is not surprising because 

those profiles are dominated by molecular backscatter. Unfortunately, all of our 

daytime summer overpasses were dominated by clouds, so we could not compare 

profiles with high aerosol optical depth on a warm summer day with CALIOP data. 

Our comparisons in Figure 46 do not show appreciably better agreement than in the 

previous statistical study (Grigas et al., 2015) or in Level 1 data comparisons at 

EARLINET ground lidar stations, suggesting some underlying flaws in ground lidar 

CALVAL methods. 

In our experimental study, we recorded and analysed ground lidar data for 

comparison with CALIOP profiles, and often found poor agreement below the free 

troposphere. We then investigated the statistics of CALVAL schemes to elucidate the 

circumstances under which quantitative CALVAL of a satellite lidar is possible with 

other ground lidars. We found that about 1,500 km of along-track averaging of 
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CALIOP profiles is needed to achieve 2% uncertainty, for night-time comparisons. 

None of the ground lidar CALVAL efforts achieved such a small uncertainty. 

The measurement methodologies of CALIOP, ground, and airborne lidars are 

distinctly different, as illustrated in Figure 47.  

 

Figure 47. CALVAL Methodologies. The nadir-viewing space-borne and airborne lidars 
spatially averaged aerosol backscatter profiles in the same sheet of the atmosphere with a 
time offset of no more than 45 min. The zenith-viewing ground lidars time-averaged profiles 
at one location, offset by as much as 100 km from the CALIPSO ground track. The arrows 
represent individual laser pulses and lidar viewing directions. Distances are not to scale 
(Source of the satellite image in the figure: NASA A-Train figure from NASA website). 

 

CALIOP averages quick measurements (~7 km s-1 along the ground track) of 

vertical atmospheric sheets with horizontal extents of 5 - 300 km, looking downward. 

In contrast, ground lidars average over longer time periods at a single location 

(usually urban), looking upward, using Raman or elastic backscatter lidars that 

require retrieval algorithms to calculate downward-looking total attenuated 

backscatter. The airborne measurements (Roger et al., 2011) used a nadir-viewing 

HSRL (High Spectral Resolution Lidar) and flew under the CALIPSO satellite. The 

airborne instrument probed the same vertical atmospheric plane as CALIOP, allowing 

both instruments to average the same aerosol backscatter profiles. Therefore, the 
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long averaging tracks did not introduce artefacts, despite aerosol inhomogeneities, 

and distortions caused by converting zenith-viewing lidar signals to nadir-viewing 

were avoided. The CALIOP and HSRL measurements were not simultaneous, but 

Rogers et al. (2011) showed that HSRL profiles displaced in time by no more than 45 

minutes from CALIOP did not show significant differences. At the airplane’s nominal 

ground speed of 110 m s-1, 45 minutes corresponds to about 300 km of along-track 

averaging, which is significantly more than any of the ground-based efforts. More 

importantly, the lack of artefacts allows for multiple-flight averaging. Combined, 

these similarities between the CALIOP and airborne HSRL measurement 

methodologies allowed the NASA researchers to average CALIOP noise down to a few 

percent and conduct quantitative CALVAL. 
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5.2 Statistical considerations 

It is instructive to calculate the amount of averaging that would be required 

to reduce the RMS noise of the CALIOP profiles to the 2% level reported for an 

airborne CALVAL campaign (Rogers et al., 2011). The estimated maximum bias in the 

CALIOP calibration is 5% (West et al., 2006), so the 2% CALVAL uncertainty was 

sufficiently small to enable a check on that value. In this study, we used Level 1.5 

total attenuated backscatter profiles, which have an along-track resolution of 20 km. 

Level 1.5 mean and uncertainty profiles for CALIOP’s closest approach to Atlanta on 

13 November 2013 (night-time) and 14 January 2014 (daytime), are shown in Figure 

48.  

 

Figure 48. Mean and uncertainty values of CALIOP data in the 0 – 10 km altitude range. 
CALIOP Level 1.5 total attenuated backscatter mean (solid red line) and uncertainty (error 
bars) are shown for closest approach on (a) 13 November 2013, a typical night-time data set, 
and (b) 14 January 2014, a typical daytime data set. The along-track averaging distance is 20 
km. 

 

Night-time uncertainties are primarily due to signal noise (statistical 

fluctuations in the arrival rate of photons) and are a function of the signal level and, 

hence, altitude. Daytime uncertainties are much larger and nearly constant with 

altitude because they are dominated by solar background noise, which does not 

change with altitude. For the purpose of illustration, we will use an altitude of 5 km, 

which is a mid-range altitude in our study as well as in other reported CALIOP CALVAL 
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studies (Papagiannopoulos et al., 2016; Sicard et al., 2015). The uncertainties as 

percentages of the mean at 5 km altitude are shown in Table 17 for all of our 

episodes, along with their average values.  

Table 17. CALIOP uncertainties as a percentage of the mean value at 5 km altitude. 

Night-time Day-time 

22 Jun 2013 17.2 % 10 Oct 2013 56.7 % 

12 Oct 2013 16.8 % 11 Nov 2013 52.3 % 

13 Nov 2013 17.5 % 14 Jan 2014 36.9 % 

16 Jan 2014 17.2 % 30 Jan 2014 48.6 % 

Average: 17.2 % Average: 48.6 % 

These values were averaged over a 1 km altitude region centred on 5 km. 

Notably, a 20 km along-track average has 17% uncertainty at night and 49% during 

day. These values are larger than the maximum 5% error that CALVAL is intended to 

check for, necessitating more averaging in order to reduce the uncertainty. 

To achieve 2% uncertainty for CALIOP CALVAL for our case study, the noise 

level in the final averaged CALIOP profile must decrease by a factor of 8.6 on average, 

for night-time. If this decrease in noise is proportional to the square root of the 

number of samples, 74 of the 20 km Level 1.5 night-time profiles must be averaged 

together to achieve 2% uncertainty. This number of profiles corresponds to 1,480 km 

of along-track averaging. The daytime requirements are 590 profiles and 11,800 km. 

These calculations are for the best case scenario: a noise decrease proportional to 

the square root of the sample number is only expected for independent Gaussian 

samples of stationary statistics. In order for these statistics to apply, all samples 

measured by CALIOP and the comparison instrument must be of the same aerosol 

vertical profiles. The percentage uncertainties calculated here strictly pertain only to 

our Atlanta overpasses, but in general terms, this case study indicates that achieving 

2% uncertainty at 5 km altitude in CALIOP CALVAL studies requires along-track 

averaging of thousands of km during night-time and tens of thousands of km during 

daytime. The required along-track averaging distances are shown in Figure 49 for a 

range of uncertainties. 
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Figure 49. CALIOP uncertainty at 5 km altitude. The along-track averaging distance required 
to achieve a given uncertainty is shown for day (dashed line) and night (solid line). 

In this study we used 100 km averages of CALIOP profiles, as did Grigas et al. 

(2015). The protocol employed by previous CALVAL studies with Level 1 data used 5 

km averaged profiles, which would require the acquisition of such profiles on nearly 

300 night-time overpasses in order to achieve 2% uncertainty. Acquiring 300 CALVAL 

profiles in the same location is probably beyond the means of any one lidar station. 

In addition, the same aerosol backscatter profile would almost certainly not be 

observed by CALIOP and the ground lidar over the course of 300 profiles due to 

aerosol inhomogeneity, which means that stationary statistics would be invalidated. 

This problem was demonstrated by our study and by other CALIOP CALVAL studies 

(Mona et al., (2009) and Pappalardo et al., (2010)): the typical protocol of using 

ground track offsets <100 km does not guarantee that the CALIOP and ground lidar 

will see the same aerosol backscatter profile, especially in the boundary layer. Even 

with our relatively small 12 km offset, we frequently saw obvious differences in the 

boundary layer, as shown in Figure 48. These results suggest that the 

representativeness study should be performed on all EARLINET stations, in order to 

understand their suitability for the inter-comparison with the CALIOP measurements. 
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5.3 Summary 

Our findings have important implications for future satellite lidar CALVAL 

efforts. Lidar data from satellites will always have greater noise than ground lidars 

due to their great speed and orbital distance. To plan successful CALVAL campaigns, 

the lidar community will require: 1) an estimate of the noise level in profiles 

generated by the satellite sensor; and 2) an estimate of the calibration uncertainty 

that the CALVAL effort is intended to check. Researchers can then calculate the 

number of satellite profiles that must be averaged to provide quantitative CALVAL, 

as well as the practicality of proposed CALVAL campaigns in terms of the data 

acquisition time. For ground lidar measurements, researchers must also consider 

what is known about the homogeneity of the parameter of interest (aerosol 

backscatter, wind vector, CO2 concentration, etc.) to assess whether averaging 

multiple profiles can be accomplished without introducing artefacts. CALIOP CALVAL 

efforts have elucidated boundary layer aerosol inhomogeneity, but we note that 

smoke and dust layers in the free troposphere are also probably not homogeneous 

over distances of 1,000 – 10,000 km. 
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6 Identification and assessment of extreme pollution events 
observed at Mace Head by using remote-sensing techniques 

The chapter’s question: 

What is the frequency of occurrence for extreme polluted events at the Mace Head 

Global Atmosphere Watch research station? 

Marine aerosol is perhaps one of the most important natural systems globally 

in terms of climate effects as it overlays a dark ocean surface, hence, marine aerosol 

haze and cloud layers are the most effective reflecting layers. Moreover, oceans 

cover 70% of the Earth’s surface thus the effect is ubiquitous. It is important to study 

the marine aerosol effects as close to the source as possible. However, the question 

is whether the coastal stations can provide a basis for marine aerosol climate 

interaction studies or there is a risk of potential anthropogenic and/or coastal 

contamination.  

Mace Head atmospheric research station has a long history of observing 

aerosol and one of the main focuses is on marine aerosol and its phenomena (Section 

2.8 of this thesis). In this study, an attempt was made in evaluating the frequency of 

occurrence of major pollution events at MHD by using satellite remote-sensing 

platforms: CALIOP (Section 3.2.1.4), MODIS (Section 3.2.2.1) and SEVIRI-MSG 9 

(Section 3.2.2.2).  The CALIOP total attenuated backscatter (level 1) for 532 nm 

wavelength was used in conjunction with MODIS (used MYD08_D3 daily AOD 

product) and SEVIRI. For the latter, we created an in-house daily product (daily ocean 

product SEV_AER-OC-D3.v1.01 plus 13:00 UTC from land AOD product 

SMAOL_AOT.v1.3.5). 

A careful examination of MODIS and SEVIRI data over the 6-year (2009-2015) 

period revealed 4 types of extreme pollution events, namely European outflow, 

volcanic ash, US/Canadian wild fire emissions long-range transport and Saharan dust. 

In total, 17 extreme pollution events were advected over MHD:  

• 6 European outflow events,  

• 5 Icelandic origin volcanic ash cases,  
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• 3 events transporting US/Canadian wild fire emissions, 

• 3 Saharan dust events.  

This translates into approximately 3 extreme pollution cases per year. 

European pollution outflow events are always reliably characterised by ground 

measurements. The other event types are often missed by ground measurements 

due to their transport in the free troposphere and only sporadic mixing into the 

boundary layer. Four extremely polluted cases representing each type of pollution 

events were chosen for detailed characterisation and discussion (see the discussion 

later). The dates of these events are given in the table below. 

Table 18. The dates of carefully examined extreme events at Mace Head atmospheric 

research station. 

Nr. Event Transported to MHD 

1. European pollution outflow 13/05/2016 

2. Saharan dust 08/04/2011 

3. North American wild fires 
emissions 

25/06/2013 

4. Icelandic volcanic ash 19/04/2010 
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6.1 Characterisation of the extremely polluted events 

A combined six year-long dataset was examined for the presence of different 

types of pollution events transported over long distances to MHD. All available 

datasets (BC, SMPS/APS, AMS, satellite and ground based remote sensing) were 

visually screened for the tentative signal (AOD higher than 0.5) of extremely polluted 

events and only those events which were cross-checked against the concurrent data 

were classified as real.  

Black carbon concentration measurements were performed with the Thermo 

Scientific (Thermo Fisher Scientific Inc.) MAAP instrument (Petzold et al., 2004), 

model 5012 (Section 3.1.3). Aerosol size distribution measurements were performed 

using a SMPS described in Section 3.1.5 and an APS (aerodynamic particle sizer) 

model 3021 (TSI Inc.). The combined size range of the two size spectrometers ranged 

from 20 nm to 10 µm. In order to combine spectra of both instruments on the same 

graph, APS aerodynamic diameter was converted to SMPS mobility diameter using a 

combined density (given in the following sections) of chemical species measured by 

AMS (dmob=daer/sqrt(density)). A combination of aerosol mask, BC concentration and 

AMS measurements were used to select the most representative periods during the 

event day events for the calculation of particle number and volume concentrations 

(marked as a red rectangular during each of characterised events in Figure 53). The 

evolution of the events is discussed in the following sections. Concurrent aerosol 

measurements were used to substantiate extreme events identified by remote 

sensing suite of instruments.  

In order to assess differences between the extreme pollution events, the 

column integrated backscatter and layered backscatter values were calculated for 

each of the cases. The former was integrated over the whole vertical range starting 

from 800 m and normalised by the total height of the atmosphere, while the latter 

was calculated for an altitude range of 600-800 m above the ground and normalised 

by the layer thickness. 

The atmospheric column structure (as CALIOP attenuated backscatter and 

raw signal of the ceilometer), CALIOP and ground-based remote-sensing derived 
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feature masks, BC, AOD maps from MODIS and SEVIRI were used to characterize the 

events. The vertical structure of the extremely polluted events is best visualised using 

derived attenuated backscatter coefficient as illustrated by satellite-based lidar 

(Figures 50 and 51). We also used range corrected signal for ground-based ceilometer 

to follow the vertical distribution of aerosol. The SYRSOC (Martucci and O’Dowd et 

al., 2011) algorithm retrieved the ground-based remote-sensing feature (aerosol-

cloud) mask through a combination of ceilometer and cloud radar products at Mace 

Head. The mask provided information about the vertical distribution of classified 

targets such as rain, drizzle, cloud, liquid water, ice, low aerosol to high aerosol, 

target shape, etc. The presented raw signal of the ceilometer was also normalized 

with Sun photometer measurements to account for a diurnal cycle of the Sun 

radiation. Furthermore, the HYSPLIT model derived backward trajectories (Figure 50) 

were used to identify the source region of the air mass. The case studies are 

presented in the following pictures and each of them is discussed separately in the 

following sections. 

 

Figure 50. European outflow case (shown as green ellipse) detected by CALIOP on 
13/05/2016 UTC from 02:39 to 02:53, top panel is the attenuated backscatter and bottom 
planel is vertical feature mask. The red rectangle marks the area, which stretched from Celtic 
Sea towards Wales (UK). During the event (green ellipse), layers of the European outflow 
aerosol (light brown feature mask) were detected by CALIOP in the altitude ranging from the 
surface (green colour) up to 3 km. The feature mask matches the stronger signal (top panel). 
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Figure 51. Saharan dust event (marked by green ellipse) detected by CALIOP on 08/04/2011 
UTC from 03:13 to 03:36; top panel is the attenuated backscatter and bottom panel is the 
vertical feature mask. The red rectangle marks the area in the Northeast Atlantic close to 
Southwest of Ireland. During the event (green ellipse), Saharan dust aerosol layer (light 
brown colour) was detected by CALIOP at the altitude ranging from the surface (green 
colour) up to 3 km. Clouds (light blue color) were identified above the layer and the layer is 
corresponding to a weaker signal in backscatter plot (top panel). 
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European pollution outflow 

 
Saharan dust 

 
North American wild fire emissions 

 
Icelandic volcanic ash 

 
Figure 52. MODIS (1st and 2nd columns) and SEVIRI (3rd and 4th) Aerosol Optical Depth is presented with air mass back trajectories (5th column) for all four 
major pollution events: Continental outflow pollution event (top row); Sahara dust outbreak pollution event (2nd row); North American wild fires pollution 
(3rd row) and Icelandic volcanic ash event (4th row). The cluster of air backward trajectories was calculated for 4 km altitude (long-range transport in the 
free troposphere). Both MODIS and SEVIRI matched the AOD values of the events pretty well over Ireland. However SEVIRI AOD is suffering from missing 
AOD values over Ireland. 
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European pollution outflow 
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North American wild fire emissions 

 
Icelandic volcanic ash 

 
 

Figure 53. The time series of ceilometer vertical uncalibrated raw signal and target classification during 
typical extreme pollution events observed at Mace Head. The target classification aerosol mask is 
derived from both the Jenoptic lidar and the Mira 36 cloud radar. (Top panel) European Continental 
pollution outflow; (2nd row) Saharan dust outbreak; (3rd row) Wild forest Fire/Biomass burning 
originating in North America and (4th row) Volcanic ash originating in Iceland and transported to Ireland. 
Overlaid on the backscatter plot is the time series of the absorbing aerosol (e.g. BC or dust or both). 
White rectangular boxes mark the time periods which were used to derive the integrated and layered 
backscatter coefficients (see the results of this later in this chapter). 
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European pollution outflow case. The most frequent type of the extreme 

pollution observed over the region was the European continental pollution outflow.  

A typical example of such event detected by CALIOP is presented in Figure 50 (the 

event is marked by green ellipse) which occurred on May 13, 2016. The attenuated 

backscatter reached the values of 10-3 km-1sr-1 during the event. At the same time, 

the CALIOP feature mask indicated an elevated aerosol layer present at the altitude 

range of 1-3 km. The identified event, which stretched from UK (Wales) over the 

Celtic Sea, was confirmed by the air mass back trajectory analysis (Figure 52, top 

row). In this and the following cases, the backward trajectory simulations were run 

for 72 h duration and 4 km altitude to represent the long range aerosol transport and 

the source.  

MODIS and SEVIRI detected this event with certain differences between them 

(Figure 52, top row). The area above the Celtic Sea and the heavily polluted air mass 

(with AOD values reaching 0.8) close to the coast of Ireland is very clearly discerned 

on the MODIS map. SEVIRI showed slightly different AOD distribution with lower AOD 

values compared to MODIS AOD. However, during the event, only moderately 

polluted air mass reached MHD (AOD ~0.4). We can also see that the SEVIRI AOD map 

suffers from missing AOD values over land while the AOD values around 0.4 are 

clearly visible in the MODIS (close to MHD). The air mass backward trajectories 

indicated that the air mass was brought from central Europe (mainly from France and 

central Germany across the United Kingdom) what is pretty consistent with the AOD 

maps derived from satellite-based instruments. The BC concentration spiked up to 

2800 ng m-3 during the first part of 13/05/2016 starting at around 1:00 UTC, and the 

BC level remained high until 5:00 UTC on the same day. The ceilometer detected an 

increase of the signal within PBL starting from 10:00 UTC 12/05/2016 with the value 

of 102 order in the range corrected signal. This elevated signal persisted during the 

rest of the event and the ceilometer signal even reached the values of 107 order 

during short episodes. Similarly, the feature mask (retrieved by ground-based remote 

sensing) indicated a strong aerosol layer present (shown as dark grey area on the 

plot) in the PBL during the same period. 
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Saharan dust case. The air mass with the Saharan dust was brought to Ireland 

during the period of 07/04/2011 – 10/04/2011. This second type of extremely 

polluted events (shown by green ellipse) was detected by CALIOP on 08/04/2011 

(Figure 51). The CALIOP feature mask (Figure 51, bottom panel) showed an aerosol 

layer present at the altitude range 1-3 km in the region of Atlantic close to Southwest 

of Ireland. However, only a weak signal in backscatter plot (top panel of Figure 51) 

corresponds to earlier mentioned aerosol layer as there were clouds above the 

aerosol layer (shown as light blue colour in feature mask plot) which obscured the 

signal reaching the surface. 

HYSPLIT air mass backward trajectories confirmed a North African origin of 

the air mass ending on 08/04/2011 (Figure 52, 2nd row from top). It followed trend 

of MODIS to exhibit higher AOD values (bigger area with higher AOD values) like it 

did in 1st case and the event was the strongest among the selected extremely 

polluted cases. The retrieved MODIS and SEVIRI AOD distribution close to Ireland and 

MHD followed similar pattern except that SEVIRI retrieved a larger area towards the 

north/northwest direction which was not retrieved by MODIS. 

According to the ceilometer measurements (Jenoptik CHM15k) and the 

calculated aerosol mask, the Saharan dust event reached the Mace Head 

atmospheric station towards the end of 07/04/2011. The strong aerosol layer was 

detected at the height of 4500 m in early hours of 08/04/2011 (Figure 53, 2nd row 

from top). At the same time, the range corrected ceilometer signal spiked up to the 

order of 107. Later on, the aerosol layer started to entrain into the PBL and it got 

gradually mixed there. The strength of the ceilometer signal continued unabated 

from the end of the previous day, only to be gradually spread across the altitude 

range of 1-5 km. The calculated feature mask indicated strong aerosol layer 

distributed across the same altitudes range. In early hours of 08/04/2011, the aerosol 

layer was uplifted to approximately 4 km altitude and around the midday started to 

entrain again into the PBL. At the same time, an increase of the BC concentration was 

detected during the period of 08/04/2011 00:00 UTC and 10/04/2011 12:00 UTC 

reaching peak concentrations close to 1000 ng m-3 around 21:00 UTC on 09/04/2011. 
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North American wild fires emissions case. The North American biomass 

burning events were the third type of the events which were detected by MODIS. 

However, neither biomass burning nor volcanic ash (discussed in next paragraph) 

events were detected by CALIOP due to its coarse time resolution and limited swath. 

As a result, these events will only be analysed by MODIS, SEVIRI, ground-based in-

situ and remote-sensing measurements. 

 

Figure 54. Wild fires map over the North America during the period of 2013/06/20 – 

2013/06/23 (source: NASA FIRMS). There can be seen wild fires in Quebec province of 

Canada and west of Hudson Bay. This area overlaps with air mass backward trajectories 

(Figure 52, 3rd row from top) 

For this case, analysis of MODIS web fire mapper for the period of 

20/06/2013-23/06/2013 showed the wild fires in Quebec province of Canada and 

west of Hudson Bay (Figure 54). The fraction of the cluster of calculated backward 

trajectories (3rd raw, Figure 52) was passing through this region. The air mass 

backward trajectories at 4000 m height confirmed the North America as the source 

region of the emissions. On average, the synoptic conditions facilitating long range 

transport from North America or US to Ireland are quite rare. However, the long-

range transport of this event was also confirmed by the analysis of the MODIS AOD 

maps during the period of 2013/06/20 – 2013/06/27 (not presented in this study). 

The strongest episode of North American biomass burning emissions reaching the 

south-west coast of Ireland was detected by both MODIS and SEVIRI on 25/06/23 

(Figure 52, 3rd row). There were heavily polluted plumes (AOD reaching 0.8) 

approaching Ireland from south-west direction. 
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The ceilometer located at MHD registered three aerosol layers with in the 

altitude range of up to 5 km during the event. The first of them (the range corrected 

signal reached the values of 102 order) was detected on 23/06/2013 around 22:00 

UTC at approximately 4 km height while the second (stronger than the first layer with 

the ceilometer’s signal reaching 107 order) was recorded on 25/06/2013 around the 

midday at 2-3 km height (Figure 53, 3rd row). According to the ceilometer, both layers 

entrained into the PBL and got mixed. The feature mask indicated well defined 

aerosol layer in the PBL. The BC concentration at the ground spiked to 2500 ng m-3. 

Later, it remained rather low (around 100 ng m-3) and stable during the rest of the 

period. The third aerosol layer was detected at 5 km altitude on 26/06/2013. 

However, the fog developed above the ground on 27/06/2013 and blinded both the 

ceilometer and the cloud radar missing the rest of the event. 

Icelandic volcano case. The last type of pollution events which was detected 

by MODIS originated in Iceland. The Icelandic volcano Eyjafjallajökull ash event was 

detected by MODIS on 19/04/2010 (Figure 52, 4th row). However, it was missed by 

SEVIRI. Neither MODIS retrieved elevated AOD values very close to Ireland. The 

HYSPLIT air mass backward trajectories confirmed that the air mass advected from 

Iceland. The event lasted for two days. The ground-based ceilometer detected strong 

aerosol layer entering the PBL at around 3.5-4 km height (starting at 15:00 UTC) on 

19/04/2010 with the peak value of 107 order in the ceilometer’s signal (Figure 53, 4th 

row). According to the ceilometer, the layer entrained into the PBL enduring late 

hours of 19/04/2010 or early hours of 20/04/2010. The feature mask showed strong 

aerosol layer present during the first day with non-spherical particles (typical of 

volcanic ash) in the PBL from few hundred meters up to 1 km altitude. In contrast, 

the measured BC concentration remained pretty low around 500 ng m-3 during the 

event which might be explained that the aerosol did not reach the surface at the 

measurements site. 
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Particle number and volume concentrations of extreme events. In order to 

characterize selected extremely polluted cases, the particle number concentration 

and volume distributions measured at the ground level were calculated. The time 

periods were chosen the same as above for both integrated column and layered 

backscatter coefficients, which are denoted by white rectangles in Figure 53 and their 

durations have been discussed in more detail in previous section. The calculated size 

distributions for each of the selected extreme events are presented in Figure 55.  

 
Figure 55. (Left) Particle number concentration size distributions for selected cases. (Right) 
Particle volume concentration size distribution for selected cases. 

 

Likewise, the size distributions of typical background marine aerosol 

(consisting of stronger and weaker wind cases) were added to the plots of particle 

number concentration and volume distribution of four types of extremely polluted 

events to demonstrate the difference in magnitude between different pollution 

types going from the pristine (marine) to extremely polluted conditions. It can readily 

seen (Figure 53), that there was a progression from bimodal size distribution for the 

pristine case to a mono-modal size distribution for the extreme case. Such a pattern 

can be explained by a higher degree of cloud processing in marine air leading to the 

splitting of the single mode into a cloud processed accumulation mode with 

diameters between 100 nm and 200 nm (Hoppel et al., 1994; O’Dowd et al., 2008), 

resulting from rapid aqueous phase reactions in activated droplets, and the non-

activated fraction with diameters typically less than 50 nm. The polluted cases were 

typically associated with stable boundary layer in this region, hence, a lower cloud 
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fraction, and less cloud processing. The peak in the number concentration occurs at 

35-40 nm diameters for the pristine case to 100 nm for the most polluted case. 

In addition to the size distributions, the volume and the mass for each of the 

cases were calculated (Table 19). Here, the European outflow case is strongest in 

terms of both, volume and mass values, while Saharan dust is second to it, although, 

Saharan dust event was the strongest by retrieved AOD distribution and normalized 

integrated column and layered backscatter. 

Table 19. Calculated volume and mass for each of extremely polluted cases 

Case Volume 

(μm3 cm-3) 

Density  

(g cm-3) 

Mass  

(μg m-3) 

European pollution outflow 64.67 1.55 99.97 

Saharan dust 20.33 2.5 50.83 

North American wild fires 
emissions 

8.88 2.01 17.86 

Icelandic volcanic ash 32.67 1.43 46.71 

Marine aerosol 15.62-25.94 2 31.24-51.88 

 

Integrated backscatter of extreme events. In order to better understand the 

differences between the extremely polluted cases, the integrated and layered 

backscatter coefficients were calculated for all four characterized events. The time 

periods during which they were calculated are marked with white rectangular in 

Figure 53 for each pollution case. For the European outflow case the chosen time 

period was from 01:00 to 06:00 UTC on 13/05/2016; for Saharan dust case the period 

was from 21:00 to 23:00 on 09/04/2011; for North America fires event the period 

from 02:00 to 03:00 on 2013/06/26 was chosen; and for Icelandic volcanic ash event 

the period from 18:00 to 22:00 on 2010/05/17 was selected to calculate the 

integrated and layered backscatter coefficients. As it was mentioned in the earlier 

sections, the combination of the aerosol in-situ and remote sensing measurements 

was used to select the most representative periods. After integrating the backscatter 

coefficients, both (integrated and layered) backscatter coefficients were normalized 



122 
 

to the corresponding profile height (the integrated column value was normalized to 

the height of 4.2 km and the layered value to the 0.2 km). The integrated and layered 

coefficients for each of the cases are shown in the figure below.  

 

 

Figure 56. Integrated column (from 800 m up to 5 km) and layered (600-800 m) backscatter 
coefficients for selected extreme events, which were also normalised by height (4.2 km and 
200 m). Integrated column coefficient is shown in grey while the layered coefficient is in red. 
The strongest event was Saharan dust event. 

 

In terms of both parameters, the strongest event was the Saharan dust event, 

where IBS layered value reached 250. This coincided with the strongest event 

detected by MODIS (Figure 52, second top row). It was followed by the European 

outflow event, which had the layered backscatter value close to 150. The difference 

can also be seen on the ratio between the integrated column and the layered 

backscatter values too. This result differs from the findings in the previous section on 

distributions of particle number and volume concentrations (Figure 55), where the 

strongest event by the retrieved mass (Table 19) was the European pollution outflow. 

The potential reason for that might be different hygroscopic properties for the 

aerosol in European outflow and Saharan dust event. European outflow cases are 

related to anthropogenic emissions, thus, high contributions from organic matter, 

resulting in high aerosol loadings, but smaller droplets at ambient relative humidity 

due to water repellent properties. This results in smaller scattering and, thus, lower 

signal from the ceilometer. In contrary, Saharan dust aerosol has been processed 
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along the way to Mace Head, therefore, most likely, covered in hydrophilic sulphate 

and resulting in larger droplets at ambient RH, thus larger scattering.  
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6.2 Summary 

In total 17 extreme pollution cases were found during the period of 2009-

2015 based on the analysis of the satellite remote-sensing AOD maps and were 

characterised by in-situ (BC, particle number and volume concentrations) and 

ground-based remote sensing measurements. That translates into roughly 3 extreme 

pollution events per year. The study revealed that extreme pollution events reaching 

the MHD atmospheric station are very rare and showed that daily AOD retrieved 

from satellite-based remote sensing instruments can be successfully used in 

assessing the frequency of occurrence of extreme pollution events at MHD. However, 

even if the occurrence of such events is rather low, some precautionary measures 

may be needed to avoid potential impact on aerosol studies performed at MHD. 

Another valuable outcome of this study is the inter-comparison of MODIS 

AOD product vs SEVIRI product. On average, MODIS detected extreme events had 

larger area with higher AOD values compared to SEVIRI. Another advantage of MODIS 

is a larger coverage area, which allows following even the trans-continental long 

range transport of particulate matter. SEVIRI AOD product had smaller spatial 

domain which appears to be limited in available AOD products but not by the raw 

measurements of SEVIRI itself. Thus, daily AOD maps retrieved from MODIS were 

more useful in terms of the covered domain (both ocean and land) in our study while 

some improvements in SEVIRI AOD retrieval algorithms and/or products (e.g. AOD 

daily product over the land) are needed in order to make the SEVIRI AOD products 

more useful. The performed study also suggests that satellite-based AOD products 

can be successfully used for identifying and following large scale transport of extreme 

pollution events, like European outflow, Saharan dust or volcanic eruptions events. 
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7. Long-term measurements and  
their value in informing Clean Air Strategies 

The chapter’s question: 

What is the impact of 30 years old air pollution policy and emissions control on 

North Atlantic air quality? 

Since the 1980’s, measures mitigating the impact of transboundary air 

pollution have been implemented successfully as evidenced in the 1980-2014 record 

of atmospheric sulphur pollution over the NE-Atlantic, a key region for monitoring 

background northern-hemisphere pollution levels. The record reveals a 72% - 79% 

reduction in annual-average airborne sulphur pollution (SO4 and SO2, respectively) 

over the 35-year period. The NE-Atlantic, as observed from the Mace Head research 

station on the Irish coast, and a region often can be considered clean for 64% of the 

time during which sulphate dominates PM1 levels, contributing 42% of the mass, and 

for the remainder of the time, under polluted conditions, a carbonaceous (organic 

matter and Black Carbon) aerosol prevails, contributing 60% to 90% of the PM1 mass 

and exhibiting a trend whereby its contribution increases with increasing pollution 

levels. The carbonaceous aerosol is known to be diverse in source and nature and 

requires sophisticated air pollution policies underpinned by sophisticated 

characterisation and source apportionment capabilities to inform selective 

emissions-reduction strategies. Inauspiciously, however, this carbonaceous 

concoction is not measured in regulatory Air Quality networks. 
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7.1 Decadal trends of SOx in NE Atlantic 

The 35-year SO2 and nss-SO4 PM10 dataset from Valentia Observatory is 

central to addressing the question “To what extent have air pollution levels reduced 

over the NE Atlantic since the 1980s?”. Off-line 24 hour PM10 filter (explained in 

Section 3.1.4) samples for sulphate and sulphur dioxide analysis were collected at 

Valentia since 1980. Particulate matter samples for the analysis of inorganic ions 

including sulphate were collected with PM10 size selective inlet at 2m above ground 

level. Sulphur dioxide samples were collected using sequentially mounted untreated 

and impregnated Whatman filters - a 2-stage filter pack method approved at EMEP 

sites (Bashir et al., 2008). The measurement programme at Mace Head started in 

2001 on a 10 m tower using PM10 size selective inlet and PTFE filters for inorganic ion 

analysis only. Valentia samples were analysed by the Thorin method from 1980 until 

1992 and by ion chromatography since 1992. Mace Head samples were analysed only 

using ion chromatography for a set of inorganic ions including sulphate. Regular filter 

blanks were collected at both locations. 

Sulphate concentrations at Valentia included sea salt sulphate until 2003 after 

which time a proper correction was enabled using Na data. Sea salt sulphate 

contribution was subtracted from the total sulphate as 0.25 x Na and presented as 

non-sea-salt (nss) sulphate from 2004 onwards. Total sulphate yearly average 

concentrations at Valentia Observatory prior to 2004 were corrected using yearly 

median concentrations of sea salt sulphate as is presented in Figure 57. The same 

figure demonstrates that the correction for the sea salt sulphate contribution prior 

to 2004 was between 10-20%.  Mace Head samples were corrected for sea salt 

sulphate contribution since the start of the measurements in 2001. Sampling of PM-

sulphate via filter collection can be subject to positive artefacts of the order of 8-11% 

(Tsai et al., 1998). 
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Figure 57. Sulphate concentration trends at Valentia representing total sulphate and 
corrected nss-sulphate before 2004 and corrected nss-sulphate values after 2004. The trend 
in grey is derived from a joint time series using total and nss-sulphate data. The light blue 
trend is derived from corrected nss-sulphate data prior and post 2004. The sea salt sulphate 
contribution to total sulphate until 2004 is presented in the lower panel and was limited to 
10-20% 

 

 Figure 58 (left panel) displays the annual average time series for SO2 

concentrations (for Valentia Observatory), along with the emission inventory for SOx 

over Europe for the same period.  

 

Figure 58. Sulphur air pollution trends. (Left) SO2 pollution levels in terms of μg S m-3 
measured at Valentia Observatory over the period of 1980 - 2014 and European SOx 
emissions over the period of 1988 - 2014. Shaded areas represent the confidence bands 
(95%) of exponential fits. (Middle) SO2 confidence bands, as in left panel, overlaid with nss-
SO4 PM10 pollution levels in terms of μg S m-3 measured at Valentia Observatory over the 
same time period of 1980 – 2014 and its confidence bands. (Right) nss-SO4 PM10, from 2001-
2014,  and nss-SO4 PM1 , from 2009-2014, (again both in terms of μg S m-3) observed at Mace 
Head with the 95% confidence bands from Valentia Observatory superimposed. 
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While inter-annual meteorological variability is a prominent feature of the 

dataset, an overall downward trend in S mass concentration, concomitant with a 

downward trend in SOx emissions, is evident.  

An exponential trend curve fitted to the data illustrates than the SO2 

concentration fell from 0.95 µg S m-3 to 0.2 µg S m-3, corresponding to a 79% 

reduction in S over the period.  The 95% confidence bands of the fit are encapsulated 

by the shaded area. The centre panel (Figure 58) illustrates the non-sea-salt (nss) 

sulphate (PM10) measured at Valentia over the same period.  It should be noted that 

up until 2001, the reported sulphate at Valentia Observatory is total sulphate which 

includes both secondary sulphate that is formed from the gas phase (e.g. through 

oxidation of SO2) and primary sulphate associated with nascent sea-spay production 

from bubble bursting and white-capping. The contribution of primary sea-salt 

sulphate is retrospectively estimated for in this work from 1980-2001 (Figure 57).  

The data reveal a reduction of non-sea-salt sulphur from 0.78 µg S m-3 to 0.22 µg S 

m-3 over the period, corresponding to a 72% reduction in S. 

The plate on the right of Figure 58 illustrates the PM10 nss-sulphate from 2001 

to 2014 at Mace Head plus six years of PM1 nss-sulphate mass, also at Mace Head, 

from 2009-2014. The 95% confidence bands for the complete nss-sulphate record 

from Valentia Observatory are also displayed for ease of comparison.  The Mace Head 

data exhibit a decreasing trend in PM mass from 2001 up to 2009.  The mass 

concentration data over the 6-year period from 2009 – 2014 do not exhibit any clear 

trend, and are perhaps indicative of relatively stable mass concentration regime.  

PM1 data for this 6-year period are provided from a unique continuous aerosol mass 

spectrometry measurement dataset comprising analysis of key pollutant species in 

addition to nss-sulphate (e.g. nitrate, ammonium, anthropogenic organics) as well as 

other natural species (sea-salt, methane sulphonic acid and biogenic organics). These 

data are used in a detailed statistical chemical composition analysis presented in the 

following section for this period. As outlined earlier, while PM1 is not a regulatory 

metric, it encompasses key pollutants arising from combustion and secondary 

pollutants that are increasingly being linked to adverse health impacts.   
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Overall, the 35-year observational record illustrates a reduction of 79% in SO2 

levels and a 72% in nss-sulphate levels over this period, which strongly following the 

SOx anthropogenic emissions trend. The data include all air mass sectors and types 

and, therefore, both natural and anthropogenic nss-S contributions are included in 

the trend; however, S-isotopic source apportionment studies previously undertaken 

in the location (Mcardle and Liss, et al., 1995) found up to 30% natural S contributions 

in summer months, falling to negligible levels in winter months, leading to an 

estimated annual contribution of the order of 5-10%. 
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7.2 Characterisation of current NE Atlantic air 

The present-day chemical composition of PM1 at Mace Head is used to assess 

current air pollution of NE Atlantic.  In fact, as a secondary objective, which relates 

to the amount of time, if any, that the background location of Mace Head can be 

regarded as effectively representative of the natural background marine 

environment is also addressed.  These questions are answered through the 

deployment of a high-resolution, online aerosol mass spectrometer which is capable 

of characterising PM1 chemical composition for effectively all species except for BC.  

BC was measured using MAAP.  Sampling was performed in all-sector air arriving at 

Mace Head continuously from 2009-2014. We use BC mass concentration, which is 

an excellent tracer for anthropogenic and combustion pollution (O’Dowd et al., 

1993), to classify air hosting different degrees of pollution. 

Based on the BC frequency distribution (Figure 59), five black carbon ranges 

were selected for the statistical analysis of the aerosol properties in North-East 

Atlantic. Lognormal distributions were assumed to result from dilution of BC 

concentrations while moving away from its source. Four modes were found to 

represent the BC frequency distribution at Mace Head for the period of interest.  

Therefore, the classification of pollution categories, or threshold BC values 

separating the categories, were defined on the basis each pollution category 

encapsulating values that lie within two standard deviations (2σ, or 95.45%) of the 

lognormal distribution mode. Four modes resulted in four pollution ranges plus an 

additional one to include all values above 1 µg m-3. Ranges were named accordingly: 

I) Pristine with BC threshold of 0.015 µg m-3; II) Clean air as having BC between 0.015 

and 0.05 µg m-3; III) Moderately polluted is classified as air with BC between 0.05 and 

0.3 µg m-3 while IV) Polluted is classified as 0.3 to 1 µg m-3 and finally, V) extreme 

polluted as greater than 1 µg m-3. Although the first mode resulted in the limit of 

0.018 µg m-3, 0.015 µg m-3 limit was selected to be consistent with previous studies 

(O’Dowd et al., 1993; Ovadnevaite et al., 2011) that showed trace evidence in the 

AMS mass spectra of refined hydrocarbons, and thus, some anthropogenic 

contribution to the OM, for BC larger than 0.015 µg m-3. Clearly, however, if one is 
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using BC as a tracer, and it is always positive to some degree, there can be not place 

that is truly 100% pristine. 

The three remaining upper thresholds were rounded up or down to the 

nearest convenient number: e.g. 0.046 µg m-3 to 0.05 µg m-3, 0.36 µg m-3 to 0.30, µg 

m-3 and 0.95 µg m-3 to 1 µg m-3. These four ranges are consistent with different 

dilution extents: the largest concentration mode, Mode 4, can be attributed to local 

sources, Mode 3 to European outflow diluted ~4 times and Mode 2 to North 

American long range; transport, diluted a further 4-5 times. The dilution variation 

was consistent with the distances from continental Europe (1,500km) and North 

America (3,000km). 

It should be noted that the NH pristine air classification, based on a 

measurable amount of BC, is considered to reflect the ubiquitous nature of 

anthropogenic influences on the atmosphere of the Northern Hemisphere.  

However, we distinguish pristine air from clean air at the given threshold additionally 

on the basis that no anthropogenic OM is detectable by the AMS at BC mass 

concentrations less than 0.015 µg m-3
. 

 

Figure 59. Frequency distribution of the black carbon concentrations at Mace Head for the 
years of 2009-2015. The distribution was fitted with 4 lognormal modes, where L is the mode 
location on the x-axis, or in this case, the BC modal value and σ is the standard deviation. 
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The results of this statistical analysis are shown in Figure 60 which reveals that 

pristine conditions occur for 32% of the time, while clean conditions occur for 31%. 

Moderately polluted and polluted air occurred for 25% and 11%, respectively. 

Extreme pollution occurred for 1.5% of the time. The mean value of BC increases 

from 0.008 µg m-3 in pristine air to 1.7 µg m-3 in the extreme case. Peak values of 8.6 

µg m-3 are encountered for the 99% percentile. In summary, clean, including pristine, 

air occurred for 63% of the time, the remainder being classified as (all) polluted.  

Hereafter, when we refer to clean air, this includes pristine, and polluted refers to 

moderate to extremely polluted and peak concentration refers to the 99% percentile. 

The frequency of occurrence of individual chemical species mass 

concentration derived from the AMS dataset is also shown in Figure 60 and tabulated 

in detail in Table 20. Sulphate (SO4) dominates the chemical mass concentrations in 

clean air with mean values in the two categories ranging from 0.28 µg m-3 to 0.52 µg 

m-3.  In polluted air, SO4 mean mass ranged from 0.91 µg m-3 to 2.1 µg m-3 over the 

three categories. Peak SO4 PM1 concentrations were 6.4 µg m-3. 

OM mean mass concentrations ranged from 0.1 µg m-3 to 0.24 µg m-3 in clean 

air, and 1.1 µg m-3 to 9.8 µg m-3 in polluted air. Peak OM concentrations of 79 µg m-3 

are encountered for biomass burning conditions. Nitrate mean mass concentrations 

ranged from 0.01 µg m-3 to 0.03 µg m-3 in clean air and 0.17 µg m-3 to 2.6 µg m-3 in 

polluted air, with peak values of 12 µg m-3. Ammonium had mean concentration 

ranges of 0.03 µg m-3 to 0.09 µg m-3 in clean air and 0.28 to 1.4 µg m-3 in polluted air. 

Peak concentrations were 4.7 µg m-3. In terms of relative contributions, in clean air, 

sulphate mass dominates PM1 with a 42% contribution, followed by OM with an 18% 

contribution.  In polluted air, OM prevails with a 50% contribution followed by 17% 

from sulphate and 15% from NO3. Consolidating BC and OM mass into carbonaceous 

aerosol, this category contributes 60% to polluted PM1, and increasing with overall 

pollution levels to 90% for the most polluted situations.  
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Figure 60. (Top) Box and whisker plots of frequency of occurrence of BC mass concentration for five 

categories of air pollution levels classified according to BC levels. Pristine air has BC mass less than 0.015 µg m-3, 

clean is 0.015-0.05 µg m-3, moderately polluted is 0.05-0.3 µg m-3, polluted is 0.3-1 µg  

m-3 and extremely polluted is BC> 1 µg m-3. (2nd from top) Box and whisker plots integrated over 20 nm to 500 

nm mobility diameter for the five pollution level categories. (3rd from top) Box and whisker plots of frequency of 

occurrence of speciated chemical mass concentration for five categories of air pollution levels of frequency of 

occurrence of organic matter, nitrate, sulphate, ammonium, MSA and sea salt, as measured by the Aerodyne 

Aerosol Mass Spectrometer with particle sampling over the PM1 size range. (Bottom) Pie charts of chemical 

speciated mass concentrations for organic matter, sulphate, BC, nitrate, MSA, sea salt and ammonium for marine 

air masses (pristine and clean categories combined) and continental air masses that include all polluted categories 
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Table 20. Means, medians and percentiles of aerosol parameters at Mace Head  
from 2009-2015 

Parameter Pristine Clean Moderately  Polluted Extreme 

BC ng m-3 0-15 ng m-3 15-50 ng m-3 50-300 ng m-3 300-1000 ng m-3 >1000 ng m-3  

99% 15 49 290 970 8600 
75% 11 35 190 620 1500 

Mean 7.8 27 140 510 1700 

Median 7.1 25 120 470 1200 

 
25% 3.5 19 74 370 1100 

1% -10 15 51 300 1000 

Number cm-3 Pristine Clean Moderately  Polluted Extreme 

99% 1900 3200 7500 1100 62000 

75% 550 730 2200 4700 10000 

Mean 590 630 1800 3700 8800 

Median 330 480 1400 3400 6900 

25% 190 310 860 2400 4600 

1% 55 70 190 350 710 

Sea Salt µg m-3 Pristine Clean Moderately  Polluted Extreme 

99% 1.3 1.8 1.2 0.68 0.54 
75% 0.32 0.35 0.15 0.06 0.04 

Mean 0.25 0.27 0.13 0.06 0.04 

Median 0.16 0.15 0.05 0.02 0.02 

25% 0.07 0.06 0.01 0.00 0.00 

1% 0.01 0.00 0.00 0.00 0.00 

OM µg m-3 Pristine Clean Moderately  Polluted Extreme 

99% 0.54 1.1 4.1 12 79 
75% 0.13 0.33 1.4 5 12 

Mean 0.10 0.24 1.1 4 9.8 

Median 0.06 0.19 0.80 3.6 6.3 

25% 0.03 0.08 0.46 2.4 3.8 

1% 0.00 0.01 0.05 0.67 0.78 

NO3 µg m-3
 Pristine Clean Moderately  Polluted Extreme 

99% 0.04 0.09 2 8.8 12 
75% 0.02 0.03 0.15 2.5 3.8 

Mean 0.01 0.03 0.17 

 

1.7 2.6 

Median 0.01 0.02 0.07 0.99 1.9 

25% 0.01 0.01 0.04 0.35 0.56 

1% 0.00 0.01 0.01 0.04 0.03 

SO4 µg m-3
 Pristine Clean Moderately  Polluted Extreme 

99% 1.3 2.3 3.7 6.4 6.4 
75% 0.38 0.71 1.3 2.6 3 

Mean 0.28 0.52 0.91 1.9 2.1 

Median 0.18 0.38 0.70 1.6 1.8 

25% 0.08 0.16 0.31 0.97 1.1 

1% 0.02 0.03 0.05 0.13 0.27 

NH4 µg m-3
 Pristine Clean Moderately  Polluted Extreme 

99% 0.19 0.47 1.4 3.8 4.7 
75% 0.04 0.13 0.40 1.5 1.9 

Mean 0.03 0.09 0.28 1.1 1.4 

Median 0.02 0.06 0.20 0.83 1.1 

25% 0.00 0.02 0.08 0.46 0.45 

1% 0.00 0.00 0.00 0.03 0.09 

MSA µg m-3 Pristine Clean Moderately  Polluted Extreme 

99% 0.17 0.31 0.36 0.31 0.38 
75% 0.03 0.05 0.07 0.06 0.04 

Mean 0.02 0.04 0.05 0.05 0.04 

Median 0.01 0.02 0.02 0.02 0.01 

25% 0.00 0.00 0.00 0.01 0.00 

1% 0.00 0.00 0.00 0.00 0.00 
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There are a number of striking outcomes from this analysis: firstly, it is evident 

that for the polluted air categories, OM mass concentrations make up 50% of the 

PM1 mass (or 60% when BC included) and are significantly greater than those for 

sulphate or any other inorganic species. In fact, the OM mass is typically greater than 

the sum of both nitrate and sulphate, the two most dominant inorganic pollution 

species and can constitute up to 90% of the mass in extremely polluted conditions. 

Secondly, whilst BC is rightly regarded as an important primary aerosol 

produced directly by combustion, its contribution to overall PM1 mass is relatively 

minor (<10%) at these remote locations. Our analysis shows that BC and OM levels 

are well correlated (Figure 60) over the air mass categories used (r2=0.99), suggesting 

similar sources for both these aerosol constituents. For clean conditions, sulphur 

dominates PM1 mass and contributes 42% while OM contributes 18%, and BC 2% 

(Figure 60, 4th row from top). In summary, total carbonaceous aerosol contributes 

20% of the PM1 mass in clean air and up to almost 60% in polluted air. 

 

Figure 61. Scatter plots between AMS-derived PM1 chemical species mean mass 
concentrations from 2009-2015 
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Finally, there is a strong and expected correlation (r2=0.99) between NH4 and 

the sum of SO4 and NO3 levels across all the categories used. This confirms the well-

known role of ammonia in production of secondary inorganic aerosol. However, this 

correlation is increased for clean and polluted air if OM is included. This may suggest 

that NH4 also plays a role in formation of at least some secondary organic aerosols 

along with sulphate and nitrate PM. The OM to BC ratio of 5.7 indicates an aged 

oxidised aerosol. 

Our results are corroborated by recent, shorter term, measurements across 

Europe (Bressi et al., manuscript in preparation) where the dominating contribution 

to PM1 mass by OM is seen in most regions of the continent. The highest 

contributions observed are over Northern Europe, while the highest sulphate 

contributions are found in Southern Europe with nitrate dominating PM1 in certain 

localised regions (e.g. the Netherlands and at times, in the PO Valley). In summary, 

for the greater European region, OM is the dominant contributor to PM1 air pollution 

in polluted air, with its contribution increasing as the degree of pollution increases. 
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7.3 Summary 

The trends apparent in the 35-year combined Mace Head and Valentia 

Observatory data illustrate that background NE Atlantic sulphur-based air pollution 

levels have dropped by 75% from the peak levels of the 1980’s. This shows the 

success of effective policy which is implemented through regulation and stimulation 

of technological advances. This is reflected in reduced acidification of ecosystems 

across Europe and will have reduced ambient PM levels where sulphate has 

relinquished its position as the dominant pollutant species. This represents a 

significant policy success.  

However, challenges remain if clean air goals are to be achieved. It is 

recognized that for various reasons reduction of NOx emissions have not been as 

successful as anticipated and that ground level ozone and PM levels remains 

problematic. Current policy addresses emissions of a range of Volatile Organic 

Compounds (VOCs) that are considered to be linked to ground level ozone 

production. This has a resulted in the inclusion of a limited set of VOCs in emissions 

inventories and establishment of targets to reduce these and UNECE and EU levels. 

The analysis presented here strongly suggests that reducing regional PM levels 

requires an increased focus on emissions of organic species, increased understanding 

of their atmospheric evolution and the linked development of targeted observation 

and monitoring systems. The challenge is to address an exotic cocktail of widely 

diverse organic compounds, being released from what are likely to be diverse 

combustion related sources as well as biogenic sources. 

In this context we would recommend that a process is established to improve 

our understanding of the sources and formation of organic PM. This would include 

development of a network of advanced sites across continental scales to monitor PM 

composition including inorganic and carbonaceous aerosols (i.e. OC and BC) and to 

utilise these measurements to determine key regional to global sources and use 

these to determine the relevant emissions that are captured in current inventory 

process as a key step in identification of appropriate policy responses.  
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As the EU reference air quality levels are expected to eventually converge 

with the WHO AQGs, the emphasis will necessarily have to be on emissions 

reductions of key species. To effectively reduce PM levels policy development will 

need to be better information on sources of the dominant components of PM at 

regional levels. This communication stresses that more sophisticated Air Quality 

measurements networks, with the ability to measure in NRT OM mass is needed to 

provide information for source apportionment which can underpin the development 

of more sophisticated clean air policies. 
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8 Thesis conclusions 

 

1. The inter-comparison of the total attenuated backscatter profiles from near-real-

time CALIOP Level 1.5 data and converted EARLINET data showed fairly good 

agreement, with the correlation of 0.86, a mean bias of 0.03 Mm-1sr-1 and a factor 

of exceedance of 0.17. Later analysis revealed the discrepancies of the agreement 

separately in PBL (R=0.6) and in FT (R=0.85) which were due to variability in the 

aerosols distribution within the 100 km area selected around the EALRINET 

stations. All this led to a second part of work – to perform an analysis 

independent from the EARLINET measurements. 

 

2. Lidar data from satellites have greater noise than ground lidars due to their great 

speed and orbital distance. Performed study in Atlanta did not provide better 

agreement with CALIOP data than previous statistical study using Level 1.5 data. 

Though, it led to the statistical considerations for planning a successful CALVAL 

campaign for a spaceborne lidar. In order to do this, the lidar community will 

require: 1) an estimate of the noise level in profiles generated by the satellite 

sensor; and 2) an estimate of the calibration uncertainty that the CALVAL effort 

is intended to check. Another important outcome from this study is related to 

using the EARLINET-performed measurements for CALVAL. The 

representativeness study should be performed for all EARLINET stations, in order 

to select only those, which have more homogenous aerosol distribution within 

PBL, for CALVAL. 

 

3. Based on the analysis of the satellite remote-sensing AOD maps for the period of 

2009-2015, only 17 extreme pollution cases (AOD > 0.5) were found. That 

translates roughly into 3 extreme pollution cases per year. Satellite AOD 

statistical analysis shows that extreme pollution or extreme long range transport 

events are very rare thus pointing to a clean air conditions over the North 

Atlantic. Daily AOD maps retrieved from MODIS were more useful in terms of the 
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coverage domain in our study and some improvements in SEVIRI AOD retrieval 

algorithms and/or products (e.g. AOD daily product over the land) are needed in 

order make the SEVIRI AOD products more useful. The study also suggests that 

satellite-based AOD products can be used for distinguishing and following large 

scale extreme pollution events, like European outflow, Saharan dust or volcano 

eruptions events. 

 

4. Satellite AOD statistical analysis showed that extreme pollution or extreme long 

range transport events are rarely brought to MHD. This was evaluated even 

further with the ground bases measurements: results of the BC statistical analysis 

reveal that pristine conditions occur for 32% of the time, while clean conditions 

occur for 31%. Moderately polluted and polluted air occurred for 25% and 11% 

respectively. Extreme pollution occurred for 1.5% of the time. This and previous 

studies show that extreme pollution events reaching the MHD atmospheric 

station are very rare. At the same time, it is evident that for the polluted air 

categories, OM mass concentrations make up 50% of the PM1 mass (or 60% when 

BC is considered as OM). This indicates that the OM mass significantly exceeds 

the mass concentrations of sulphate or any other inorganic species. However, this 

compound is still not routinely monitored. This fact should be taken into account 

by responsible institutions for the air quality. 
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Appendix 

Table 21 EARLINET lidar stations, their locations and products 

Site,  
site’s code 

Latitude/°N Longitude/°E Data Products 
and wavelengths 

Andenes, 
Norway 

AN 

69.28 16.01 Aerosol height/thickness,  

β2(355), τ(355), σ(355), S(355), β(532), τ(532), 
σ(532), S(532), β(1064), 

profiles of the water vapour mixing ratio 

Athens, 
Greece 

AT 

37.96 23.78 Aerosol height/thickness,  

β(355), τ(355), σ(355), S(355), β(532), τ(532), 
σ(532), S(532), β(1064), 

profiles of the water vapour mixing ratio 

Barcelona, 
Spain 

BA 

41.39 2.11 Aerosol height/thickness,  

β(532), τ(532), σ(532), S(532), β(1064) 

Belsk,  
Poland 

BE 

51.84 20.79 Aerosol height/thickness  

β(532), β(1064) 

Bucharest, 
Romania 

BU 

44.45 26.03 Aerosol height/thickness,  

β(355), τ(355), σ(355), S(355), β(532), τ(532), 
σ(532), S(532), β(1064), β′(R, 532)‖/β′(R,532)⊥, 
water vapour mixing ratio 

Cabauw, 
Netherlands 

CA 

51.97 4.93 Aerosol height/thickness,  

β(355), τ(355), σ(355), S(355), β(532), τ(532), 
σ(532), S(532), β(1064), water vapour mixing 
ratio 

Garmisch-
Partenkirchen, 
Germany, GP 

47.48 11.06 Aerosol height/thickness,  

β(532), τ(532), σ(532), S(532), β(355), b (1064), 

extinction 532 at daytime 

Granada, 
Spain 

GR 

37.16 -3.61 Aerosol height/thickness,  

β(532), τ(532), σ(532), S(532), β(1064), β(355), 
τ(355), σ(355), S(355), β′(R, 532)‖/β′(R, 532)⊥, 

profiles of the water vapour mixing ratio 

Hamburg, 
Germany 

HH 

53.57 9.97 Aerosol height/thickness,  

β(355), τ(355), σ(355), S(355), β(532), τ(532), 
σ(532), S(532), β(1064), β`(R, 532)‖/β`(R, 532)⊥, 
water vapour, temperature 

Ispra, Italy, IS 45.82 8.63 Aerosol height/thickness, β(532) 

                                                           
2 β – profiles of the particle backscatter coefficient 

  τ – aerosol optical depth 

  σ – profiles of the particle extinction coefficient 

  S – profiles of the particles lidar ratios 
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Site,  
site’s code 

Latitude/°N Longitude/°E Data Products 
and wavelengths 

L`Aquila, Italy 

LA 

42.38 13.32 Aerosol height/thickness,  

β(355), τ(355), σ(355), S (355), β′(R, 355)‖/β′(R, 
355)⊥, water vapour and cloud liquid water 
profiles 

Lecce, Italy 

LC 

40.30 18.10 Aerosol height/thickness,  

β(355), τ(355), σ(355), S (355), β′(R, 355)‖/β′(R, 
355)⊥, water vapour mixing ratio profiles at 
night-time 

Leipzig, 
Germany 

LE 

51.35 12.44 Aerosol height/thickness,  

τ(355), σ(355), β(355), S(355), τ(532), σ(532),  

β(532), S(532), β′(R, 532)‖/β′(R, 532)⊥, β(1064) 

profiles of the water vapour mixing ratio, 
temperature 

Linköping, 
Sweden 
LK 

58.39 15.75 Aerosol height/thickness,  

τ(355), σ(355), β(355), S(355), τ(532), σ(532), 
β(532), S(532) 

Madrid, Spain,  

MA 

40.45 -3.73 Aerosol height/thickness,  

τ(532), σ(532), β(532), S(532) 

Maisach, 
Germany 

MS 

48.21 11.26 Aerosol height/thickness,  

β(532), τ(532), σ(532), S(532), β(1064),  

β(355), τ(355), σ(355), S(355),  

β′(R, 532)‖/β′(R, 532)⊥ 

Minsk, Belarus 

MI 

53.92 27.60 Aerosol height/thickness,  

β(532), β(1064), β(355), τ(355), σ(355), S(355),  
β′(R, 532)‖/β′(R, 532)⊥ 

Napoli, Italy 

NA 

40.84 14.18 Aerosol height/thickness,  

β(532), τ(532), σ(532), S(532), β(355), τ(355), 
σ(355), S(355), 

profiles of the water vapour mixing ratio 

Neuchâtel, 
Switzerland, 
NE 

47.00 6.96 Aerosol height/thickness,  

β(532), β′(R, 532)‖/β′(R, 532)⊥ 

Observatoire 
de Haute-
Provence, 

France, HP 

43.96 5.71 Aerosol height/thickness,  

β(532) 

Palaiseau, 
France 

PL 

48.70 2.20 Aerosol height/thickness, 

β(532), β(1064), β′(R, 532)‖/β′(R, 532)⊥ 

Payerne, 
Switzerland 

46.81 6.94 Aerosol height/thickness, 

τ(355), σ(355), β(355), S(355), 

profiles of the water vapour mixing ratio 
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Site,  
site’s code 

Latitude/°N Longitude/°E Data Products 
and wavelengths 

Potenza, Italy 40.60 15.72 Aerosol height/thickness,  

β(355), τ(355), σ(355), S(355), β(532), τ (532), 
σ(532), S(532), β(1064), β′(R, 532)‖/β′(R, 532)⊥, 

profiles of the water vapour mixing ratio 

Sofia, Bulgaria 42.67 23.33 Aerosol height/thickness, β(511) 

Thessaloniki, 
Greece 

40.63 22.95 Aerosol height/thickness, 

β(355), τ(355), σ(355), S(355), β(532), τ(532), 
σ(532), S(532) 

 

 


