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Abstract 

Lidar is an optical remote sensing instrument that can measure atmospheric parameters. 

A Raman lidar instrument (UCLID) was established at University College Cork to 

contribute to the European lidar network, EARLINET. System performance tests were 

carried out to ensure strict data quality assurance for submission to the EARLINET 

database. Procedures include: overlap correction, telecover test, Rayleigh test and zero 

bin test. Raman backscatter coefficients, extinction coefficients and lidar ratio were 

measured from April 2010 to May 2011 and February 2012 to June 2012. Statistical 

analysis of the profiles over these periods provided new information about the typical 

atmospheric scenarios over Southern Ireland in terms of aerosol load in the lower 

troposphere, the planetary boundary layer (PBL) height, aerosol optical density (AOD) 

at 532 nm and lidar ratio values. The arithmetic average of the PBL height was found to 

be 608 ± 138 m with a median of 615 m, while average AOD at 532 nm for clean 

marine air masses was 0.119 ± 0.023 and for polluted air masses was 0.170 ± 0.036. 

The lidar ratio showed a seasonal dependence with lower values found in winter and 

autumn (20 ± 5 sr) and higher during spring and winter (30 ± 12 sr). Detection of 

volcanic particles from the eruption of the volcano Eyjafjallajökull in Iceland was 

measured between 21 April and 7 May 2010. The backscatter coefficient of the ash 

layer varied between 2.5 Mm
-1

sr
-1

 and 3.5 Mm
-1

sr
-1

, and estimation of the AOD at 532 

nm was found to be between 0.090 and 0.215. Several aerosol loads due to Saharan dust 

particles were detected in Spring 2011 and 2012. Lidar ratio of the dust layers were 

determine to be between 45 and 77 sr and AOD at 532 nm during the dust events range 

between 0.84 to 0.494. 
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1. Introduction 

1.1.  Aerosol Influence on the Atmosphere 

1.1.1.  Effects on the Radiation Balance 

Global radiative effects of aerosol on the climate are still largely uncertain. The largest 

uncertainties in the ability to predict future climate change are associated with 

uncertainties in the distribution and properties of aerosol and clouds and their 

interactions, as well as with limitations in how aerosol and clouds are represented in 

global climate models [1]. Aerosol scatter sunlight back into space [2] and (potentially) 

lead to negative radiative forcing of the earth-atmosphere system counterbalancing the 

greenhouse effect. Light absorption by aerosol particles however warms the 

atmosphere, which can influence the atmospheric stability and suppress cloud formation 

[3]. Since water droplets form on aerosol particles [4], changes in aerosol concentration 

and in their character can alter cloud properties and precipitation leading to an influence 

on the heat content in the atmosphere. The net impact of these competing cooling and 

warming effects on the climate depends on the altitude of the aerosol layers. Therefore, 

vertically resolved measurements of physical and optical properties of particles are of 

great interest for long term climatological studies. The magnitude of the radiative effect 

of each aerosol type depends on their compositions, size, distribution, concentration, 

surface properties and refractive indies [5, 6]. Different aerosol types have distinct 

properties that influence the Earth’s atmosphere differently. Generally one distinguishes 

between primary and secondary aerosol. Primary aerosol particles are injected into the 

troposphere, and secondary aerosol particles form within the troposphere [7]. Desert 

dust and volcanic mineral emission and some types of marine aerosol are examples of 

primary aerosol. Particles produced by condensation of gases or (photo)chemical radical 

reactions in the atmosphere result in secondary aerosol particles [7]. Primary aerosol 

tend to be larger, > 1 µm in diameter and are termed “coarse” particles as opposed to 

“fine” particles which are dominated by secondary aerosol with typical diameters 

between 0.1 and 1 µm.  

The following aerosol types are subject to lidar observations – their influence on 

radiative forcing mechanisms will be briefly outlined: 
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• Marine aerosol 

• Soot particles 

• Mineral dust 

• Sulfate droplets 

Marine aerosol are classified as sea salt particles which are produced at the ocean 

surface by the bursting of air bubbles resulting from entrainment of air induced by wind 

stress [8]. Upon bursting, these bubbles produce film and jet drops [9] and are most 

concentrated in the breaking of waves. Sea salt particles are important light scatterers, 

contributors to cloud condensation nuclei, and provide large surface areas for 

heterogeneous atmospheric reactions [7]. The longer sea salt particles remain in the 

atmosphere the more the particles are exposed to SO2, thus converting the particle to a 

sulfate [7]. Sea salt aerosol effects on the global climate are generally localised because 

the particles are large and usually short-lived and thus are transported only over short 

distances [10]. Direct radiative forcing due to marine aerosol is generally negligible, but 

the indirect radiative forcing due to cloud formation is estimated to range from -0.3 to -

1.8 W/m
2 

[11]. The creation of marine particles is relatively insensitive to climate 

change variables and tends to only affect regions close to the source. 

 Soot particles represent a type of aerosol generally referred to as black carbon which is 

commonly based on the agglomeration of polycyclic aromatic hydrocarbon or 

heterocyclic structures, generated in incomplete combustion processes of fossil fuel in 

domestic and industrial applications. Due to its significant light absorption properties 

black carbon is known to cause strong radiative heating of the atmosphere [12]. The 

wavelength dependent light-scattering efficiency due to soot aerosol particles are 

dominant at most latitudes, but absorption can dominate at high latitudes, especially 

over highly reflective snow or ice covered surfaces [10]. Myhre et al. [13] estimate the 

direct radiative forcing due to soot particles to be +0.16 W/m
2
.  

Mineral particles describe desert dust produced in arid regions. Mineral dust is a major 

contributor to the aerosol optical depth and is known to play a role in climate forcing 

[14-17] through effective scattering of shortwave radiation and absorption of both UV 

and IR radiation [6]. Typically mineral particle diameters are dependent on the distance 

travelled from the source, far from the source region, diameters are between 1 to 3 µm 

and larger sizes (up to several hundred µm) are observed closer to the source [6]. The 
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hygroscopicity of mineral dust varies over a wide range, depending on the type of 

mineral coating and the degree of coating with soluble material [18]. The presence of 

soluble coatings enhances the ability of the mineral dust particles to act as cloud 

condensation nuclei (CCN). Haywood et al. [11] estimate the radiative forcing due to 

mineral dust to vary widely from +0.09 to -0.42 W/m
2
. The rate of dust emission into 

the atmosphere is quite sensitive to global changes, since increases of temperature and 

wind speeds would cause more soil erosion. 

Sulfate droplets are used to describe particles of sulfate which form from the 

combustion of fossil fuels and biomass [19]. Sulfates are one of the main cooling 

aerosol which have a negative radiative forcing effect [10, 20, 21], and are thought to be 

the most important scatterers of solar radiation on a global scale. Sulfate particles are 

hygroscopic materials and cause an increase of CCN leading to more cloud formation 

[7]. Sulfate can mix with other aerosol species causing their hygroscopic behaviour and 

optical properties to change [22, 23] and result in diminished cooling. Myhre et al. [13] 

estimate the direct radiative forcing due to sulfate to be -0.32 W/m
2
. 

1.1.2. Influence on Air Quality and Visibility 

Atmospheric aerosol particles can also profoundly influence the environment. Dust, 

smoke, and haze locally impair visibility and health in both urban and rural regions. The 

harmful respiratory health effects of certain mineral and anthropogenic particles are 

well documented and have led to a standard for air quality control implemented by the 

European Commission under the Air Quality Directive in 2008 [24]. Under EU Air 

Quality Directive, particulate matter (PM) is monitored for health effects. PM, also 

known as particle pollution, is a mixture of very small particles and liquid droplets. 

There are two standards of PM- PM10 and PM2.5. PM10 refers to coarse particles such as 

those found near roadways and dusty industries, they are classified as larger than 2.5 

µm and smaller than 10 µm in diameter. PM2.5 refers to fine particles such as those 

found in smoke and haze, they are classified as 2.5 µm in diameter and smaller. These 

particles can be directly emitted from sources such as forest fires, or they can form 

(photo)chemically from gaseous pollutants in the emission from power plants, industrial 

factories vehicle exhausts and household burning fossil fuel.  
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1.2. Remote Sensing of Aerosol - Light Detection and Ranging (lidar)  

The vast majority of information on the atmosphere and its dynamic is based on 

research involving remote sensing technology. Ground based atmospheric remote 

sensing techniques, such as radar [25], light detection and ranging (lidar) [19], 

photometers [26], ceilometers [27] are complementing air- and space-borne instruments 

with multi spectral detection (e.g. NASAs MODIS satellite [28], SCIAMACHY [29, 

30] and GOME [31]) to improve our understanding of the global composition and 

dynamics of the Earth’s atmosphere. Lidar has been used to investigate the turbulent 

processes [32, 33] and the diurnal cycle of the planetary boundary layer [34]. Lidars 

monitoring PM10 and PM2.5 have been used within Europe to study the relationship 

between AOD and PM2.5 [35]. Rodríguez et al. [36] and Querol et al. [37] discuss the 

contribution to PM10 levels caused by Saharan dust in Southern and Eastern Spain and 

the Mediterranean Basin, respectively. Meteorological phenomena such as frontal 

passages [38] and hurricanes [39] were also studied. A single lidar instrument can only 

provide atmospheric data locally. It is imperative that individual atmospheric remote 

sensing stations, be it lidar, photometer or ceilometer stations, collaborate to provide 

long-term observational data relevant to climate and air quality research on a regional or 

even global scale. This was one of the primary motivations for the establishment of a 

Raman lidar system at University College Cork, Ireland [40]. The Cork system (named 

UCLID) was setup to contribute to the 'European Aerosol Research Lidar Network' 

(EARLINET see section 1.3) [41-43] and was recently included as a regional station to 

GAWSIS (Global Atmospheric Watch Station Information System). An event like the 

eruption of Eyjafjallajökull in Spring 2010 illustrates the benefit of a large scale 

network for the provision of near real-time information on major atmospheric events 

[41-44]. 

Generally one can distinguish between five basic lidar techniques that have been 

developed to monitor different properties of the atmosphere. They are elastic-

backscatter lidar [45], Raman lidar [46], Doppler lidar [32], differential-absorption lidar 

(DIAL) [47] and fluorescence (resonance) lidar [48]. Doppler lidar is used to measure 

the radial velocity of particles [49, 50] and molecules [51, 52] carried by the wind to 

determine the component of the wind velocity within the line of sight of the lidar [53]. 

The most common application of Doppler lidar is to deliver statistics on wind speeds 

over a large area for potential sites for the establishment of wind turbine farms. The 



12 

 

DIAL technique is used for high sensitivity detection of atmospheric gases such as SO2, 

NO2, NH3, HCl, CO and Hg [54-56]. The technique involves emitting light at two 

wavelengths into the atmosphere. At one wavelength the light is absorbed by the gas 

species of interest as opposed to the light at the second wavelength [19]. The differential 

absorption between the two lightwaves (detected through the emission from the gas 

species of interest) is a measure of the concentration of that species as a function of 

altitude. Water vapour and temperature can also be observed using the DIAL technique 

[57]. Resonance fluorescence lidar is used to study the upper mesosphere / lower 

thermosphere at altitudes between 80 and 110 km [48]. The laser wavelength is tuned to 

the resonance absorption wavelength of a specific molecular species whose resonant 

backscatter cross section is measured in order to determine its density. Elastic 

backscatter lidars were used to investigate cloud and aerosol layers since the early 

1960s [58]. It has only been due to the establishment of networks of aerosol lidars such 

as the Asian Dust Network [59] and EARLINET [41-43], that quantitative studies of 

atmospheric aerosol properties can be performed on a larger scale. 

Air-borne [60] and space-borne [61] lidar systems allow regional and global monitoring 

of atmospheric constituents, specifically, CALIPSO measurements [62, 63] will be used 

to support arguments presented in this thesis. CALIPSO was launched in April 2006. 

The satellite is in a non geostationary orbit at an altitude of 705 km a.s.l. The satellite 

has a 16 day repeat cycle using a sun synchronous polar orbit (i.e. the satellite precesses 

about the earth at the same rate that the earth orbits the sun). The primary instrument on 

board the CALIPSO satellite is a Cloud-Aerosol lidar with Orthogonal Polarization 

(CALIOP) utilizing a Nd:YAG laser with a frequency doubler which produces linearly 

polarized light at 1064 nm and 532 nm. The instrument provides global polarization 

lidar measurements. In addition to CALIOP, CALIPSO carries two passive sensors, (i) a 

wide field CCD visible sensor and (ii) an infrared imaging radiometer. Both devices 

provide a view of the atmosphere surrounding the lidar field of view [61]. The 

CALIPSO mission provides information on the following aspects of Earth’s 

atmosphere: 

 Statistics on the vertical structure of clouds around the globe  

 Statistics on the geographic and vertical distribution of aerosol particles around 

the globe 
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 Detection of clouds in the upper troposphere and Polar Stratospheric Clouds 

 Improvement of observationally-based estimates of direct and indirect aerosol 

radiative forcing 

 Improved characterization of surface longwave radiative fluxes and atmospheric 

heating rates 

Validation of CALIPSO measurements via intercomparison with independent ground 

based lidar systems is essential to the production of high quality data. During analysis of 

profiles measured at Cork, CALIPSO datasets and air mass backward trajectories are 

used to confirm the presence of various aerosol loads above Cork. 

1.3.  Aerosol Remote Sensing in Ireland 

Since the Cork station is located close to the Celtic Sea and giving the strong westerly 

winds coming from over the Atlantic Ocean, the aerosol load over Cork is expect to be 

maritime by nature. Since the Cork site in Ireland is located in the Atlantic at the 

western edge of Europe (51.53N 8.29W), the station is of obvious geographic 

importance as an entrance point of air masses into continental Europe from a north-

westerly direction. This offers a unique opportunity to establish a lidar station, where 

clean conditions are expected but also the possibility of other aerosol being transported 

from continental Europe, North Africa and North America. The clean maritime 

conditions would provide a strong baseline for intercomparison with other station which 

would experience high aerosol loads on a regular basis. The remit of the Cork station is 

to actively contribute to EARLINET and the 'Aerosols, Clouds, and Trace gases 

Research InfraStructure Network' (ACTRIS, http://www.actris.net) through the 

collection of quantitative data on the vertical aerosol profiles over Southern Ireland.  

1.4.  EARLINET (European Aerosol Research lidar Network) 

EARLINET was established in February 2000 as a research project supported by the 

European Commission under the Fifth Framework Programme (FP5). It then evolved 

into EARLINET-ASOS (European Aerosol Research lidar Network - Advanced 

Sustainable Observation System) which comprised Integrated Activities implemented as 

Coordination Action within the Sixth Framework Programme (FP6). It is currently 

supported by the EU FP7 project ACTRIS (section 1.4.1). More information on the 

EARLINET consortium of 27 lidar stations across Europe can be found at 
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www.EARLINET.org.  Figure 1 shows the active EARLINET station in Europe. The 

objectives of EARLINET are to: 

 provide a long-term, continuous and readily available database of aerosol 

measurements. 

 establish microphysical and radiative properties for aerosol research and 

characterization.  

 validate satellite retrievals and synergies with other databases.  

 validate and improve models that predict the future state of the atmosphere. 

 

Figure 1. Map of existing EARLINET lidar stations in Europe.  

On 7 January 2008, an application from the Cork research group to join the network had 

been accepted. EARLINET hold two annual workshops to meet and discuss the current 

activities such as lidar intercomparisons, upcoming measurement campaigns and quality 

assurance issues. In addition, support is given on testing individual experimental lidar 

parameters, error analysis, comparative results of different components and hardware 

testing. One of the requirements for EARLINET is to submit regular backscatter 

profiles taken at specific times during the week, weather permitting. The network also 

works with CALIPSO by performing direct intercomparison of ground based lidar 

measurements and satellite measurements [64-66]. 
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EARLINET also collaborates with AERONET [67] (AErosol RObotic NETwork), a 

network of ground-based remote sensing aerosol networks established by NASA. 

AERONET provide aerosol optical depth (AOD) values using sun photometers by 

measuring the extinction of direct beam spectral solar radiation. Comparisons of AOD 

between EALINET and AERONET ensure each network observe similar values [68-

70]. EARLINET is also part of the Global Atmosphere Watch (GAW) aerosol program. 

The GAW programme is a partnership of 80 countries which provide information on the 

chemical composition of the atmosphere, its natural and anthropogenic change and help 

improve the understanding of interactions between the atmosphere, the ocean and the 

biosphere.  The strategic plans can be found in [71]. GAW main areas of study are 

greenhouse gases, ozone, UV, aerosol particles, selected reactive gases, and 

precipitation chemistry. 

1.4.1. ACTRIS (Aerosols, Clouds, and Trace gases Research 

InfraStructure) Network  

ACTRIS was established in April 2011 as a research project supported by the European 

Commission under the Seventh Framework Programme (FP7). ACTRIS combines three 

existing research infrastructures EUSAAR, EARLINET, CLOUDNET, and a new trace 

gas network component into a single coordinated framework. On 3 February 2012 an 

application from the Cork research group to become an affiliated member of the 

network had been accepted. 

The main objectives of ACTRIS are: 

 To provide long-term observational data on aerosol particles, clouds and trace 

gases and to substantially increase the number of high-quality data relevant to 

climate and air quality research on the regional scale produced with standardized 

or comparable procedures throughout the network. 

 To provide a coordinated framework to support transnational access to European 

advanced infrastructures for atmospheric research strengthening high-quality 

collaboration in and outside the EU. 

 To develop new integration tools to fully exploit the use of multiple atmospheric 

techniques at ground-based stations, in particular for the calibration / validation / 

integration of satellite sensors and for the improvement of the parameterizations 

used in global and regional scale climate and air quality models.  
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1.5. Thesis Objectives  

The scope of this PhD work was to establish the Cork site as an integral part of the 

network(s) EARLINET (ACTRIS and GALION (Global Atmosphere Watch Aerosol 

Lidar Observation Network)) and to contribute backscatter and extinction profiles to 

their respective databases. To ensure UCLID is at the same standard as other 

EARLINET stations, internal performance test were developed and performed regularly 

and submitted for approval to network operatives (Section 3). Since many of the lidar 

stations within EARLINET are situated on the European continent the Cork site was 

expected to provide important information on the vertical distribution of aerosol 

particles in a marine atmosphere. For the first time in Ireland the seasonal effects on the 

planetary boundary layer, AOD and vertical aerosol backscatter profiles will also be 

studied over the periods, April 2010 to May 2011 and February 2012 to June 2012.  

Section 2.1 covers the theory on Rayleigh and Raman backscattering. Section 2.2 

explains the lidar retrieval principles. In section 3.1 the lidar setup and the design 

parameters of UCLID will be discussed. Section 3.2 explains the internal lidar checkup 

procedures, required by EARLINET, which ensure high quality of the data submitted to 

the database. In Section 4, the results of measurements made with UCLID will be 

discussed; section 4.1 describes the statistical analysis of climatology parameters 

(planetary boundary layer height, lidar ratio, aerosol optical depth and backscatter 

profiles), section 4.2 outlines aerosol detection after the eruption of Eyjafjallajökull in 

Spring 2010, and section 4.3 discusses the aerosol profiles during the occurrence of dust 

events in the troposphere over Cork. Section 5 contains the conclusions. 
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2. Elastic and Inelastic scattering theory and the Lidar equations  

2.1. Theory of Rayleigh and Raman Scattering 

Scattering of light is based on the time dependence of the dipole moment that is induced 

in a molecule by the electric field of a light wave interacting with the charges in a 

molecule. The induced dipole moment depends on the state of motion of the molecule, 

generally either vibrational or rotational. Scattering is inherently weak and can be 

elastic or inelastic. If no state change occurs in the molecule during the interaction with 

the light wave the frequency (v0) of the scattered photon remains constant. This case is 

called elastic (Rayleigh) scattering. If a molecule experiences a vibrational or rotational 

state changes during the scattering (ineleastic scattering case), the frequency (v0) of the 

scattered photon is shifted to either higher or lower frequencies (vR) by an amount 

     . If the molecule absorbs energy the frequency of the scattered photon is 

decreased, (red shift), vR = v0 -      , this process is called Stokes Raman scattering. If 

the molecule transfers energy to the scattered photon, the frequency of the scattered 

photon is increased (blue-shift), vR = v0 +      , this process is called anti-Stokes 

Raman scattering [72]. 

In Raman scattering the shift in the frequency is due to a change of the polarizability in 

the vibrational and/or rotational state of the molecule by which the photon is scattered. 

The cross section for Rayleigh and Raman scattering in N2 is inherently weak (Rayleigh 

scattering cross section of N2 at 532 nm is 5.1×10
-31

 m [73] and the pure Vibrational 

Raman scattering cross section is 2.90×10
-34

 m [74]) In Raman Lidar the inelastic 

Stokes scattering by N2 in the vibrational ground state manifold is measured [75-78], 

however it is not rotationally resolved. Upon excitation at 532 nm, the molecule N2, 

emits 607 nm which is the detection wavelength. Figure 2 shows a schematic diagram 

for the vibrational levels involved for N2.  
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Figure 2. Vibration energy level diagram showing the states involved in Raman scattering for N2. 

The different possibilities for light scattering are: Rayleigh scattering (no exchange of energy so the 

incident and emitted photons have the same energy), Stokes scattering (the atom or molecule 

absorbs energy and the emitted photon has less energy than the absorbed photon - blue shifted) and 

anti-Stokes scattering (the atom or molecule loses energy and the emitted photon has more energy 

than the absorbed photon - red shifted). The values for the vibration wavenumber consider 

anharmonicity correction for each vibrational energy state shown for N2 [79, 80]. 

Theoretical considerations 

The shift in the frequency is due to a change in the vibrational and/or rotational state of 

the molecule from which the photon is scattered. If a molecule experiences a vibrational 

or rotational state changes, the frequency (v0) of the scattered photon is shifted to either 

longer or shorter frequency (vR), photon is shifted by an amount      . If the molecule 

absorbs energy the frequency of the scattered photon is decreased, (red shift), vR = v0 - 

     , this process is called Stokes Raman scattering. If the molecule transferred energy 

to the scattered photon, the frequency of the scattered photon is increased (blue-shift), 

vR = v0 +      , this process is called anti-Stokes Raman scattering [72].  

An incoming electromagnetic field (E) acting on a molecule is characterised by a 

frequency (v0) and amplitude (  ):  

X 
1
Σg

+
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(1) 

The electromagnetic field (E) induces an electrical dipole ( ) in the molecule, N2, which 

is giving by: 

               (2) 

Where   is the polarizability of the molecule, a measure of the change in the molecules 

electron distribution in response to the applied electric field, E. If the electromagnetic 

field, eq (1), is combined with the induced dipole, eq (2), the dipole then oscillates with 

respect to the field: 

                     (3) 

According to eq (3) the induced dipole oscillates at a frequency    and thus gives rise to 

the Rayleigh line. The vibrational Raman effect arises from the change of   with the 

vibrational normal co-ordinate, q. For simple harmonic vibrations the ground state of 

the molecule can be described as follows:  

                  (4) 

Where      is the resonance frequency of the vibrating molecule and    is the normal 

coordinate. Assuming that the variation in electronic polarizability remains small during 

the vibrational motion of the molecule, the electronic polarizability near the equilibrium 

position of the atoms constituting the molecule (q = 0) can be expanded in a Taylor 

series:  

           
  

  
 
   

   
 

 
 
   

   
 
   

      
(5) 

This expression for electronic polarizability, eq (5), can be inserted into eq (3) to give 

the dipole oscillation: 

          
  

  
 
   

                          (6) 

Expanding the term, eq (6) can be rewritten as: 
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(7) 

In eq (7), the first term corresponds to elastic scattering, the second term refers to the 

red shifted Stokes Raman scattering and third term refers to the blue shifted anti-Stokes 

Raman scattering. 

The calculation for homonulear diatomic molecules, in this case N2, can be 

approximated with the model of a freely rotating harmonic oscillator to give the energy 

of the vibrational levels (eq (8)): 

                                  (8) 

Where: 

       . . . energy of vibrational levels [J] 

  . . . Planck’s constant [J s] 

  . . . speed of light in a vaccum [m s
-1

] 

     . . . vibrational frequency of the molecule [c m
-1

] 

v . . . vibrational quantum number [1] 

Eq (8) is an expression for the energy of the vibrational levels of N2, to calculate the 

frequency shift after eq (8), the selection rule for vibrational transitions needs to be 

considered, eq (9). 

        (9) 

    is the difference of the vibrational quantum numbers of the final and the initial 

vibrational states. Figure 3 illustrates the transitions between the vibrational energy 

levels of a diatomic molecule. The transitions with      correspond to Rayleigh 

scattering. The transitions with       give anti-Stokes vibrational lines, and those 

with       give Stoke vibrational lines.  
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Figure 3. Vibrational Raman Spectrum. Transition where     , produces Rayleigh lines, while 

transition where       or      , produces anti-Stokes vibration lines and Stoke vibration 

lines. Image source from Long, D. A.  [80]. 

2.2. Lidar Retrievals 

The optical power returned to the lidar from height z contains both elastic and inelastic 

components. The elastically backscattered component of the received signal is 

calculated using the following equation: 

           
  

 

         

  
      e p              

 

 

  (10) 

Where: 

P(0, z) . . . detected power at wavelength 0 from distance z [W], 

β(, z) . . . elastic backscatter coefficient at z [m
−1 

sr
−1

], 

α(0, z) . . . extinction coefficient at wavelength 0 between z and z+dz [m
−1

], 

   . . . average emitted power of the laser [W], 

τ . . . laser pulse duration [s], 

c . . . speed of light [m s
-1

], 

   . . . area of the telescope [m
2
], 

   
. . . transmission of the receiver optics at wavelength λ0 [0<   <1], 
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O(z) . . . overlap function between emitter and receiver field of view [0<   <1]. 

The overlap function, O(z), describes the overlap between the laser beam (transmitter 

field of view) and the telescope’s (receiver) field of view. The elastic backscattering and 

extinction coefficient both consist of a molecular (mol) and an aerosol (aer) term, such 

that, β(, z)= βmol(, z)+ βaer(, z) and α(0, z)= αmol(0, z)+ αaer(0, z). The two 

molecular terms, βmol(, z) and αmol(0, z), can be calculated using pressure and 

temperature profiles obtained by radio sounding or from the model of a standard 

atmosphere [81]. While the two aerosol terms cannot be calculated in the same fashion, 

they remain unknown in the elastic backscatter equation. If the lidar system possesses a 

second channel, αmol(0, z) can be determined by additionally detecting the Raman 

backscattering of atmospheric N2. The optical power of the backscatter signal at the 

Raman wavelength (λR) is calculated from [46]: 
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  (11) 

Where: 

       . . . detected power at wavelength λR from distance z [W], 

       . . . extinction coefficient at the Raman shifted wavelength λR between z and 

z+dz  [m
−1

], 

   
. . . transmission of the receiver optics at Raman wavelength λR [0<   <1], 

        

  
. . . Raman backscattering cross section [m

2
sr

-1
], 

      . . . molecular number density of the Raman scattering gas [m
−3

]. 

The exponential function in eq (11) contains two terms: the first corresponds to the 

atmospheric transmission of the laser light in its propagation direction (into the 

atmosphere) up to an altitude z, while the second represents the transmission of the 

inelastically back scattered light through the atmosphere in the opposite direction. The 

Raman backscatter coefficient,      
        

  
 depends solely on the number density of 

the Raman scattering gas (N2 in this case) and the backscattering cross-section. Aerosol 

backscatter βaer(R, z) does not occur in eq (11), thus the only unknown is αaer(0, z). Eqs 

(10) and (11) can be solved using several different methods. Measurements performed 

during this project were solved using two methods: i) the Klett method (applied for day-
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time measurements), that is, by solving a Bernoulli equation that is derived from the 

basic lidar eq (10) [82] and ii) the Raman method (applied for evening and night-time 

measurements) [46]. 

2.2.1. The Klett method 

The Klett method, suffers from the fact that two physical quantities, the aerosol 

backscatter (βaer) and aerosol extinction coefficient (αaer), must be determined from only 

one measured lidar signal. This is not possible without assumptions about the relation 

between the two and an estimate of a boundary or reference value of the aerosol 

extinction. This data is usually not available and causes large uncertainties in the aerosol 

extinction coefficients. The collected backscatter signal must be sufficiently averaged to 

reduce the statistical error before the retrieval procedures are performed to give the 

backscatter coefficient. The solution for the Klett method can be written as follows [83]: 

                       
       

                               
  

 

 (12) 

with 

                   
 e p                                

  

 

  (13) 

and 

         
         

 

                       
 (14) 

Here, Smol=8π/3 sr is the molecular extinction divided by the molecular (Rayleigh) 

backscatter. The unknown parameters in eqs (12) and (13) are Saer(λ0), the so called lidar 

ratio (aerosol extinction over aerosol backscatter), and the aerosol backscatter 

coefficient, βaer(z0,λ0), at a specific distance z0, which is usually estimated (typically z0 > 

30 km). Large errors due to the assumption of the lidar ratio can easily exceed 20% 

[84]. Since the lidar system has two channels it is possible to obtain a value for the lidar 

ratio from the measurement of the inelastic backscatter. Based on this so-called Raman 

method, the error on the Klett solution as per eqs (12) to (14) can thus be strongly 

reduced. 
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2.2.2. The Raman method 

The extinction coefficient can be calculated from the inelastic backscatter signal in eq 

(11) assuming the overlap function to be unity: 

           

 
  

   
    

     
   

                       

   
  

  
 
 

 (15) 

The Angström exponent, å, describes the wavelength dependence of the aerosol 

extinction coefficient      aer 0 aer R R 0, ,
å

z z      . The value of å is often set to 

one. With the knowledge of αaer(λ0, z) in eq (15) the backscatter coefficient can be 

calculated using both types of information (elastic and Raman signal). The aerosol 

backscatter coefficient, βaer(0, z), can be derived by the ratio of the elastic (P(0)) and 

inelastic (P(R)) signals at z and at a reference height z0, specifically 

 0 R 0 0 0 R( , ) ( , ) ( , ) ( , )P z P z P z P z    . Re-arranging eqs (10) and (11) and introducing 

the above ratio yields: 

          

   mol         aer         mol        
       

       

 
                mol      

                mol       

e p                           
 

  
   

e p                           
 

  
   

 

(16) 

A reference height z0 is chosen so that βmol(0, z)   βaer(0, z), this occurs in the 

upper atmosphere where aerosol concentration is insignificant; z0 can be determined 

using the Raman signal profile. Eq (16) is valid only when there is a complete overlap 

            . The overlap can be determined experimentally using the technique 

described in [85]. The experimentally determined overlap function permits data at 

altitudes below the complete overlap to show interaction of low planetary boundary 

layers with additional layers compared to a simulated overlap and have a smaller error 

associated with the values where the overlap is not complete. Determining the 

experimental overlap function is only possible when a Raman backscatter signal is 
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available from a measurement. In section 3 the (typical) overlap function of UCLID will 

be discussed. 
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3. UCLID design and experimental procedures 

3.1. UCLID setup 

A lidar system can be divided into three different components as seen in Figure 4. The 

three components are: 

(A) Transmitter unit 

(B) Receiver unit 

(C) Data Processing unit 

The transmitter unit (A) consists of the laser and beam expander, which are connected 

by beam steering optics. The power of the laser is also measured in the transmitter unit 

before the beam expander.  

 

Figure 4. Components of a lidar system. The transmitter unit (A) contains the Nd:YAG laser and a 

Galilean telescope (used for the beam expansion) connected by beam steering optics. The receiver 

unit (B) contains a Newtonian reflector telescope, a beamsplitter and two narrow band filters and 

two detectors. The Data processing unit (C) has three functions: signal processing, data acquisition 

(2 input transient card) and data analysis. 

The UCLID system, which was originally used until 2007 (see [86]), was upgraded   by 

August 2010. Table 1 summarizes the “old” and “new” lidar specification.  he main 

changes (highlighted in Table 1) were laser and detector replacements as well as the 
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addition of a camera to improve the overlap function stability (see Figure 5). A 

comparison of the detectors is made in  

 

Table 2 and Table 3. 

Table 1. Comparison of "new" and "old" UCLID system specifications. Changed specifications are 

highlighted. 

 Old system New system 

Laser   

Type Nd:YAG Nd:YAG 

Operating Wavelength 532.08 nm 532.08 nm 

Repetition Frequency 10 Hz 20 Hz 

Power 30-50 mJ 150 mJ 

Transmitter Optics   

Telescope Refractor (Galilean) Refractor (Galilean) 

Main Lens 120 mm, f /5 120 mm, f /5 

Beam expansion factor 12 12 

Beam divergence 0.25 mrad 0.04 mrad 

Receiver Optics   

Geometry Newtonian Newtonian 

Main Mirror 300 mm, f /5 300 mm, f /5 

Field of view 0.73 mrad 0.73 mrad 

Filter 1 532.08 +/- 1.0 nm 532.08 +/- 1.0nm 

Filter 2 607.4 +/- 0.34 607.4 +/- 0.34 

Detectors   

Channel 1 (red sensitive) Thorn EMI 9659 QB  Hamamatsu H7422P-40  

Channel 2 (green sensitive) Philips XP2212B  Hamamatsu H5783P  

Data acquisition system   

Type 2 input multi-channel scalar 2 input multi-channel scalar 

Max count rate 300 MHz 300 MHz 

Min time-bin width 200 ns  200 ns 
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Table 2. PMT characteristics comparison of the Philips XP2212B PMT to the upgraded H5783P 

PMT. 

 Philips XP2212B H5783P 

Typical Gain 1×10
7
 1×10

6
 

Window material Lime glass Borosilicate Glass 

Cathode material Bi-alkaline Bi-alkaline 

Effective cathode diameter 44 mm 8 mm 

Sensitive region of spectrum [nm] 300-500 300-550 

Dark counts at 5 mV discriminator 

threshold (21 
0
C) 

75000 s
-1 

80 s
-1 

Dark counts at 20 mV discriminator 

threshold (21 
0
C) 

20000 s
-1 

0 s
-1 

FWHM 14.9 ns 2-3 ns 

 

Table 3. PMT characteristics comparison of the Thorn EMI 9659 QB PMT to the upgraded 

H7422P-40 PMT. 

 Thorn EMI 9659 QB H7422P-40 

Typical Gain 7×10
6
 1.8 ×10

6
 

Window material Fused Silica Borosilicate Glass 

Cathode material S20 (tri-alkaline) GaAsP 

Effective cathode diameter 45 mm 5 mm 

Sensitive region of spectrum [nm] 350-750 400-700 

Dark counts at 5 mV discriminator 

threshold (21 
0
C) 

500-1100 s
-1 

500 s
-1 

Dark counts at 20 mV discriminator 

threshold (21 
0
C) 

60-300 s
-1 

0 s
-1 

FWHM 11.9 ns 2-3 ns 

 

Figure 5 shows a schematic diagram of the transmitter, receiver and detection optics of 

UCLID. The components of this figure will be explained in the same sequence in which 

the lidar system is operated. The light source is a frequency doubled Nd:YAG laser 

(Quantel, BRILL/IR-20) operating at 20 Hz repetition rate with a beam diameter at the 

laser’s e it aperture of 6 mm.  he energy per pulse of ~150 mJ is measured with a 
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power meter (PM, Gentec QE 12) before and after each measurement. The beam 

expander used is a refractor telescope of Galilean design, which expands the laser beam 

by a factor of 12. An elliptical mirror (λ/8) is used to control the overlap between the 

transmitter and receiver. 

The receiver telescope is of Newtonian design, with a 0.3 m parabolic mirror and a focal 

length of 1.5 m. The field stop can be varied from 0.9 mm to 5.0 mm allowing the field 

of view (FOV) of the telescope to range from 0.60 mrad to 3.33 mrad, respectively. A 

typical field stop size would be 1.1 mm which provides a field of view of 0.73 mrad. 

The field stop size of 1.1 mm provides enough light suppression in the near field of the 

telescope but allows for a complete overlap at a low altitude. A collimating lens creates 

a parallel beam with a diameter of 30 mm. A 45
o
 beam splitter (BS1) with a reflectivity 

of R = 0.99 at 532.1 nm and a transmission of T = 0.97 at 607.4 nm separates the elastic 

backscatter from the inelastic N2 backscatter.   

The inelastic backscatter passes through an optional neutral density filter, whose optical 

density can be chosen between 0 and 5 (in steps of 0.5) to avoid saturation of the signal 

under different atmospheric conditions. The light is further spectrally filtered by a 

narrow bandwidth interference filter (IF, Barr Ltd.) at 607.40 ± 0.34 nm. Off resonance 

the filter suppresses straylight by more than a factor of 10
-8

 with a max transmission of 

11.4% at 607 nm. Finally a positive lens (L) causes the light to converge towards the 20 

mm
2
 cathode of a coolable GaAsP photomultiplier (PMT, Hamamatsu H7422) with a 

rise time of 1 ns and a FWHM of ca. 8 ns at a gain of 2×10
6
. All measurements were 

performed by photon counting. 

The elastic backscatter signal can be monitored with a high resolution CMOS camera 

which is used to view an image of the field stop for alignment purposes. The overlap 

between the e panded laser beam and the telescope’s FOV can be monitored using the 

trigger software of the camera. Approximately half of the elastic backscatter is guided 

through a neutral density filter and a narrow band IF filter with the centre wavelength at 

532.08 ± 1.00 nm for normal incidence with a max transmission of 35.5% at 532 nm. 

The elastic backscatter is detected by a bialkali PMT (Hamamatsu, H5783-P) with a 

cathode area of ca. 50 mm
2
, a pulse rise time of 0.8 ns and FWHM of 8 ns.  
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Figure 5. Schematic of the Raman lidar system UCLID: PM: power meter (optional) FS: Field stop 

(diameter 0.9 – 5 mm, corresponding FOV 0.6 – 3.33 mrad). L: Lens collimates the beam onto a 

wavelength dependent beam splitter, BS1. Dichroic beam splitter BS2: Beam splitter (50:50 ratio). 

Camera: CMOS is used to monitor the overlap of the system. ND: neutral density filters (optional), 

IF: Interference filter (narrow band), PMT: photomultiplier tube (1: cooled GaAsP, 2: uncooled 

bialkali). 

Data acquisition is performed using a dual input photon counter card (Fast Comtec 

P7882). The bin width of the transient recorder is 200 ns which correspond to a 

minimum height resolution of 30 m. The detection optics are contained within a light 

tight box. A sketch of the lidar system is shown in Figure 6. The laser (yellow), beam 

expander (blue) are located below the detection optics together with the beam steering 

mirror. Power supplies and the computer controlling the data acquisition are on the 

same frame as the optics (Figure 6). Further details on transmitter, receiver and data 

processing units can be found in the MSc thesis
1
. 

                                                 
1
 McAuliffe, M.A.P., (MSc Thesis) Implementation of a backscatter and Raman LIDAR station for 

studying the vertical aerosol distribution over Southern Ireland, in Department of Physics. 2008, 

University College of Cork: Cork. 
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Figure 6. Schematic of UCLID setup, Computer (data acquisition), Beam Expander and Nd:YAG 

laser, detection optics aligned with the output of the Receiver Telescope. 

3.2. Internal lidar checkup procedures 

To ensure the data submitted to the EARLINET database is quality assured, several 

checkup procedures must be performed yearly. The procedures are listed below and will 

be discussed in more detail: 

 Overlap function determination 

 Telecover test 

 Rayleigh fit 

 Zero bin 

3.2.1. Overlap function 

 he overlap between the laser beam and the telescope’s field of view (FOV) as a 

function of altitude, z, is described by the overlap function, O(z). O(z) is critically 

dependent on the alignment of the laser beam with respect to the FOV of the telescope. 

With a ray tracing programme [87] overlap functions were simulated for the 

instrument’s geometry and optical parameters, i.e. the primary mirror’s focal length and 

diameter, the field stop diameter, and the distance of the beam steering mirror from the 
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main telescope’s optical a is. Further analysis has been done on the theoretical overlap 

function using the ray tracing programme in the MSc thesis
2
. Based on the assumption 

that the overlap function for the elastic and inelastic backscatter measurement are 

identical, O(z) can be determined using the iterative approach outlined in Wandiger and 

Ansmann [85]. The range-corrected (×z
2
) and overlap-corrected (×O(z)

–1
) experimental 

signal, P0(z), is proportional to the total backscatter coefficient, i.e. the sum of the 

elastic molecular backscatter coefficient at 532 nm,          and the Raman backscatter 

coefficient,          : 

                                (17) 

The only range-corrected aerosol signal, is primarily a function of the total 

backscattering and the range-dependent overlap, as expressed by the Klett solution 

(         ):  

      
                    (18) 

The relative difference between the Klett and the Raman lidar solution,  

                    
 

             
        

(19) 

can be used to calculate the overlap effect on the aerosol signal, by iteratively re-

applying the Klett method to the (initially uncorrected, i = 1) elastic backscatter signal 

according to eq (20), see [85]:  

                    
                     

                 
  

 

(20) 

Typically less than 15 iterations will remove the overlap effect completely. To 

determine the experimental overlap profile (shown in Fig. 2), a comparison is made 

with the measured signal profile and the corrected signal profile.  

The overlap was also simulated as a function of the angle between the symmetry axis of 

the telescope’s field of view, FOV, and the laser beam direction. The angle is 

                                                 
2
 McAuliffe, M.A.P., (MSc Thesis) Implementation of a backscatter and Raman LIDAR station for 

studying the vertical aerosol distribution over Southern Ireland, in Department of Physics. 2008, 

University College of Cork: Cork. 
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determined by                  , where DIV represents the divergence of the 

laser beam after expansion, and x is a multiplier. Changing x allows to control small 

changes in the angle between the laser beam a is and the telescope’s FOV axis. For the 

two simulations shown in Figure 7 the values for x were chosen to be 1 and 1.5 as these 

multipliers appeared appropriate for a comparison with the experimentally determined 

overlap function. 

 

Figure 7. Measured (black line) and calculated (blue and green line for angle difference of x =1 and 

x = 1.5 respectively) overlap function for UCLID. The vertical red line indicates the complete 

overlap, i.e. O(z)=1. Insert: The same overlap function up to an altitude of 10 km. 

The overlap of laser and FOV is complete at approximately 1000 m. Having a low 

complete overlap makes UCLID ideal for monitoring the boundary layer. Based on the 

comparison in Fig. 2, the angle between the laser beam a is and the telescope’s FOV 

axis is smaller than           . The accuracy for measuring the field stop diameter of 

UCLID is ≈ 0.25 mm. For the given setup, changing the field stop from 1.1 mm to 1.2 

mm increases the FOV from 0.73 mrad to 0.80 mrad. The FOV for the experimentally 

measured overlap is possibly larger than the value used in the simulation. Therefore it is 

be possible to reduce the height at which the overlap is complete. If the diameter of the 

field stop is unintentionally larger than required, the PMTs may be exposed to excess 

light in the near field of the telescope (below 700 m) causing the PMTs to saturate. This 
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scenario has not been observed with UCLID due to careful neutral density filter 

selection. 

 

Figure 8 Left: Comparison between an uncorrected (black line) and corrected (blue line) Klett 

backscatter profile and a Raman Backscatter profile (red line). Right: Percentage error for the 

Klett (blue line) and Raman (red line) Backscatter solutions. 

Figure 8 shows a backscatter signal from UCLID measured on 17 January 2011. The 

plot contains 3 profiles; an uncorrected Klett Backscatter profile (black line), a 

corrected Klett Backscatter profile (blue line) and a Raman backscatter profile (red 

line). These profiles were measured over a 2 hr period, with very clear conditions. A 

lidar ratio of 25 sr was used for the calculation of the Klett solutions. 

Since the Raman backscatter profile is independent of the overlap function, it can be 

directly compared with the corrected Klett solution (Figure 8), and the agreement is 

satisfactory. At altitudes larger than approximately 700 m all three profiles (including 

the uncorrected Klett solution) agree very well. Below that altitude, however, the 

uncorrected Klett solution strongly deviates from the other two profiles, illustrating the 

necessity to perform an overlap correction. The percentage errors of the Raman 

backscatter (red) and Klett solution (blue) are shown in the right panel of Figure 8. The 
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latter gradually reaches 20% at 5 km. The substantial variation in the error of the Raman 

backscatter is due the inelastic signal being significantly weaker. 

3.2.2. Telecover Test 

For an ideal lidar system, the backscatter rays from all altitudes within the measurement 

range have the same transmission in the optical detection system. In the near field of the 

telescope, however, the total transmission decreases due to the field stop and/or other 

apertures in the optical system, which cause  the overlap function to decrease to values 

substantially smaller than 1. In addition, backscattered light with large angles of 

incidence with respect to the optical axis of the receiver telescope can have reduced 

transmission due to the angular dependence of the interference filter transmission, see 

Figure 9.  

 

Figure 9. Angular wavelength shift with incident angle of the interference filters. Plot (a) shows the 

wavelength shift for both filters for a range of 1 degree. Plot (b) and (c) shows the wavelength shift 

for the 532.08 nm and 607.4 nm for a range of 0.05 degree, respectively. 

To check the performance and alignment of the optical detection system the so-called 

“telecover test” was developed by V. Freudenthaler [88]. The test involves comparing 

the range dependent lidar signals of backscattered rays from different parts of the 

telescope aperture. This is achieved by blocking ¾ of the telescope aperture with an 
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opaque substrate. The quadrants of telescope are named North (N), East (E), West (W) 

and South (S). North is oriented from the telescope optical axis towards the laser optical 

axis as seen in Figure 10.  

 

Figure 10.  Test sections of the covered telescope aperture, all apertures have the same effective 

area.  

The telecover test procedure involved the following steps: 

1. Measure 532 nm and 607 nm backscatter signal for each quadrant for ca. 10 

minutes. 

2. Repeat the first sector (North) measurement to obtain information about 

potential atmospheric changes during the test (North 2 or N2). 

3. Normalize all N, E, W, S, N2 range corrected profiles to 1.0 in the far range 

above the height where the differences between the signals can be 

unambiguously identified. 

4. Determine the deviation of the signals from the mean of the N, E, W, S 

quadrants. 

Figure 11 and Figure 13 show the normalized, range corrected signal for 532 nm and 

607 nm, respectively. Both signals were normalized on the basis of the data from 4-8 

km, thus the smallest relative deviation from the mean is expected in this range. Figure 

12 and Figure 14 show the relative deviation from the mean for 532 nm and 607 nm 

respectively. Figure 11 to Figure 14 all use the same colour code to help compare 
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signals: North (N) is red, East (E) is cyan, South (S) is yellow, West (W) is yellow, 

North2 (N2) is black and the mean of N, E, W, S is orange. 

 

Figure 11. Normalized range corrected signal for the 532 nm telecover test. Normalization 

procedure performed between 4-8 km. N (red line) and N2 (black line) shows any atmospheric 

changes during the measurements. 

Comparing the signals in Figure 11, the W signal is higher than the E and S signal; this 

is also the case in Figure 13. As both wavelengths exhibit the same W, E and S relative 

intensity it indicates that it is not caused by any misalignment of the detection optics 

(Figure 4 – unit (B)). For ideal telecover test results, it is expected that the E, S and W 

signals have the same values after normalization, while the N signal will be somewhat 

greater due to N section being closest to the propagation axis of the laser beam. 
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Figure 12. Relative deviation from the mean of all the profiles for the 532 nm telecover test. 

 

Figure 13. Normalized range corrected signal for the 607 nm telecover test. Normalization 

procedure performed between 4-8 km. 
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Figure 14. Relative deviation from the mean of all the profiles for the 607 nm telecover test. 

The results from the telecover test indicates that the laser alignment may need to be 

improved for the near field or that the field stop may be too narrow which would cause 

the E, W, S quadrants to have different intensities. Figure 12 and Figure 14 show clearly 

the discrepancies between the quadrants in the near field range of UCLID, while in far 

field range (> 4 km) the normalized range corrected signals agree well. The telecover 

test exemplified here indicates that there is no substantial misalignment between the 

telescope's FOV and the laser beam (i.e. a bad overlap function).  The signals from the 

far field show good agreement which will be discussed in the Rayleigh fit section, but 

that there may be an aperture in the telescope causing the E, S and W signals to deviate, 

such as a misalignment between the telescope’s secondary mirror and the detection 

optics. 

3.2.3. Rayleigh fit 

While the telecover test provides information about the near range of the lidar, another 

procedure is required to check the quality of the signals in the far range. The Rayleigh 

Fit procedure involves fitting a normalized lidar signal to the calculated attenuated 

Rayleigh backscatter coefficient (        ) in a range where (i) aerosol-free  conditions 

can be assumed (i.e. only elastic molecular backscatter contributes to the signal) and 



40 

 

where (ii) the calculated signal fits the lidar signal with the least relative deviation 

(corroborating assumption (i)). From Bucholtz, A. [81] the total Rayleigh scattering 

cross section per molecule,  , is calculated from eq (21): 

      
         

     

    
      

     
    

    
 (21) 

Where: 

  . . . wavelength [cm] 

      . . . total Rayleigh scattering cross section per molecule [cm
2
] 

     . . . refractive index of air [1] 

   . . . molecular number density for standard air [cm
-3

] 

  . . . wavelength dependent depolarization factor - a term that accounts for the 

anisotropy of air molecules [1] 

In Böckmann, et al. [42] the procedure to determine the extinction resulting from eq 

(21), is outlined (eq (22)): 

    
             

         
     

    
      

     
    

    
   

  

  

    

    
 (22) 

Where: 

   . . . ground level temperature [K] 

     . . . temperature profile obtained from radiosonde measurement [K] 

   . . . ground level pressure [hPa] 

     . . . pressure profile obtained from radiosonde [hPa] 

Using the ratio                         , the Rayleigh backscatter coefficient, 

    , can be determined.  

Steps involved in the Rayleigh fit procedure: 

1. Select a range in the lidar signal where clean air can be assumed (zmax, zmin). 

2. Calculate the attenuated Rayleigh backscatter coefficient,         , using 

radiosonde profiles, with attenuation starting at the middle range bin (z0, 

reference range) of the selected range (zmax, zmin). Eq (23)  shows the attenuation 

correction: 
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  (23) 

This means negative attenuation for z < z0, and keeps the exact reference value at 

the reference range z0, i.e.                         . 

3. The agreement of the fit needs to be checked by comparing the slope of          

of as a function of height and the range corrected lidar signal. 

4. If the fit is not within 2σ, steps 1 - 3 are repeated. 

5. If step 4 is successful, the lidar signal,     , is normalized to          using the 

mean of          and      over the fit range, see eq (24): 

            
        

                 
    

    

            
    

    

 
(24) 

6. The middle range bin, z0, provides a good reference height when using the Klett 

method (Section 2.2 - eqs  (12) to (14)). 

Figure 15 and Figure 16 show the results from the Rayleigh fit for the 532 nm and 607 

nm signal, respectively. The insert shows the range corrected lidar signal and the 

attenuated Rayleigh signal before the normalization procedure is performed. Both 

signals were normalized over the same range, zmin = 13 km and zmax = 15 km. Figure 17 

and Figure 18 show the relative deviation of the normalized range corrected signal from 

the attenuated Rayleigh backscattering signal. The result of the Rayleigh fit show that 

the overlap in the far range field is complete and there is good agreement with the 

attenuated Rayleigh backscattering signal. The 607 nm signal has a lower signal to 

noise (S/N) compared to the 532 nm signal, hence larger deviations are evident, in 

Figure 18 in comparison to Figure 17.  
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Figure 15. Rayleigh Fit for 532 nm normalized signals. Normalization range (zmin, zmax) from 13 km 

to 15 km. Insert shows the Range corrected lidar signal (red line) and the attenuated Rayleigh 

scattering (black line).  

 

Figure 16. Rayleigh Fit for 607 nm normalized signals. Normalization range (zmin, zmax) from 13 km 

to 15 km. Insert shows the range corrected lidar signal (red line) and the attenuated Rayleigh 

scattering (black line). 
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Figure 17. Relative deviation for the Rayleigh Fit to the elastic backscattering signal at 532 nm. The 

red line is the deviation of the normalized lidar signal from the attenuated Rayleigh scattering. 

 

Figure 18. Relative deviation for the Rayleigh Fit to the elastic backscattering signal at 607 nm. The 

red line is the deviation of the normalized lidar signal from the attenuated Rayleigh scattering. 
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3.2.4. Zero bin measurement 

When the trigger from the laser starts the transient recorder, there can be an error in the 

trigger delay which causes large errors in the near range signal. The Raman signals can 

be considerably affected by the error from the trigger delay, because during the Raman 

analysis the slope from the near field signal changes depending where the zero bin is 

assumed.  

Figure 19 (provided by Volker Freudenthaler (EARLINET-ASOS NA3 Internal lidar 

checkup procedures - http://www.meteo.physik.uni-muenchen.de/)) illustrates the 

consequences a wrong definition of time zero can have on the extinction coefficient.  

 

Figure 19. Absolute error of the extinction coefficient α from Raman measurements due to 

uncertainty z0 in the true zero bin. Image provided by Volker Freudenthaler (EARLINET-ASOS 

NA3 Internal lidar checkup procedures - http://www.meteo.physik.uni-muenchen.de/). 

The zero bin measurement is more relevant for systems which have a smaller transient 

recorder bin width. For example LICEL detection systems have a bin width of 50 ns, 

while UCLID has a bin width of 200 ns, therefore a trigger delay of ± 50 ns would 

affect the LICEL systems more. To measure the zero bin for UCLID, a near range target 

with a defined distance to the lidar detection unit was used to produce a signal peak for 

the zero bin calibration from the roof of the dome (enough light was scattered from the 

http://www.meteo.physik.uni-muenchen.de/
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fibre glass roof). The telescope aperture was covered to reduce scattered light; a 60 mm 

opening allowed the reflected light from the target to be detected. The q-switch trigger 

output which triggers the transient card has an added delay so that the near range 

reflection is recorded in the second range bin (bin number 1 as seen in Figure 20).  

 

Figure 20. Zero bin pulse of UCLID from reflections of the outgoing laser pulse from the roof of the 

dome. Left is the 607 nm zero bin pulse, right is the 532 nm zero bin pulse. 

The zero bin measurements include any additional delays between the optical laser 

pulse and the time the electronic trigger pulse from the laser electronics reaches the 

trigger input of the data acquisition system due to delays in the laser electronics. From 

Figure 20, the zero bin is bin number 1, therefore all profiles have the first bin (bin 

number 0) removed before analysis is performed. 
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4. Results and Discussion 

4.1. Climatology measurements 

The analyses of measurements taken with UCLID have undergone extensive quality 

assurance procedures. The inversion algorithms [43] for both elastic and Raman lidar 

data have been quality assured within EARLINET using the same data and comparison 

as outlined in [42]. Table 4 shows the number of measurements performed for each 

season over the periods, April 2010 to May 2011 and February 2012 to June 2012. 

During the period from June 2011 to January 2012 no measurements were performed 

due to upgrading works of UCLID. Based on air temperature the four seasons are 

divided into the following three-month periods to study climatological aspects of the 

lidar data: December to February - winter, March to May - spring, June to August- 

summer, and September to November - autumn. This is a common grouping in 

meteorological sciences of many countries at middle to northern latitudes. During 

analysis the standard deviation are weight according to the Student t-distribution, where 

applicable (i.e. where values in Table 4 are less than >20) 

Table 4. Number of measurements available for each season which include information about the 

PBL height, lidar ratio (LR) and aerosol optical density (AOD). A number of measurements 

contained Klett solutions, i.e. no lidar ratio or AOD values could be derived. 

 All Winter Spring Summer Autumn 

PBL 66 11 20 22 13 

LR/AOD 47 6 16 18 7 

 

The planetary boundary layer (PBL), aerosol optical density (AOD) and the lidar ratio 

values will be discussed and compared with values from literature. The determination of 

the boundary layer height from the lidar data is done by finding the first significant 

negative gradient in the range-corrected lidar signal, starting from ground.  

The PBL is the atmospheric region with the highest concentration of aerosol between 

the ground level and the free troposphere. An aerosol-based definition of the PBL is 

given by White et al. [89] as the top of the atmospheric region where the friction and the 

convection generated at the surface influences directly the turbulent mixing which 

determines the homogeneous distribution of the aerosol. The PBL height refers to the 

top of the PBL layer. 
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AOD is a quantitative measure of the atmospheric extinction through a vertical column 

of atmosphere from the point of observation to a defined height in the atmosphere (e.g. 

0 to 1 km and 0 to 2 km). The AOD is derived by extrapolating the lowest data point 

down to ground assuming a constant value of the aerosol extinction coefficient in this 

lowest layer; the values are then integrated over the whole layer. The lidar ratio is 

derived from the ratio of the extinction coefficient to the backscatter coefficient. The 

lidar ratio provides information on aerosol typing (i.e. marine, dust, anthropogenic 

particles etc.).  

PBL height 

The mean seasonal (red columns) and the mean monthly (blue line) values of the PBL 

height are shown in Figure 21. The error bars show the standard deviation of the 

seasonal values and the dashed blue line indicates the standard deviation of the monthly 

values. It is evident that the PBL height has a seasonal and monthly dependence, similar 

to other European lidar stations [90]. In reference [90] it is also reported that the PBL 

height increases during the summer months. 

 

Figure 21. Mean seasonal height of the PBL (red bars), error bars show the 1 weigh standard 

deviation. Mean monthly height of the PBL (solid blue), dashed line indicates the interpolated 1  

weigh standard deviation on the monthly average. Over the periods from April 2010 to May 2011 

and February 2012 to June 2012. 
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The arithmetic average of the PBL height over Cork is 608 ± 138 m and the median 

value is 615 m. The average PBL height for the Cork site is significantly lower than for 

other European lidar stations [90], especially in comparison with Aberystwyth where a 

PBL height of ca. 1200  480 m was reported over a two year period (55 measurements 

were taken into account). However, there is good agreement with reported heights of the 

PBL for Ireland. Studies of the PBL layer over Ireland have been performed using a 

wind lidar at the Mace Head Atmospheric Research station at the western coast of 

Ireland [91]. The authors observed typical PBL heights to vary between 600 and 1500 m 

from period between 1 August and 1 September 2002. Kunz et al. [92] carried out a 

study with a backscatter lidar operating at 1064 nm wavelength to measure the depth 

and structure of the coastal atmospheric boundary layer. The measurements were made 

during campaigns undertaken in September 1998 and in June 1999 at the Mace Head 

Atmospheric Research station. The authors report the PBL height to vary between 600 

and 1200 m over a period of a few hours. No average PBL height was given by the 

authors but measured heights range from 400 to 1800 m from 6 – 13 June and 300 to 

1000 m from 20 – 30 June [92].  

Aerosol optical depth 

The AOD is calculated within the PBL, 0 - 1 km layer, 0 - 2 km layer and in the fixed 

layer of 1 – 2 km to enable comparisons with literature. Figure 22 shows the mean 

seasonal AOD, higher values are expected during spring and summer, partly due to 

higher PBL heights, but also due to wind direction. Figure 23 shows the wind direction 

and frequency of wind speeds in the Cork region from January 2010 to May 2012 for 

each season. During the winter months it is evident that the prevailing wind directions 

are WSW and SW giving clean maritime conditions and a low AOD. During spring the 

WSW is still a major factor but there is an increase in the occurrence of wind directions 

from the E, ESE, SE, SSE and S, which would transport continental aerosol and dust 

particles from Europe. The summer wind chart show prevailing wind directions from 

WNW, W, SW and SSW, in particular the SW and SSW directions could potentially 

transport Saharan dust into Irish air space. A report by EARLINET indicates that during 

May 2000 to December 2002, the largest number of dust cases was recorded from late 

spring until early autumn months [93] with most dust events occurring during summer. 

The autumn wind chart in Figure 23 shows a decrease of wind direction from the SSW. 
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Figure 22. Mean seasonal aerosol optical depth for Southern Ireland. Black - AOD from ground to 

the PBL height, red - AOD from ground to 1 km asl, blue - AOD from ground to 2 km asl and cyan 

- AOD between 1 - 2 km asl. Error bars represent the 1 weigh standard deviation of the average. 
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Figure 23. Summary of wind direction and frequency of wind speeds from 1 January 2010 to 30 

April 2012 for each season for the Cork region. Axes on the left represent the fraction of wind 

speeds that occurred in a certain direction in percent, e.g. for winter ca. 12% of all wind direction 

are from the SW. The colour plot on the right represents the wind speed, e.g. for the SW direction 

in winter ca. 4% of the wind had a speed between 2-4 ms
-1

 (yellow), ca. 4% between  4-6 ms
-1

  (red), 

ca. 4% between  6-8 ms
-1

  (blue) and so forth. Data provide by Met Éireann [94]. 

The AOD of the 0 - 1 km layer is larger in comparison the AOD within the PBL 

because the PBL height is quite low at the Cork site as small amounts of free 

troposphere aerosol particles are included in the 0 - 1 km layer. The large AOD standard 

deviation for spring and summer is due to the mixed conditions measured (i.e. maritime, 

polluted dust, dust and continental aerosol particles). Since the PBL height is low, ca. 

70 % of the total AOD is due to the lowest 1 km whereas in other north European lidar 

station ca. 60 % of the total AOD is confined in the lowest 1 km and 80 – 90 % in the 

lowest 2 km [90]. A statistical analysis of Raman lidar data from 10 EARLINET 

stations has been performed by Matthias et al. [90]. AOD from the lidar station at 

Aberystwyth are compared with AOD values at Cork since the atmospheric conditions 

at Aberystwyth were expected to be most similar to those in (Table 5). The data from 
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Aberystwyth are aerosol backscatter coefficient profiles at 355 nm in the near UV. 

Therefore the different wavelengths at Aberystwyth and Cork need to be considered in a 

comparison of AOD. 

       
 
 

  
 
  

 (25) 

Where: 

   . . . Aerosol optical depth with the wavelength   of incident light [1] 

   
 . . . Aerosol optical depth with the wavelength    of incident light [1] 

å . . . Angström exponent [1] 

A study carried out at the Mace Head atmospheric research station for the period 2002–

2004 measured an Angström Exponent of 0.40 ± 0.29 in clean conditions using a 

radiometer to measure the AOD [95]. Using the Angström Exponent (0.40 ± 0.29) and 

eq (25) the AOD at 532 nm are extrapolated to 355 nm, see Table 5. 

Table 5. Average and Median of aerosol optical depth in the PBL and the lowest 2 km layer for 

Cork and Aberystwyth. Aberystwyth AOD values are from table 3 in [90]. The errors represent the 

1 standard deviation of the average, and errors for the AOD at 355 nm for Cork are derived from 

error propagation. 

 Cork 532 nm  Cork 355 nm Aberystwyth 

Average AOD - PBL 0.069 ± 0.042 0.081 ± 0.049 0.16 ± 0.13 

Average AOD - 0 - 2 km 0.158 ± 0.074 0.186 ± 0.087 0.23 ± 0.16 

Median of AOD - PBL 0.053 0.063 ± 0.007 0.135 

Median of AOD - 0 - 2 km 0.138 0.163 ± 0.019 0.175 

There is a noticeable difference of the mean AOD up to the PBL height between Cork 

and Aberystwyth. This is yet again due to the lower average PBL height over Cork (608 

± 138 m) compared with Aberystwyth (1204 ± 481). The mean AOD at 355 nm in the 2 

km layer show good agreement with Aberystwyth. In reference [90] it is also reported 

that the lowest values of the AOD are found in the north-western part of Europe 

(Aberystwyth), and the highest values in the south-eastern part (Athens, Thessaloniki). 

An annual cycle of the AOD with higher values in summer than in winter is observed at 

other EARLINET lidar stations which agree with the cycle evident in Figure 22.  

A study by Mulcahy et al. [95] report the total AOD measured at the Mace Head 

atmospheric research station using a precision filter radiometer. The authors report a 
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three year average of the AOD of clean marine air masses at 500 nm to be 0.14 ± 0.06 

and polluted air masses to be 0.19 ± 0.05. There is no total AOD available at the Cork 

site but as previously stated 80 - 90 % of the total AOD is confined in the first 2 km 

[90], hence AOD measured at Cork between 0 - 2 km for clean and polluted conditions 

can be compared with the total AOD. The AOD at the Cork site between 0 - 2 km for 

clean marine air masses is 0.119 ± 0.023 and for polluted air masses 0.170 ± 0.036. 

These values are within 80 - 90 % of the total AOD found at Mace Head. A rather 

comprehensive study by Smirnov et al. [96] of optical properties of atmospheric aerosol 

in maritime and coastal areas show the AOD to be in agreement with those found at the 

Cork site. 

Lidar ratio and Backscatter profiles 

The lidar ratio at the PBL height and from ground levels up to the PBL height for the 

Cork site show an annual cycle, evident in Figure 24. This is expected, given the 

seasonal dependence of the AOD. There is a larger standard deviation for the spring and 

summer mean lidar ratios, since these seasons experience more frequent aerosol loads, 

such as continental aerosol particles and dust particles from the Saharan desert. The 

annual cycle of the lidar ratio is confirmed at other EARLINET station [97, 98]. The 

lidar ratio for winter and autumn are in agreement with expected lidar ratio for maritime 

conditions [99]. Summer and spring lidar ratios range from 20 to 60 sr, indicating 

anthropogenic aerosol particles, dust particles and continental aerosol [99]. 
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Figure 24. Average seasonal lidar ratio measured at the Cork site. Black - lidar ratio at the PBL 

height and red - lidar ratio from ground to the PBL height. Error bars indicate the 1 weigh 

standard deviation of the average. 

Mean seasonal Raman backscatter profiles measured at the Cork site are shown in 

Figure 25. Winter and autumn show clean conditions, with autumn exhibiting a 

somewhat larger backscatter coefficient within in the first 2 km. The mean Raman 

backscatter profile for spring exhibits a larger backscatter coefficient between 1 - 1.5 

km compared to the average backscatter coefficient in the summer. This could indicate 

less mixing of aerosol during spring time (i.e. fixed layers form) compared with more 

dispersion of aerosol during summer time. Raman backscatter coefficients measured at 

Cork are similar to those measured at Aberystwyth [100]. 
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Figure 25. Mean seasonal Raman backscatter coefficients measured at the Cork site. Black - winter, 

red - spring, blue - summer and cyan - autumn. Error bars represent the 1σ standard deviation of 

the average shown for selected altitudes. 

General conditions for backscatter lidar research at Cork  

The location of the Cork lidar is of noteworthy benefit to the EARLINET and ACTRIS 

networks concerning its geographic location in the north-west of Europe. Typical 

aerosol scenarios are largely influenced by air masses from North America, Northern 

Europe and depending on transport conditions also North Africa and Western Europe. It 

is worth noting that Ireland is also a potential entry point for air-masses from Iceland in 

case of volcanic activity as encountered in 2010. However, weather conditions in Cork 

can be adverse when it comes to a high frequency of lidar operation. Generally, the 

climate in Cork is mild but changeable with a lot of rainfall and a lack of temperature 

extremes. Cork Airport records an average of 1194.4 millimetres of precipitation 

annually [94]. There are on average 151 days a year with more than 1 mm of rainfall, of 

which there are 75 days with rain over 5 mm [94]. Cork is generally foggy, with an 

average of 100 days of fog per year, typically occurring in the morning and winter. The 

yearly average of sunshine is 3.8 hr per day, with 69 days where no sunshine was 

recorded [94]. The yearly average wind speed is 9.2 ms
-1

, while the most frequent wind 

directions are West, West South West, South South West and North North West (see 
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Figure 26, which shows the wind direction and frequency of wind speeds in the Cork 

region from January 2010 to May 2012). The mean relative humidity for an average 

year is recorded as 85 % and on a monthly basis it ranges from 78 % in May to 90 % in 

October and November [94].  

 

Figure 26. Summary of wind direction and frequency of wind speeds from 1 January 2010 to 30 

April 2012 for the Cork region. Axes on the left represent the fraction of wind speeds that occurred 

in a certain direction in percent, e.g. ca. 12% of all wind direction are from the South West in said 

period. The colour plot on the right represents the wind speed, e.g. for the SW direction ca. 4% of 

the wind had a speed between 2-4 ms
-1

 (yellow), ca. 4% between  4-6 ms
-1

  (red), ca. 2% between  6-

8 ms
-1

  (blue) and so forth. Data provided by Met Éireann [94]. 

Relevant for a lidar station is the level of cloud cover
3
. Figure 27 shows the frequency 

of hourly cloud cover distributed by different cloud levels over Cork airport from 1 

January 2010 to 30 April 2012. Table 6 show the number of hours categorised by 

different cloud cover levels over Cork airport from said period. For climatological 

measurements the typical averaging time is 30 minutes, if cloud is present during a 

measurement, it can be removed during analysis, up to a maximum of 50%. Based on 

the typical cloud cover from Figure 27 ca. 75% of potentially EARLINET 

measurements are affected by more than 50% cloud cover. 

                                                 
3
 0 oktas = clear sky, 4 oktas = sky half covered in cloud,  8 oktas = completely overcast 
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Figure 27. Relative frequency of hourly cloud cover over Cork. Blue dashed line indicates when the 

amount of cloud cover is more than 50 %. The total relative frequency for more than 50% cloud 

cover is ca. 75%. 

Table 6. Number of hours categorised by different cloud cover over Cork airport from 1 January 

2010 to 30 April 2012, total number of hours 20425. 

Cloud cover (oktas) 0 1 2 3 4 5 6 7 8 

Number of hours 149 2907 793 1309 911 1088 1449 7765 4054 
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4.2. Volcanic ash event – Eyjafjallajökull 

In spring 2010 a strong eruption of the volcano Eyjafjallajökull in Iceland occurred. The 

eruption can be divided into two activity phases: The first was an effusive eruption, 

characterised by alkali-olivine basalt lava flowing from various eruptive vents. This 

phase lasted from 20 March to 12 April [101, 102]. Effects from the effusive eruption 

where localised to Iceland. On 14 April 2010 the volcano enter the second phase, 

explosive eruption, which occurred beneath glacial ice [101, 102]. Cold water from 

melted ice quickly chilled the lava causing it to fragment into highly abrasive glass 

particles that were then carried into the eruption plume. This injected a glass-rich ash 

plume into the into the south-easterly moving Jet Stream
4
 [103, 104]. The location of 

this eruption directly under the Jet Stream caused the ash to be transported into the 

airspace over northern and central Europe a region with the highest density of air traffic 

in the world [103]. From 14 to 20
 
April ash covered large areas of northern Europe 

which forced many countries to close their airspace for all air traffic [105]. In October 

2010 the volcano returned to dormancy and the eruption was considered to be over 

[102].  

During phase two, volcanic particles were observed and monitored by various ground 

based means throughout Europe. The following is a summary of locations where 

observations have been published in peer-reviewed literature: Central Europe [69, 106-

109], France [110], UK [107], Poland [111] Switzerland [112] Norway [106], Italy 

[108, 113, 114], Iberian Peninsula [115] and East Mediterranean Europe [116]. Findings 

from EARLINET stations have also been published [44], where quantitative data about 

the presence, altitude and layering of the volcanic plume are discussed. 

It must be noted that measurements presented in section 4.1 were performed using the 

“old” system configuration as listed in Table 1. The system was undergoing the upgrade 

when the volcano eruption occurred, thus the Raman channel was unavailable as the 

PMT was not operational. Results presented in this section, are the 532 nm backscatter 

profiles determined using the Klett method as outlined in section 2.2.  Observations 

were made in the period of 21 April to 7 May. Using an estimated lidar ratio for ash 

particles and the measured Klett backscattered profiles it is possible to calculate 

                                                 
4
 Jet streams are fast flowing, narrow air currents found in the Earth’s atmosphere. Jet streams are caused 

by a combination of a planet's rotation on its axis and atmospheric heating (both by the sun and the 

Earth’s core) [1 2]. 
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extinction profiles and AOD values for the ash plume. This is discussed after presenting 

the Klett solutions of data measured at the Cork site. Table 7 summarizes measurements 

between 21 April and 7 May 2010 for which Klett backscatter profiles could be 

calculated (only 43 % of the measurements provided suitable data for analysis). Figure 

28 shows the cloud cover (black, circle) and daily rainfall (blue, bar) from the 21 April 

to 7 May 2010. 

Table 7. Summary of measurements made and suitable data available for analysis during the 

Eyjafjallajökull eruption in 2010. 

Date Measurement performed Klett Profile calculated Weather 

21/04/2010 Yes Yes Cirrus 

22/04/2010 Yes Yes Clear 

23/04/2010 Yes No Low cloud 

24/04/2010 Yes No Low cloud/rain 

25/04/2010 No No Low cloud 

26/04/2010 No No Low cloud 

27/04/2010 No No Low cloud 

28/04/2010 No No Low cloud/rain 

29/04/2010 No No Low cloud 

30/04/2010 No No Low cloud 

01/05/2010 No No Low cloud/rain 

02/05/2010 No No Low cloud 

03/05/2010 No No Low cloud 

04/05/2010 Yes No Low cloud 

05/05/2010 Yes No Low cloud 

06/05/2010 No No Low cloud 

07/05/2010 Yes Yes Clear 
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Figure 28. Cloud cover (black, circles) and total rainfall (blue, bar) from 21 April to 7 May. 

Weather conditions allowed for 7 days of lidar measurements over this period, with only 3 days for 

which Klett backscatter profiles could be established. 

Mona at al. [113] describe a technique whereby all data submitted to the EARLINET 

database from 19 April to 14 May were analysed to provide an overview of volcanic 

layer identification and aerosol type assignment for said period. By applying the 

methodology described in Mona et al. [113] to all EARLINET observations of the 

volcanic event, quantitative information about the four-dimensional distribution of the 

volcanic plume at continental scale can be obtained. The observations of the volcanic 

plume made with UCLID were used in the four-dimensional distribution of the volcanic 

plume [44]. 

It is not possible to determine what type of aerosol particles are present using a single 

wavelength, therefore additional sources of information were required to confirm the 

presence of volcanic particles. In order to determine where the air masses arriving at 

Cork had originated backward trajectories were calculated  using the HYSPLIT 

(HYbrid Single-Particle Lagrangian Integrated Trajectory) model [117] which is based 

on GDAS (Global Data Assimilation System - http://ready.arl.noaa.gov/gdas1.php) 

meteorological data. Satellite images provide by NASA/MODIS (MOderate Resolution 

Imaging Spectroradiometer) Rapid Response Team were also used to confirm the 
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presence of volcanic aerosol over Cork (http://earthdata.nasa.gov/data/nrt-data/rapid-

response/).  

In addition to these sources, forecasted graphics from the Met Office London Volcanic 

Ash Advisory Centres (VAAC) provided estimations of the movement of the volcanic 

ash plume. The forecast is generated with the Numerical Atmospheric-dispersion 

Modelling Environment [118] (NAME) which uses the Met Office Unified (MetUN) 

Model [119] and European Centre for Medium-range Weather Forecast (ECMWF) 

Numerical Weather Prediction (NWP) meteorology data - http://www.ecmwf.int/. The 

graphics usually provide up to 24 hours forecasts for airports and aviation authorities in 

order to support the decision making process on whether aircrafts can fly safely. The 

graphics consists of 4 panels (see Figure 33, Figure 37 and Figure 41), corresponding to 

predictions of ash clouds at 6 hour increments. The red line shows the regions for which 

ash has been predicted between the heights SFC-FL200 (surface to flight level 20000 

ft). The green line indicates regions for ash being predicted between the heights 

FL200/FL350 (flight level 20000 ft to 35000 ft). 

Brief discussion of individual days during the eruption period 

21 April 2010 

Figure 29 and Figure 30 are backscatter profiles for 21 April 2010. The panels (a), (b), 

(c) and (d) in both figures represent the time period used to determine the Klett 

backscatter profile, panel (a) 20:30 - 21:30, panel (b) 21:30 – 22:30, panel (c) 22:30 – 

23:30 and panel (d) 23:30 – 00:30, all profiles are averaged over 1 hour periods.  Figure 

29 shows the backscatter profiles up to 12 km to illustrate the detection of a cirrus cloud 

(descending from 6 km to 4.5 km), while Figure 30 shows the lower 3 km of the 

backscatter profiles. No overlap function is available to correct the first 1 km of the 

profiles in Figure 29 and Figure 30, hence a larger error is expected. The top of the PBL 

height for panel (a), (b), (c) and (d) was determined to be 465 ± 30 m, 585 ± 30 m, 405 

± 30 m, and 585 ± 30 m respectively (average height of PBL 510 ± 90 m). The PBL 

height was calculated using the 1
st
 derivative of the backscatter coefficient as described 

in [120]. The top of the PBL was found at the altitude of the steepest gradient of the 

particle backscatter profile, i.e., the largest local minimum of the first derivative of the 

range-corrected signal. 

http://earthdata.nasa.gov/data/nrt-data/rapid-response/
http://earthdata.nasa.gov/data/nrt-data/rapid-response/
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Figure 30 shows a layer was measured between 750 m and 1500 m. According to the 

HYSPLIT model (Figure 31 (left)), the air masses probed at 500 m (red line) and 1000 

m (blue line) on 21
 
April had originated from Iceland, while the air masses at the 

altitude of the cirrus cloud originated over the Atlantic Ocean (green line). Figure 31 

(right), shows an image captured with the MODIS instrument on NASA's Terra satellite 

from 20 April 2010. The ash plume (inside the red line) is apparent and drifting to the 

south. This observation agrees with the HYSPLIT model. Figure 32 is the colour-coded 

image of time-dependent range corrected 532 nm backscatter profiles. The ash layer 

between 750 m and 1400 m and the planetary boundary layer (PBL) at ca. 500 m are 

evident in this image.  

Additional evidence that the layer detected in the lower troposphere above Cork, 

consisted of ash particles is shown in Figure 33. This VAAC prediction graphic shows 

the expected ash coverage at 6 hour intervals in four panels (Figure 33 a, b, c and d). 

 he model indicates that the ash was e pected to cover all of Ireland’s troposphere, but 

could only estimate the tropospheric position of the ash to be somewhere between 

ground level and ~6 km. Based on the backscatter signal (Figure 30) the ash layer was 

confirmed to be between 0.8 km to 1.4 km.  

 

Figure 29. Backscatter profiles determined using the Klett method for 21 April 2010. The panels 

(a), (b), (c) and (d) are profiles averaged from 20:30 - 21:30, 21:30 – 22:30, 22:30 – 23:30 and 23:30 

– 00:30 respectively A descending cirrus cloud is apparent in the sequence of panels between 4.5 

and 8 km . Aerosol of volcanic origin was observed between 750 m and 1500 m. 
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Figure 30. First 3 km of the backscatter profiles determined using the Klett method for 21 April 

2010. The panels (a), (b), (c) and (d) are profiles averaged from 20:30 - 21:30, 21:30 – 22:30, 22:30 -

23:30 and 23:30 – 00:30 UTC respectively. The average top height of the PBL was determined to be 

510 ± 90 m, the volcanic particles were observed between 750 and 1400 m. 

  

Figure 31. Left: NOAA HYSPLIT model backward trajectories for three days before 21 April. 

Trajectories indicate air masses arrived at Cork from Iceland (blue and red traces). Right: Image 

from the MODIS instrument on NASA's Terra satellite that captured an visible image of the ash 

(inside red line) drifting south and east from the Eyjafjallajökull volcano in Iceland on 20 April 

11:55 UTC [28].  
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Figure 32. Colour-coded image of time-dependent range corrected 532 nm backscatter profiles of 

the measurement on 21 April. The ash layer is evident between 750 m and 1400 m. 

 

Figure 33. The VAAC prediction graphic released on 21 April 2010 18:51 UTC. All ash clouds are 

estimated to be between ground level and 6 km (Red line - SFC/FL200) [121].  

 

 

(a) (b) 

(c) (d) 
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22 April 2010 

Figure 34 shows the Klett backscatter profiles from 0 to 3 km for 22 April 2010. The 

panels (a), (b) and (c)  represent the time period used to determine the Klett backscatter 

profile, panel (a) 20:00 - 21:00, panel (b) 21:00 – 22:00 and panel (c) 22:00 – 23:00, all 

profiles are averaged over these 1 hour periods. No overlap function is available to 

correct the first 1 km of the profiles, hence a larger error is expected. The left panel of 

Figure 35 shows the HYSPLIT model backward trajectories for three days before 22 

April. According to the model the air masses originate from Iceland and pass over 

England (red and blue lines). The right panel of Figure 35 illustrates that on 22 April the 

ash density had diminished in comparison to 20 April (shown in Figure 31 (right 

panel)). The amount of volcanic material injected into the atmosphere had started to 

decrease by 22 April. Comparing the backscatter profiles in Figure 30 with Figure 34, 

the ash layer was measured at ca. 3.5 Mm
-1

sr
-1

 for 21 April and ca. 2.5 Mm
-1

sr
-1

 for 22 

April, confirming the reduction of ash particles in the lower troposphere. This is also 

evident in the VAAC prediction model, Figure 37, where the predicted ash in the 

troposphere over Ireland is receding. Figure 37, panel (a) predicts the ash cloud to be 

over Ireland, panel (b) predicts the ash cloud to move to the north, panel (c) predicts the 

ash cloud to be over Northern Ireland and panel (d) predicts no ash cloud over Ireland. 

While the model predicts diminishing ash occurrence for 22 April, this is not evident 

from the backscatter profiles in Figure 34, as the detected layer remains at ca. 2.5 Mm
-

1
sr

-1
 during the 3 hr measurement period shown. 

Figure 36 is the colour-coded image of time-dependent range corrected 532 nm 

backscatter profiles. The weak ash layer between 500 m and 1200 m and the planetary 

boundary layer (PBL) at ca. 450 m are evident in this image. 
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Figure 34. Backscatter profiles determined using the Klett method for 22 April 2010. The panels 

(a), (b) and (c) are profiles averaged from 20:00 - 21:00, 21:00 – 22:00 and 22:00 - 23:00 UTC 

respectively. The average top height of the PBL was determined to be 485 m ± 46 m, the volcanic 

particles were observed between 500 m and 1200 m. 

  

Figure 35. Left: NOAA HYSPLIT model backward trajectories for three days before 22 April. 

Trajectories indicate air masses arrived at Cork from Iceland having passed over England. Right: 

Image from the MODIS instrument on NASA's Terra satellite that captured an image of the much 

diminished ash occurrence (inside red line) drifting south and east from Eyjafjallajökull volcano on 

21 April 12:35 UTC [28]. 
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Figure 36. Colour-coded image of time-dependent range corrected 532 nm backscatter profiles of 

the measurement on the 22 of April. The weak ash layer is evident between 500 m and 1200 m. 

 

Figure 37. The VAAC prediction graphic released on 22 April 2010 19:38 UTC. All ash clouds are 

estimated to be between ground level and 6 km (Red line - SFC/FL200) [121]. 

 

 

(a) (b) 

(c) (d) 
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7 May 2010 

The final detection of volcanic particles over Cork was made on 7 May. Figure 29 

shows a 1 hr averaged Klett backscatter profile from 20:30 to 21:30 UTC. Larger errors 

up to 1 km are expected as no overlap correction was available. There are several layers 

present above the top of the PBL (PBL height 735 ± 30 m) in the lower troposphere at 

1.2 km, 1.6 km, 2.2 km and 2.9 km. The VAAC prediction graphic, Figure 41, predicts 

the ash to be present over the north and east of Ireland; according to the HYSPLIT 

model air masses originate from over central England and Northern Europe where no 

ash occurrence was indicated by the information from VAAC. As discussed in Matthias 

et al [109], between 2 and 5 May England was largely influenced by stronger ash 

occurrences (seen in Fig. 2c and 2d in [109]). The findings in [109] support the 

HYSPLIT model, that air masses with ash particles were transported over Ireland and 

were detected on 7 May. More than one layer is present between 1 km and 3 km as 

opposed to the backscatter signals from the 20 and 21 April where only single layers 

above the PBL were observed. The backscatter profile for 7 May suggest a stronger 

backscatter coefficient than previous ash measurements (3.5 Mm
-1

sr
-1

 in comparison 

with Figure 30 - 3 Mm
-1

sr
-1

 and Figure 34 - 2.5 Mm
-1

sr
-1

), indicating a greater 

concentration of ash particles. 
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Figure 38. Backscatter profile determined using the Klett method for 7 May 2010 averaged from 

20:30 – 21:30 UTC. The top of the PBL was determined to be at 735 ± 30 m, the volcanic particles 

were observed between 1 and 3 km. Mixing with aerosol in the PBL is evident. 

  

Figure 39. Left: NOAA HYSPLIT model backward trajectories for three days before 7 May. 

Trajectories indicate air masses arrived at Cork from over central England and Northern Europe. 

Right: Image from the MODIS instrument on NASA's Terra satellite of a substantial ash plume 

drifting east and then south over the Northern Atlantic starting from the Eyjafjallajökull volcano 

in Iceland on 6 May 11:55 UTC [28]. 
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Figure 40. Colour-coded image of time-dependent range corrected 532 nm backscatter profiles of 

the measurement on the 7 of May. The ash layer is evident between 1 km and 2.3 km. 

 

Figure 41. The VAAC prediction graphic released on 7 May 2010 00:27 UTC. Occurrence of ash 

was estimated to be between ground level and 6 km (Red line - SFC/FL200) and between 6 and 10.5 

km (Green line – FL200/FL3500) [121]. 

 

(a) (b) 

(c) (d) 
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Estimated extinction coefficients and aerosol optical depth (AOD) 

Since there were Raman scattering profiles available for this period of measurements, a 

lidar ratio value for the ash particles was assumed to calculate an extinction profile and  

AOD value from the backscatter signal [122]. Based on data from the lidar station in 

Munich where the lidar ratio for the ash layer was found to be between 50 - 60 sr at 532 

nm [68], a lidar of 55 ± 5 sr was used to calculated the extinction profiles. The 

uncertainty for the extinction profiles will be determined by error propagation due to the 

error of the backscatter coefficient profiles and the range of the lidar ratios determined 

in Munich. Table 8 shows the maximum extinction coefficient, mean extinction 

coefficient and the AOD of the ash layers measured at the Cork site. 

Table 8. Maximum and average extinction coefficient of the ash layer calculated from the measured 

Klett backscatter profiles and the assumed lidar ratio of 55 ± 5 sr for ash particles [68]. Errors for 

the mean ExtCf indicate the standard deviation of the mean, all other errors determined by error 

propagation. 

 Maximum ExtCf 

[Mm
-1

] 

Mean ExtCf  

[Mm
-1

] 

AOD 

[1] 

21 April 195 ± 41 149 ± 30 0.122 ± 0.400 

22 April 152 ± 35 115 ± 22 0.090 ± 0.038 

7 May 218 ± 44 170 ± 19 0.215 ± 0.080 

 

The ash layers detected on 21 and 22 April are optically thinner than the one on 7 May. 

Ansmann et al. [68] report the extinction coefficients of 400 Mm
-1

 at the start of the 

eruptive period on 16 and 17 April. The authors reports AOD values for the same period 

to be 0.35 ± 0.05. Flentje et al. [123] report a measured extinction value of 500 Mm
-1

 on 

17 April in Hohenpeissenberg, Germany. Since the ash measured at the Cork site had 

aged by ca. 5 days compared to the particles observed over Munich and 

Hohenpeissenberg, it was expected that the values determined at the Cork site would be 

smaller. Measurements in Southeastern Italy from 20 to 22 April show good agreement 

with the calculated extinction coefficients and AOD of the ash layer that was measured 

at the Cork site [124]. The authors report extinction values between ca. 100 and 150 

Mm
-1

 and AOD values between 0.15 and 0.25 (Figure 4. and Figure 6. in  ref [124] 

respectively). A different study by Mona et al. [113] in Southern Italy found the AOD at 
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355 nm to be ca. 0.12 - 0.13 on 20 April 2010, in similar to values found at the Cork 

site. Reports of AOD at 440 nm over the Iberian Peninsula vary from 0.17 to 0.31 over 

the period of  6 - 12 May 2010 [115], and agree with the AOD measured on 7 May at 

the Cork site.  

A report by Marenco et al [125] compares an airborne lidar with a ground based lidar in 

the United Kingdom over the period 20 April to 18 May. Both instruments operate at 

355 nm. From 20 April to 22 April the authors report no significant ash detection with 

the airborne lidar, from 4 May to 18 May ash at different heights and concentrations 

were detected. A maximum extinction value of 700 Mm
-1

 was measured on the 16 and 

17 May, on the remaining days the extinction value varied between 100 to 400 Mm
-1

 

[125]. On 4 May a direct comparison between the airborne lidar and ground based lidar 

at Aberystwyth is made [125]. Both lidars measured the main aerosol layer at the same 

altitude and the magnitude of the extinction coefficient is within 25% (ca. extinction 

value of 150 Mm
-1

).  

A study in France [110], reports on lidar observations at 355 nm from 18 to 22 April 

and 18 and 19 May 2010. The authors report a mean extinction of 369 ± 38 Mm
-1

 on 19 

April, 275 ± 56 Mm
-1

 on 22 April, 502 ± 46 Mm
-1

 on 18 May and 927 ± 153 Mm
-1

 on 

19 May. A stronger extinction is detected on the 22 April in France in comparison to the 

Cork site, the is likely due to the direction the air masses travelled (see Figure 35), the 

red and blue traces show that the air masses travelled over England and the English 

Channel before arriving at the Cork site. A smaller ash concentration was transported 

back to the Cork site after passing over English Channel, while the results presented in 

[110] would indicate that a larger concentration was transported over France. A 

comprehensive study by Toledano et al. [115] discuses the aerosol properties of the 

Eyjafjallajökull ash over the Iberian Peninsula on 6 to 12 May 2010. The authors report 

on findings from sun photometers and satellite observations. Values of AOD at 440 nm 

varied from 0.19 to 0.31 at 8 different sun photometers stations over said period. The 

MODIS satellite sensor measured values of AOD at 550 nm between 0.2 to 0.5 on 11 

May and between 0.1 to 0.3 on 12 May [115]. A lidar study by Sicard et al. [126] of the 

Eyjafjallajökull ash over the Iberian discuses results over the from 5 to 8 May. The 

authors report mean maximum AOD over said period for Évora, Madrid, Granda and 

Barcelona to be 0.107, 0.130, 0.137 and 0.017, respectively. Backscatter profiles and 

extinction profiles are presented in Figure 5 ( 7 May 2010 - Évora and Madrid) and 
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Figure 6 (8 May 2010 - Granda and Barcelona) in ref [126]. The maximum backscatter 

and extinction value from Évora and Madrid is ca. 3 Mm
-1

sr
-1

 and 120 Mm
-1

, 

respectively. While the maximum backscatter and extinction value from Granda is ca. 8 

Mm
-1

sr
-1

 and 300 Mm
-1

. The backscatter values from Évora and Madrid agree with 

those measured at the Cork site (Figure 29, Figure 34 and Figure 38), while the 

extinction values agree with values calculated from backscatter profiles at the Cork site 

(see Table 8). 

Another rather comprehensive study by Matthias et al. [109] discusses results from sun 

photometers, lidars and in-situ aircraft observation from 11 AERONET station within 

Europe from 14 to 22 April. AOD values at 532 nm determined with lidars varied from 

0.08 to 0.44. Extinction values of the ash layer were measured to be 700 Mm
-1

 at 

Hamburg and 500 Mm
-1

 at Leipzig on the 16 April. On 18 April the lidar station at 

Palaiseau measured extinction values of the ash layer to be 200 Mm
-1

 and the lidar 

station at Potenza shows a decrease to 50 Mm
-1

 on the 20 April.  

Winker et al. [127] presents CALIPSO observations of Eyjafjallajökull ash between 15 

and 20 of April. The CALIPSO satellite observed the volcanic plume over 12 different 

locations within Europe. The closet observation to the Cork site was made over the 

south eastern England (18 April) and North of Ireland over the Atlantic Ocean (19 

April). A weak layer was detected on 18 April with an extinction value of 25 Mm
-1

 and 

AOD at 532 nm to be 0.024 and with an increase on 19 April with an extinction value of 

67 Mm
-1

 and AOD at 532 nm to be 0.039. A measurement on 20 April south of Iceland 

show a larger extinction and AOD value of 248 Mm
-1

 and 0.29, respectively. This is in 

agreement with the calculated extinction values at the Cork site, where it would be 

expected to be of the same order of magnitude as the CALIPSO observation a day 

earlier than the first detection of ash particles at the Cork site.  
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4.3. Saharan dust events 

In 2011 and 2012 Saharan dust events were detected during the spring season at the 

Cork site. Two separate events were detected on 8
 
and 21 April in 2011, and a 

continuous event was detected over four days from 26 to 29 March in 2012. To confirm 

that the aerosol loads over Cork were dust; measurements from Cloud-Aerosol Lidar 

Infrared Pathfinder Satellite Observations (CALIPSO) [61, 63] (where available) were 

used. The Cork lidar station is situated within 100 km of the orbital path of CALIPSO. 

The satellites orbital path can pass within the 100 km distance between 2 and 4 times a 

week, during day and night. A direct comparison cannot be performed as CALIPSO 

measurements occur between either: (i) ca. 01:00 to 04:00 where access to the lidar is 

unavailable or (ii) ca. 12:00 to 14:00 where no measurements were performed. 

Therefore CALIPSO data were used to provide meaningful information about the 

aerosol load (i.e. if dust particles were present) in the troposphere within a 100 km 

radius of the Cork site. In addition to CALIPSO observations, the Dust Regional 

Atmospheric Model (DREAM) [128] which forecast dust events was used to verify the 

presence of dust. The forecasts are available at 

http://www.bsc.es/projects/earthscience/DREAM. The Navy Aerosol Analysis and 

Prediction System (NAAPS) [129] long-range pollution transport model was developed 

by the Naval Research Laboratory in Monterey (NRL). The NAAPS model uses 

meteorological data obtained from the Navy Operational Global Atmospheric Prediction 

System (NOGAPS) global circulation model [130]. The images from the NAAPS model 

show the optical depth at a wavelength of 0.55 µm for three components: sulphate 

particles, dust, and smoke. Also backward trajectories of the air masses arriving at Cork 

on the dates concerned were determined using the HYSPLIT model [117] with GDAS 

meteorological data. 

8 April 2011 

Figure 42 shows an aerosol event detected at the Cork site on 8 April 2011. Panels (a), 

(b), and (c) show the extinction coefficient, the Raman backscatter coefficient and the 

lidar ratio as a function of altitude, respectively. The integration time was 30 minutes. 

The top of the planetary boundary layer was determined to be 615 ± 30 m. In Figure 43 

(left panel) a backward trajectory (3 days) is shown as determined by the HYSPLIT 

model. The model implies that the air masses over Cork on that day arrived from the 

Atlantic Ocean and the Sahara desert. A large dust event was forecasted by the DREAM 
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model for the start of April 2011 (Figure 44). According to the model on 8 April dust 

was present over southern Spain, Portugal, northern France, the Atlantic Ocean and 

Ireland; these locations match with the blue and green traces on the HYSPLIT backward 

trajectory (see Figure 43 left). The forecast for the NAAPS model for 8 April at 08:15 

(see Figure 43 right) confirms the presence of a dust in the lower atmosphere.  

 

Figure 42. Measurement on the 8 April 2011 (2100-2130 hrs). (a): Extinction coefficient (ExtCf) 

with errors (signal smoothing with window lengths of 90 m up to 1230 m, 330 m between 1230 and 

2490 m, and 810 m from 2490 m upwards), (b) Raman backscatter (Bsc) solution with errors, (c) 

Lidar ratio with a smoothing window of 210 m up to 2265 m and 570 m from 2265 m onwards. An 

aerosol layer is evident between 2 and 4 km with a lidar ratio between 20 and 65 sr. Error bars 

indicate the standard deviation caused by photon noise. 
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Figure 43. Left: NOAA HYSPLIT model backward trajectories for three days before 8 

April. Trajectories indicate air masses arrived at Cork from the Atlantic Ocean and the Sahara 

desert. Right: NAAPS Aerosol Model for 8 April 2011. The colour code for different aerosol 

particles are: sulphate - orange to red, dust - green to yellow and smoke - blue. The model predicts 

a dust event over southern Spain, Portugal, France, Atlantic Ocean and Ireland [131]. 

 

Figure 44. Dream model forecast for dust loading over North Africa, Middle East and Europe for 8 

April (colour-coded unit: g/m
2
). Wind directions are also indicated. A dust event was predicted over 

southern Spain, Portugal, northern France, Atlantic Ocean and Ireland as indicated by the image 

[132].  
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Figure 45. Colour-coded image of time-dependent range corrected 532 nm backscatter profiles of 

the measurement on 8 April for a 30 min period. A large aerosol layer is evident between 1.3 and 

2.3 km. 

Figure 46 shows the orbital projection of CALIPSO over Ireland for 8 April. The data 

presented in Figure 48 corresponds to the time shown in pink in Figure 46. Figure 47 

shows the total attenuated backscatter for 8 April 2011, start time 03:13:01 UTC and 

end time 03:26:30 UTC, the region for comparison is between latitude 48.83 and 54.81 

N. Figure 48 shows the aerosol type assignments based on the report: CALIOP 

Algorithm Theoretical Basis Document Part 3 [62]. The aerosol types are colour-coded 

as: blue – clean marine, yellow - dust, red - polluted continental, green – clean 

continental, brown – polluted dust and black – smoke.  

From the Raman backscatter profile (Figure 42 (b)), a large aerosol layer was detected 

between 2.0 and 4.0 km, this correlates to the green trace on the HYSPLIT model 

(Figure 43 left). The lidar ratio for this layer is 66 ± 4 sr agreeing with the lidar ratio 

found for dust in [133]. While the backward trajectory (red line, Figure 43 left) suggests 

that the layer between 550 to 700 m passed over the Atlantic Ocean, indicating marine 

aerosol confirmed by a lidar ratio of 26 ± 5 sr (see Figure 42 (c)) and agrees with lidar 

ratio for marine aerosol particles [134]. Both the DREAM and NAAPS models 

predicated the dust entering Ireland's atmosphere on 8 April; see Figure 43 (right) and 
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Figure 44 respectively. The trajectories from HYSPLT show that the air masses at 650 

m (red), 1500 m (blue) and 2300 m (green) originated over the Atlantic Ocean. It is 

evident that no mixing between the PBL and the dust occurred as shown by the different 

lidar ratio at each layer height, i.e. 26 ± 5 sr to 550 to 700 m and 66 ± 4 sr 2000 to 4000 

m. Between 0.8 and 2.0 km the lidar ratio suggest there is additional mixing taking 

place, a lidar ratio of 51 ± 2 sr  between 0.9 and 1.2 km suggests dust, marine and 

anthropogenic particles are mixing [133] and a polluted marine aerosol layer between 

1.5 and 1.8 km with a lidar ratio of 30 ± 2 sr [99]. There is a varying amount of mixing 

of dust taking place between each air mass height as shown by the different lidar ratio at 

each layer, i.e. 26 ± 5 sr from 550 to 700 m, 53 ± 3 sr from 800 to 1200 m and 66 ± 4 sr 

from 2000 to 4000 m. CALIPSO also confirms the presence of dust at 03:13:01 to 

03:26:30 on the morning of 8 April, over the Atlantic Ocean (lat 53.87
o
 lon -12.02

o
 to 

lat 47.89
o
 lon -14.64

o
 (Figure 48)). Figure 45 show the colour-coded image of the range 

corrected 532 nm backscatter signal vs. time where the layer between 2.0 to 4.0 km is 

clearly evident.  

 

Figure 46. CALIPSO orbit projection for 8 April in black. The orbit projection in pink corresponds 

to the time when data shown in Figure 48 were taken. The horizontal and vertical axes represent 

latitude (deg) and longitude (deg) respectively. 
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Figure 47. CALIPSO night-time colour-coded (unit: km
-1

sr
-1

) total attenuated backscatter, for 8 April 2011, start time 03:13:01 UTC and end time 03:26:30 UTC. 

An estimated surface elevation is derived from a digital elevation map and is displayed as a red line [135]. 
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Figure 48. Colour-coded aerosol subtype analysis for the total attenuated backscatter shown in Figure 47 : blue – clean marine, yellow - dust, red - polluted 

continental, green – clean continental, brown – polluted dust and black – smoke [135].  
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21 April 2011 

Figure 49 shows an aerosol event detected at the Cork site on 21 April 2011. Panels (a), 

(b), and (c) show the extinction coefficient, the Raman backscatter coefficient and the 

lidar ratio as a function of altitude, respectively. The integration time was 30 minutes. 

The top height of the PBL was determined to be 615 ± 30 m. In Figure 50 (left) a 

backward trajectory (4 days) is shown as determined by the HYSPLIT model. The 

model implies that the air masses over Cork on that day arrived from Western Europe. 

A large dust event was forecast by the DREAM model for the end of April 2011. 

According to the model on 21 April dust was present over Spain and southern France; 

these locations match with the blue, cyan and green traces on the HYSPLIT backward 

trajectory (see Figure 50 (left)). According to the NAAPS model for 21 April at 10:10 

(see Figure 50 (right)) dust was present above Ireland and sulphate was present at the 

Cork site.  

 

Figure 49. Measurement on 21 April 2011 (2130-2200 hrs). (a): Extinction coefficient (ExtCf) with 

errors (signal smoothing with window lengths of 250 m up to 960 m, 390 m between 960 and 2490 

m, and 570 m from 2490 m upwards, (b) Raman backscatter (Bsc) solution with errors (up to 5 

km), (c) Lidar ratio with a smoothing window of 270 m. An aerosol layer is evident between 0.5 – 2 

km with a lidar ratio between 20 and 60 sr. Error bars indicate the standard deviation caused by 

photon noise. 
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Figure 50. Left: NOAA HYSPLIT model backward trajectories for four days before 21 of April. 

The map includes the colour-coded (unit: g/m
2
) image from the DREAM forecast for 21 April, 1200 

hrs. Wind directions are also indicated. A dust event was predicted over Spain and southern France 

as indicated by the image. Trajectories indicate aerosol particles arrived at Cork from the 

European continent. Right: NAAPS Aerosol Model for 21 April 2011. The colour code for different 

aerosol particles are: sulphate - orange to red, dust - green to yellow and smoke - blue. The model 

predicts a large dust event above Ireland [131].  

 

Figure 51. Colour-coded image of time-dependent range corrected 532 nm backscatter profiles of 

the measurement on 21 April for a 30 min period. A wide aerosol layer is evident between 0.5 km 

and 2.0 km. 
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Figure 52 shows the orbital path of CALIPSO over Ireland for the 21 April. The data 

presented in Figure 54 corresponds to the time of the orbit projection shown in pink in 

Figure 52. Figure 53 shows the total attenuated backscatter coefficient for 21 April 

2011, start time 02:43:17 UTC and end time 02:56:46 UTC, the region for comparison 

is between latitude 48.83
o
 N to 54.81

o
 N. Figure 54 shows the aerosol type assignment 

for CALIPSO.  

From the Raman backscatter profile (Figure 49 (b)) a large aerosol layer was detected 

between 0.7 and 2 km and another one at 2.5 km. Both these correspond to the blue (0.7 

– 2 km) and cyan (2.5 km) trajectories calculated with the HYSPLIT model (Figure 50 

left). While the backward trajectory suggested that the layer between 500 to 800 m 

passed over Western Europe (red line, Figure 50 left), it was likely that mixing with 

local marine aerosol from the Celtic Sea took place during the transport to Cork. Given 

the low top altitude of the PBL and the strong marine layer above the PBL it was 

concluded that the layer at 2.5 km was a pure dust layer with a lidar ratio of 70 sr, while 

the layer from 1.0 to 1.8 km contained dust, marine and anthropogenic particles (lidar 

ratio 40 to 50 sr). The lidar ratios agreed well with the ones measured in [133]. While 

DREAM forecast the dust entering Ireland's atmosphere on 23 April, the event was 

measured 30 hr before the model prediction. This is again illustrated in Figure 50 (left), 

where the data from DREAM are overlaid with trajectories from HYSPLIT. The figure 

also shows the prevailing wind directions at the time relevant for Ireland. Analysis of 

the CALIPSO night-time total attenuated backscatter signal (Figure 53) indicates that 

there was a region of polluted dust between 2 and 4 km at lat lat 48.88
o
, lon -6.48

o
 (see 

Figure 54) confirming that dust was present on the morning of 21 April over the Celtic 

Sea. Figure 51 shows the colour-coded image of the range corrected 532 nm backscatter 

signal vs. time where the layer between 0.7 and 2.0 km is clearly evident. Another 

aerosol layer started to become evident at ca. 2.5 km altitude approximately at 21:50.  
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Figure 52. CALIPSO orbit projection for 21 April in black. The orbit projection in pink 

corresponds to the time when data shown in Figure 54 were taken. The horizontal and vertical axes 

represent latitude (deg) and longitude (deg) respectively.  
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Figure 53. CALIPSO night-time colour-coded (unit: km
-1

sr
-1

) total attenuated backscatter, for 21 April 2011, start time 02:43:17 UTC and end time 02:56:46 UTC. 

An estimated surface elevation is derived from a digital elevation map and is displayed as a red line. 
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Figure 54. Colour-coded aerosol subtype analysis for the total attenuated backscatter shown in Figure 53: blue – clean marine, yellow - dust, red - polluted 

continental, green – clean continental, brown – polluted dust and black – smoke [135].  
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26-29 March 2012 

A dust event was detected on 3 consecutive nights between 26 and 29 March. Figure 55 

to Figure 58 show the profiles measured from 26 to 29 March. Panels (a), (b), and (c) 

show the extinction coefficient, the backscatter coefficient and the lidar ratio as a 

function of altitude, respectively. Figure 58 (b1) shows the detection of cirrus clouds 

from 6.4 to 6.7 km and at the upper end of the typical range from 10.5 to 11.0 km; panel 

(b2) is an enlargement of (b1) plotted to an altitude of 5 km to provide more detail of the 

lower atmosphere. The integration time for each measurement was 60 minutes. The 

PBL height for the corresponding days was determined to be 465 ± 30 m, 495 ± 30 m, 

465 ± 30 m and 460 ± 30 m respectively.  

 

Figure 55. Measurement on 26 March 2012 (2030-2130 hrs). (a): Extinction coefficient (ExtCf) with 

errors (signal smoothing with window lengths of 90 m up to 720 m, 600 m between 720 and 1980 m, 

and 900 m from 1980 m upwards, (b) Raman backscatter (Bsc) solution with errors, (c) Lidar ratio 

with a smoothing window of 210 m. A strong extinction coefficient is evident between 0.5 – 2 km 

with a lidar ratio of 20 up to 1.2 km and between 50 and 60 sr from 1.6 km upwards. Error bars 

indicate the standard deviation caused by photon noise. 
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Figure 56. Measurement on 27 March 2012 (2030-2130 hrs). (a): Extinction coefficient (ExtCf) with 

errors (signal smoothing with window lengths of 120 m up to 750 m, 570 m between 750 and 1500 

m, and 810 m from 1500 m upwards, (b) Raman backscatter (Bsc) solution with errors (up to 5 

km), (c) Lidar ratio with a smoothing window of 210 m. A strong extinction coefficient is evident up 

to 500 m with a lidar ratio of between 30 and 60 sr. Error bars indicate the standard deviation 

caused by photon noise. 
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Figure 57. Measurement on 28 March 2012 (2030-2130 hrs). (a): Extinction coefficient (ExtCf) with 

errors (signal smoothing with window lengths of 210 m up to 1470 m and 360 m from 1470 m 

upwards, (b) Raman backscatter (Bsc) solution with errors, (c) Lidar ratio with a smoothing 

window of 210 m. Error bars indicate the standard deviation caused by photon noise. 

 

Figure 58. Measurement on the 29 of March 2012 (2100-2200 hrs). (a): Extinction coefficient 

(ExtCf) with errors (signal smoothing with window length of 490 m, (b1) Raman backscatter (BSc) 

solution with errors (up to 12 km); cirrus cloud between 6.4 and 6.7 km and 10.5 and 11.0km. (b2) 

Data from panel (b1) for altitudes up to 3 km, (c) Lidar ratio with a smoothing window of 150 m. 

An aerosol layer is evident between 1.2 and 2.4 km with a lidar ratio between 40 and 60 sr. Error 

bars indicate the standard deviation caused by photon noise. 



89 

 

In Figure 59 a backward trajectory (4 days) is shown for each day ((a) 26 March, (b) 27 

March, (c) 28 March and (d) 29 March) as determined by the HYSPLIT model. The 

model implies that the air masses over Cork from 26 to 29 March arrived from north 

central Europe and the North Sea with the exception of (d) where the air masses at 4.0 

km (cyan) originated over the Atlantic Ocean. A large dust event was forecast by the 

DREAM model. According to the model on 26 March dust was present over Spain and 

Portugal originating from the Saharan Desert (Figure 60 (a)) and forecast to progress 

north over the Atlantic Ocean (Figure 60 (c and d) 27 and 28 March) and finally 

dispersing on 29 March (Figure 60 (d)). According to the NAAPS model a larger dust 

event was predicted when compared to the DREAM model in Figure 60. Figure 61 (a) 

indicates that dust was present in the atmosphere over Cork on 26 March. As time 

progressed the dust remained over the Irish Coast and the Atlantic Ocean to the North 

Sea (Figure 61 (b) and (c) 27 and 28 March). Figure 61 (d) indicates that the dust was 

dispersing over Northern Ireland and to the west of Ireland over the Atlantic Ocean on 

29 March.  
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Figure 59. NOAA HYSPLIT model backward trajectories for four days before (a) 26 March, (b) 27 

March, (c) 28 March and (d) 29 March. All trajectories indicate aerosol arrived at Cork from the 

north of central Europe and the North Sea.  

 

 

 

(a) (b) 

(c) (d) 
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Figure 60. Dream model forecast for dust loading over North Africa, Middle East and Europe for 

(a) 26 March, (b) 27 March, (c) 28 March and (d) 29 March (colour-coded unit: g/m
2
). Wind 

directions are also indicated. A dust event was predicted over (a) Spain and Portugal progressing 

north over the Atlantic Ocean (b – d) [132].  

 

 

 

 

 

 

(a) (b) 

(c) (d) 
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Figure 61. NAAPS Aerosol Model for (a) 26 March, (b) 27 March, (c) 28 March and (d) 29 March. 

The colour code for different aerosol particles are: sulphate - orange to red, dust - green to yellow 

and smoke - blue. The model predicts a larger dust event than the Dream model in Figure 60. Dust 

was predicted over Ireland (a) and continues to remain over the north of central Europe and the 

North Sea (b, c) and dispersing by 29 March (d) [131].  

Figure 62 shows the orbital path of CALIPSO over Ireland for (a) 26 March, (b) 27 

March and (c) 28 March, there is no CALIPSO overpass available for 29 March. The 

data presented on attenuated backscatter in Figure 63, Figure 65 and Figure 67 

correspond to the times when CALIPSO passed over Ireland near Cork (green - day-

time overpass and pink - night-time overpass) as shown in Figure 62, 26 March start 

time 13:22:42 UTC and end  time 13:36:11 UTC, 27 March start time 02:59:18 UTC 

and end  time 03:12:46 UTC, and 28  March start time 13:10:31 UTC and end time 

13:23:59 UTC. The region in which data can be compared with those measured at the 

Cork site are ca. between lat 48.0
o
 N and 52.0

o
 N. Figure 64, Figure 66 and Figure 68 

show the aerosol assignment type for 26 to 28 March. 

(a) (b) 

(c) (d) 
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Figure 55 (c) indicates the presence of dust over the Cork site on 26 March with a lidar 

ratio of 48 ± 2 sr between an altitude of 1.5 and 1.8 km, and 62 ± 2 sr between 1.8 and 

2.0 km. Pisani et al. [136] report mean lidar ratios from dust to be between 46 sr (2.5 - 

3.5 km height range) and 58 sr (3.5 - 5.0 km height range) and 77 sr (5.0 - 8.0 km height 

range) with a standard deviation < 10 sr. Similar to the event measured at the Cork site 

from 21 April 2011 (as discussed above - Figure 49), two layers were found to have 

different lidar ratios indicating a separation of pure dust and polluted dust (dust mixing 

with marine and anthropogenic particles). Computations by Dubovik et al. [137] show 

lidar ratios of about 70 sr (for a mean particle volume radius rv = 5 μm), 55 sr (rv = 2 

μm), and 45 sr (rv = 1 μm) for typical dust size distributions. Given the northerly wind 

direction (Figure 60), along with the predicted path of the dust from the DREAM and 

NAAPS models (Figure 60 and Figure 61) and that of the air mass heights at 500 m 

(red) not mixing with those at 1500 (blue) and 1700 m (green) would signify that the 

layer between 1.5 and 1.8 km (lidar ratio 48 ± 2 sr) is not influenced by continental 

aerosol particles. Since the altitude of the PBL height was low (465 ± 30 m) and due to 

the presence of a strong marine layer above the PBL at the time, the observed aerosol 

dynamics was likely to be governed by the settling of dust particles in dependence of 

the mean particle radius. Where the layer from 1.5 to 1.8 km and 1.8 to 2.0 km 

corresponds to a mean particle volume radius of rv = 1 μm and rv = 2 μm respectively. 

The data in Figure 64 confirmed the presence of dust between lat ~9
o
 N and 35

o
 N (over 

North Africa to North Spain). CALIPSO data in Figure 64 only detected marine 

particles close to the Cork site, thus it is likely that the dust plume had not advanced to 

Cork until the evening of 26 March. 

For 27 March, there is an indication that air masses over Cork had the potential to mix 

from 500 m (red) to 1250 m (green) as seen in Figure 59 (b), whereas on the previous 

day (Figure 59 (a)) no mixing of the air masses at the PBL (ca. 500 m) and at 1500 m 

took place. The lidar ratio at the PBL height was 33 ± 1 sr. While below it between 135 

and 495 m it was 46 ± 9 sr, and above 1000 m a lidar ratio of 48 ± 7 sr was found (see 

Figure 56 (c)). These lidar ratios indicate that the measured layers may be due to local 

anthropogenic (urban) aerosol from 135 to 495 m, polluted marine conditions from the 

PBL to 1000 m [99] and polluted dust from 1000 m onwards. The CALIPSO overpass 

for the 27 March (Figure 66) shows a region of polluted dust over Ireland (brown). 
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According to the NAAPS model, Figure 61 (c), the dust particles over Ireland was 

expected to decrease. This was confirmed with the measurement on 28 March (Figure 

57) and the CALIPSO overpass which shows less polluted dust (brown) around Ireland 

and more marine aerosol particles (blue) (Figure 68). The lidar ratio, Figure 57 (c) at the 

PBL height was 18 ± 2 sr, 19 ± 3 sr from 75 to 1200 m, and 56 ± 2 sr from 1300 to 1400 

m. A lidar ratio of 56 sr indicated that the layer observed between 1300 and 1400 m 

may have been due to dust particles, while a lidar ratio of 19 sr indicates marine aerosol 

particles. 

The final measurement on 29 March is shown in Figure 58. A large aerosol layer was 

detected between 1.3 and 2.2 km, and cirrus clouds between 6.4 and 6.7 km and 10.5 

and 11.0km. The lidar ratio at the PBL was 18 ± 1 sr, 19 ± 4 sr from 255 to 1200 m, 58 

± 6 sr from 1200 to 1500 m and 45 ± 5 sr from 1500 to 2300 m. The layer from 1200 m 

to 1500 m showed an increase in the measured lidar ratio for dust when compared with 

previous days. Mattis et al. [138] explains a similar increase of lidar ratios as follows: 

First, the long range transport of dust aerosol particles leads to an effective removal of 

coarse mode particles with diameters > 1 µm by gravitational settling. The lidar ratio 

increases as the ratio of fine to coarse-mode particles [139]. Second, the non-spherical 

shape of the particles may lead to a strong reduction of the backscattering efficiency 

compared with backscattering by surface-equivalent spheres [140, 141]. Comparing the 

backscatter profiles measured at Cork (Figure 55 to Figure 58), it is evident that there is 

a reduction in the backscatter coefficient from ca. 5 Mm sr
-1

 on 26 March to ca. 1 Mm 

sr
-1

 by 29 March; this indicates that the dust particles detected may have been non-

spherical in shape. 
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Figure 62. CALIPSO orbit projection for (a) 26 March, (b) 27 March and (c) 28 March are in green 

(day-time overpass) and pink (nigh-time overpass). The horizontal and vertical axes represent 

latitude (deg) and longitude (deg) respectively. 

  

(a) (b) 

(c) 
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Figure 63. CALIPSO day-time colour-coded (unit: km
-1

sr
-1

) total attenuated backscatter, for 26 March 2012, start time 13:22:42 UTC and end time 13:36:11 UTC. 

An estimated surface elevation is derived from a digital elevation map and is displayed as a red line. 
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Figure 64. Colour-coded aerosol subtype analysis for the total attenuated backscatter shown in Figure 63: blue – clean marine, yellow - dust, red - polluted 

continental, green – clean continental, brown – polluted dust and black – smoke [135].  
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Figure 65. CALIPSO night-time colour-coded (unit: km
-1

sr
-1

) total attenuated backscatter, for 27 March 2012, start time 02:59:18 UTC and end time 03:12:46 

UTC. An estimated surface elevation is derived from a digital elevation map and is displayed as a red line. 
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Figure 66. Colour-coded aerosol subtype analysis for the total attenuated backscatter shown in Figure 65: blue – clean marine, yellow - dust, red - polluted 

continental, green – clean continental, brown – polluted dust and black – smoke [135]. 
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Figure 67. CALIPSO day-time colour-coded (unit: km
-1

sr
-1

) total attenuated backscatter, for 28 March 2012, start time 13:10:31 UTC and end time 13:23:59 UTC. 

An estimated surface elevation is derived from a digital elevation map and is displayed as a red line. 
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Figure 68. Colour-coded aerosol subtype analysis for the total attenuated backscatter shown in Figure 67: blue – clean marine, yellow - dust, red - polluted 

continental, green – clean continental, brown – polluted dust and black – smoke [135].  
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AOD analysis 

Estimates of the AOD at 532 nm are obtained by vertically integrating the lidar profiles 

of the particle extinction coefficient. It should be noted that the minimum height for 

extinction lidar measurements can vary from 150 to 390 m depending on the overlap 

function and smoothing window lengths, which prevents obtaining reliable extinction 

estimates below this height. In order to improve the significance of the AOD estimates, 

the lidar extinction profiles were extrapolated to the surface by assuming that the lowest 

extinction value at the minimum height was constant down to ground level. Two AOD 

values are calculated for each measurement: (i) AODPBL, from the ground level to the 

top of the PBL, and (ii) AODTOT, from ground level to the top of the dust layer. It was 

expected that a significant number of measurements would have marine conditions in 

the PBL region. Table 9 shows the AOD for Cork for days were dust was measured and 

the lidar ratio up to the top height of the PBL (LRPBL). With the exception of 27 March, 

the mean AODPBL for marine conditions (lidar ratio ca. = 20 sr) was 0.051 ± 0.01. The 

AODTOT for dust are in agreement with values reported in [142]. In addition, a decrease 

of ca. 60 % in the AODTOT was evident over 26 to 29 of March, confirming the decrease 

of dust over the Cork site. 

Table 9. Lidar ratio (LRPBL) averaged up to the top height of the PBL Aerosol optical depth at 532 

nm (AODPBL - ground level to the PBL height and AODTOT - ground level to the top of the dust 

layer) for dust events at the Cork site. Errors show the uncertainty calculated by error propagation 

cause by photon noise. 

Date LRPBL AODPBL AODTOT 

8 April 2011 25 ± 3 0.053 ± 0.001 0.494 ± 0.120 

21 April 2011 18 ± 3 0.054 ± 0.001 0.210 ± 0.022 

26 March 2012 21 ± 1 0.063 ± 0.001 0.212 ± 0.053 

27 March 2012 49 ± 9 0.127 ± 0.003 0.213 ±  0.043 

28 March 2012 19 ±2 0.048 ± 0.001 0.084 ± 0.002 

29 March 2012 20 ±3 0.036 ± 0.001 0.099 ± 0.012 
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5. Conclusion 

A Raman lidar system operating at 532 nm with 150 mJ was established at University 

College Cork (51.3 N 8.29 W, 75 m asl) as part of EARLINET and GALION networks. 

The station has contributed Raman backscatter coefficients, extinction coefficients and 

lidar ratios to the EARLINT database since early 2010. 

Analysis of vertical profiles of the aerosol backscatter and extinction coefficient derived 

from regular lidar measurements from April 2010 to May 2011 and February 2012 to 

June 2012 was carried out. The PBL height determined for Cork showed a seasonal and 

monthly dependence, in agreement with other European lidar stations. The arithmetic 

average of the PBL height was found to be 608 ± 138 m with a median of 615 m. The 

PBL height was much lower than other European stations but similar studies performed 

at Mace Head Atmospheric Research station observed similar PBL heights in 

comparisons to Cork. The average AOD at 532 nm between 0 to 2 km at the Cork site 

was 0.158 ± 0.074 and agrees well with AOD values from Aberystwyth. An estimated 

total AOD at 532 nm were found to be for clean marine air masses 0.119 ± 0.023 and 

for polluted air masses 0.170 ± 0.036. These values agree well with total AOD 

measurements performed at Mace Head. Lidar ratio values at the Cork site showed a 

seasonal dependence, with lower values found in winter and autumn (20 ± 5 sr) and 

higher during spring and winter (30 ± 12 sr). Winter and autumn lidar ratio values 

provide a good indication of a maritime condition, while spring and summer lidar ratio 

values indicate more frequent aerosol loads, such as continental aerosol particles and 

dust particles from the Saharan desert. 

Aerosol backscatter profiles measured during the eruption of the volcano 

Eyjafjallajökull in Iceland between 21 April and 7 May showed a strong indication of 

volcanic particles in the troposphere above Cork. Using forecast models and back 

trajectories it was possible to confirm the presence of volcanic particles. The backscatter 

coefficient of the ash layer was measured to be ca. 3.5 Mm
-1

sr
-1 

for 21 April, 2.5 Mm
-

1
sr

-1
 for 22 April and 3.5 Mm

-1
sr

-1
 for 7 May. Estimations of the AOD at 532 nm were 

calculated using a lidar ratio determined from Munich lidar station. The AOD were 

found to be 0.122 ± 0.400, 0.090 ± 0.038 and 0.215 ± 0.080 for 21 April, 22 April and 7 

May, respectively. The AOD values estimated at the Cork site agree with values 

measured around Europe during different stages of the eruption. AOD values between 
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0.15 and 0.25 were measured in Southern Italy from 20 to 22 April while values over 

the Iberian Peninsula from 6 to 12 May showed AOD at 440 nm varied from 0.19 to 

0.31. 

Analysis of backscatter and extinction coefficients during Saharan dust events showed 

lidar ratios that agree well with those found in literature. Using prediction models and 

CALIPSO measurements to confirm the presence of dust, lidar ratio of the dust layers 

were determine to be between 45 and 77 sr. Total AOD at 532 nm during the dust 

events range between 0.84 to 0.494. 
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