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1. Introduction  

 

Aerosols are defined liquid or solid particles suspended in a gas (Hinds, 1999) with a size range from 1 nm 

to 100 µm (Boucher, 2015). Aerosols are present in the atmosphere at all times but their concentrations 

vary spatially and temporally. This is partly because of source locations, and changes in source emission s 

seasonally and diurnally but mostly because aerosols are short-lived compounds (Boucher, 2015). Typically 

aerosols reside in the atmosphere for a few days to a few weeks (Seinfield and Pandis, 2016). The residence 

time is shorter in the boundary layer, where particles usually reside for a couple of weeks, than in the 

troposphere, where particles typically reside for a few months (Boucher, 2015). However, meteorological 

factors also play a role, as aerosols are transported by wind and removed by precipitation though wet 

deposition (Nikandrova et al., 2018). 

Aerosols impact the climate both directly, through absorbing and scattering radiation, and indirectly 

through changing cloud properties (e.g. Allen and Sherwood, 2010; Levy et al., 2013, Takemura et al., 

2005). Aerosol particles are important for cloud formation as they act as cloud condensation nuclei ( CCN) 

and ice nuclei, thus impacting the global radiation budget (IPCC 5th Assessment report, 2013). However, the 

importance of aerosols is not limited to their climatic impacts as they also impact human health and the 

economy. Mortality due to cardiovascular and respiratory diseases is increased by air pollution, especially 

when there is prolonged exposure (Di et al., 2017, Dockery et al., 1993). The direct economic effect is 

illustrated by the impact of volcanic ash and aerosols on the aviation industry following a volcanic eruption 

(Budd et al., 2011). 

The short lifetime of aerosols, their changing microphysical and optical properties combined with local and 

long distance transportation make them difficult to parameterise in models (e.g. Zhang et al., 2016, Liu et 

al., 2012) and so in general, aerosol properties are not well quantified (Comerón et al., 2017). The IPCC 5th 

assessment reports uncertainties in aerosol measurements and clouds as the biggest sources of uncertainty 

in closing the Earth’s energy budget (IPCC Fifth Assessment Report, Seinfeld et al., 2016). 

Lidars have the abilities to continuously measure aerosol with high spatial and temporal resolution, 

presenting the opportunity to reduce these uncertainties in aerosol vertical distribution (e.g . Groß et al., 

2011, Baars et al., 2016, Vakkari et al., 2021, Bohlmann et al., 2021). This study is part of a wider project 

following the 2010 Eyjafjallajökull eruption to utilise Finland’s ground based remote sensing network to 

observe the height and spatial location of volcanic ash and aerosol over Finland in real time in the case of a 

Volcanic eruption. Owing to the lack of volcanic eruptions during this study period, this research instead 

focuses on the typical characteristics of elevated aerosol across Finland. By understanding the typical 
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aerosol properties and developing methods to assess elevated aerosol in real time, this research will help 

to enable the rapid detection of future volcanic ash and aerosol.  

Previously, aerosol depolarisation ratio at 1565 nm has been determined for pollen, dust and marine 

aerosol cases by Vakkari et al  (2021) and Bohlmann et al (2021). Here, for the first time, aerosol 

depolarisation ratio at 1565 nm is evaluated for a large number of elevated layers in Finland over four years 

across Finland’s ground based remote sensing network.  

The following research questions will be addressed:  

1. Are the instruments noise and bleed-through values stable over long time periods? 

2. Do elevated aerosols have a different depolarisation ratio to boundary layer aerosols? 

3. Are the elevated aerosols different at each site?  

4. What can we learn about elevated aerosol in Finland from case studies? 
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2. Theory and Background  

 

2.1 Aerosols 

Aerosols can be grouped into primary and secondary aerosols. Primary aerosols are directly emitted as 

particulate matter whereas secondary aerosols form through condensation in the atmosphere. In remote 

sensing studies, aerosols are often grouped into broad categories such as marine, desert, volcanic, 

biogenic, biomass burning and aerosol from fossil fuel combustion.  

Some primary aerosol particles, such as marine sea spray and desert dust, become suspended due to the 

friction caused by the wind. Other primary aerosols such as volcanic, biogenic aerosol, biomass burning 

aerosol and aerosol from fossil fuel combustion are emitted directly into the atmosphere. Secondary 

aerosols include oxidation products of SO2 and volatile organic compounds (VOCs) from plants and algae, 

for instance. The location of these sources contributes to the spatial changes of aerosol particles. Clean 

environments such as Antarctica have low particle concentrations as low as <  1 μg  m-3 (Järvinen et al., 

2013) whereas polluted urban areas can reach annual averaged concentrations over 150 μg m-3 at PM2.5 

(Wang et al., 2017). After being emitted by a source, aerosol particles can interact and undergo physical 

and chemical transitions, resulting in their properties changing over time (Aaltonen et al., 2006).  

Aerosol particle concentrations also vary seasonally, most due to the seasonal changes in sources. Some 

aerosols such as pollen and from forest fires, are strictly seasonal whereas anthropogenic aerosols  are 

highest during winter when the energy supply is most demanding (Hulkkonen et al., 2012, Virkkula et al., 

2011; Yli-Tuomi et al., 2003). In addition, the boundary layer is lower in winter which causes an increased 

aerosol number concentration at the surface (Ruuskanen et al., 2021).  

Seasonal changes are also dependent on the environment as in urban areas emissions from vehicles cause 

more nucleation events in colder temperatures (Wang et al., 2017) whereas in Finnish Lapland Hyv ärinen et 

al (2011) illustrated the importance of seasonal arctic front movement on aerosol concentrations. Aerosol 

composition across Finland varies seasonally; this has been shown from studies in Arctic Lapland (Aaltonen 

et al., 2006, Ricard et al., 2002) to the island of Utö off the south coast (Hyvärinen et al., 2008).  

The rate at which the aerosol particles are removed from the atmosphere through wet and dry deposition 

impacts their concentrations. Residence time is defined as  

ꞇ ∗ =  B/S =  B/R    (Boucher et al., 2015)   (2 .1)   

where B is the vertically integrated aerosol concentration, S is the source flux and R is removal.  
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Aerosols are concentrated in the boundary layer, however, aerosols can become elevated above the 

boundary layer due to different forcings for air parcel ascent. Temperature inversions above the boundary 

layer results in high aerosol concentrations (Li et al., 2017). Surface heating is important for low level 

convergence and upper level divergence which results in an upward movement of air and hence the 

vertical transportation of aerosol particles (Prijith et al., 2016). For smoke particles from biomass burning 

this energy needed often results from the thermal energy produced from the forest fire. Lau et al (2006) 

termed this thermal forcing as an ’elevated heat pump’ and found in during the summer monsoon in India, 

this pump means that aerosol can ascend even through a stable layer of air which would normally inhibit 

convection. Local circulations such as the sea breeze and mountain valley winds can also bring aerosol 

above the boundary layer (Prijith et al., 2016). These elevated layers can be transported over long distances 

but this is dependent on their residence time of the aerosol and meteorological conditions. Elevated layers 

are not removed through dry deposition and wind speeds are higher above the boundary layer. Both of 

these factors facilitate the long range transportation of aerosol.  

 

2.2 Volcanic matter and aviation  

Volcanic ash and sulfur dioxide are emitted into the atmosphere during explosive volcanic eruptions. Ash is 

composed of large glassy particles whereas SO2 is oxidised to sulfuric acid and forms secondary aerosol 

particles (Schmidt and Robock, 2015). Larger ash particles are often removed faster but the time period 

that volcanic aerosol remains in the atmosphere is dependent on the height that the particles reach. If 

Plinian plumes reach the stratosphere and inject volcanic material above weather patterns where there is 

no wet deposition, aerosol can remain for up to several years such as following the eruption of Mt Pinatubo 

in 1991 (Robock and Mao, 1995). 

Volcanic matter that is emitted into the atmosphere can impact aircrafts and so is hazardous for aviation. 

As most commercial flights operate below the tropopause, and volcanic eruptions can penetrate the 

stratosphere, eruptions can have a big impact on the aviation industry. Eruptions are low frequency, high 

impact events. 

Volcanic ash is typically composed of 30 – 100% silicate glass (Prata and Rose, 2015). Engine damage can 

occur when ash enters the jet engines as the particles are heated up causing the glass inside the ash to turn 

sticky when the glass transition temperature is exceeded. This can clog the air holes in the engine causing 

engine failure. In addition, ash particles are jagged and can result in abrasion of the aircraft’s exterior 

including scratched windows (Hirtl et al., 2020).  
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The eruption of Eyjafjallajökull in 2010 stopped all flights across Europe and the North Atlantic for nearly a 

week. The global economic impact of the eruption was US $ 5 billion (Oxford economics, 2010). Prata and 

Rose (2015) argue that this was an overreaction owing to the lack of knowledge on amounts of ash and the 

dispersion across Europe. Further research is therefore needed to understand when it is safe to fly 

following a volcanic eruption.  

Guffanti et al (2010) astutely note that the biggest risk occurs in the earliest stages of volcanic activity when 

there is the least information about where the volcanic ash and aerosol are located. Real time monitoring 

and tracking of volcanic material are some of the ways that this risk can be reduced. However, current 

methods in monitoring volcanic matter in real time are inaccurate and have many limitations. Prata and 

Rose (2015) note that volcanic clouds are difficult to distinguish from normal clouds, especially when there 

is ice within the cloud. Hirtl et al (2020) modelled a hypothetical ash cloud for aviation decision making and 

found that modelling could successfully reduce flight cancellations. Therefore, using Lidar at 1565 nm could 

be used with modelling to improve the understanding of aerosol composition in the atmosphere 

immediately after an eruption and reduce the risk to aviation.  

 

2.3 Observations of long range transported aerosol in Finland  

Across Finland many studies have emphasized the importance of both local and long range transported 

aerosol (e.g. Hyvärinen et al., 2011; Shang et al., 2021; Mielonen et al., 2013, Hyvärinen et al., 2008, 

Bohlmann et al., 2021, Vakkari et al., 2021) . Most studies are from surface measurements, but long range 

transported aerosols are often observed. On the other hand, surface aerosol from Finland and nearby areas 

may get elevated above boundary layer and be observed there.  Prominent local aerosols include pollen (e.g. 

Bohlmann et al., 2019), marine aerosol (Hyvärinen et al., 2008) and aerosol from boreal forests (e.g. Tunved 

et al., 2006; Nikandrova et al., 2018). Transported aerosols are also important for secondary aerosol 

nucleation and aerosol cloud interactions. Nikandrova et al (2018) however, argue that there have been 

few investigations of elevated aerosol layers in comparison to surface studies and a lack of studies in 

regions with a low aerosol load.  

Long range transported aerosol layers often occur when aerosols reach the free troposphere and then are 

transported baroclinically over large distances (Donnell et al., 2001). Ruuskanen et al (2021) note that 

aerosols with long atmospheric lifetimes are able to reach long spatial distances. This means that clean 

areas like the Arctic can become polluted from aerosols such as black carbon (Mielonen et al., 2013; Aalto 

et al., 2002; Hyvärinen et al., 2016). Aaltonen et al (2006) argue that long range transport is very important 
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in secluded locations such as within the Arctic circle as here transported aerosol dominates the size 

distribution.  

The elevated aerosol composition across Finland varies depending on the fluxes f rom sources, 

meteorological factors such as wind. Elevated layers often originate from long range transport from events 

such as biomass burning from fires, especially found in Russia (Timonen et al., 2013, Mielonen et al., 2013) 

and northern Europe (Timonen et al., 2013) but have also been found from as far as Canada (Shang et al., 

2021). Pollution is transported from the Kola Peninsula, Scandinavia, Eastern Europe, the UK (Yli-Tuomi et 

al., 2003) Desert dust is infrequently found to be transported to Finland in comparison to other prominent 

aerosols (e.g. Ricard et al., 2002, Mielonen et al., 2013).  

However, long range aerosols do not always dominate. Nikandrova et al (2018) compared elevated aerosol 

layers to boundary layer aerosol at Hyytiälä and found that the size distributions of both layers were similar 

but that the elevated layers had lower concentrations due to dilution during transport. Additionally, 

Hyvärinen et al (2008) found that at Utö there was a prevalence of particles forming near Utö rathe r than 

from long range transport. They found that local sources such as diesel shipping emissions were important 

and transported gases from boreal forests enabled nucleation near to Utö. Tunved et al (2006) found that 

across Finland, boreal forests are an important aerosol source. Nucleation over land from boreal VOCs 

dominates in areas where there are no anthropogenic sources.  
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3. Methodology  

 

3.1 Study sites 

 

 

Figure 3.1: Map showing study site locations across Finland. Base map from openstreetmap.org. 

 

Finland’s ground based remote sensing network consists of five sites with different climates and 

geographical conditions. Figure 3.1 shows that they are spread across Finland with a mixture of rural and 

urban locations, and include a site within the Arctic circle and an Island off the south west coast. The 

ground based remote sensing network was established by the Finnish Meteorological Institute and the 

University of Helsinki in 2011 – 2012 with the aim to observe boundary layer dynamics and air pollution in 

real time (Hirsikko et al., 2014). Table 3.1 describes the sites in more detail.  
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Site Site 
description  

Instruments Site conditions  Known aerosol sources 

Helsinki – 
Kumpula 
60.20° N, 
24.96° E 
45 m a.s.l. 

Urban  

 

146-
XR6.4.2018 - 
13.9.2019 
34 13.9.2019 - 
29.10.2019, 
 5.12.2019 - 
31.12.2019 

Marine and continental 
influenced climate 
average annual 
temperature > 5° C, 
average wintertime 
snow depth is 10-20 cm. 
Annual rain amount is 
900 -1100 mm. 
Small forest located 
west. 

Major road (60,000 cars/day) 
200 m east 
Local coffee roastery 
(Timonen et al., 2013) 

Local biomass burning 
(heating and sauna Helsinki) 
Timonen et al (2013)  

Russian biomass burning 
(Timonen et al., 2013) 

Central and Eastern European 
Sulphate and nitrate 
(Makkonen et al., 2012)  

Utö 
59.77° N, 
21.37° E,  
8 m a.s.l. 

Island in 
Finnish 
archipelago 

32 1.1.2016 - 
16.8.2017 
32XR 
22.11.2017 - 
31.12.2019 

Marine climate 
average annual 
temperature > 5° C, 
average wintertime 
snow depth is 5-10 cm. 
Annual rain amount is 
900 -1100 mm. 

Shipping sulphur dioxide. 
Secondary aerosols from 
boreal forest precursor gases 
Hyvärinen et al (2008) 

Kuopio – 
Vehmasmäki 
62.89° N, 
27.63 °E,  
190 m a.s.l. 

Rural forest 53 Pro 
1.1.2016 - 
30.1.2017, 
 17.5.2018 - 
31.12.2019 

Continental climate  
average annual 
temperature 3° C, 
average wintertime 
snow depth is 40-60 cm. 
Annual rain amount is 
900 -1100 mm. 

Spruce and birch pollen 
(Bohlmann et al 2019) 

Hyytiälä 
61.84°N, 
24.29°E,  
179 m a.s.l. 

Rural 
boreal 
forest 

33 1.1.2016 - 
7.8.2017 
46 9.10.2017 - 
31.12.2019 

Continental climate.  
average annual 
temperature 4° C, 
average wintertime 
snow depth is 40-60 cm. 
Annual rain amount is 
900 -1100 mm. 

Biogenic organic aerosol 
(Tunved et al) 
Long distance SO2 and NOx 
(Niemi et al 2004) 
Urban (Virkulla et al 2010) 

Sodankylä 
67.37°N, 
26.62°E,  
171 m a.s.l. 

Arctic rural  54 Pro 
19.6.2017 - 
28.11.2017, 
15.3.2018 - 
20.11.2019 

sub-Arctic continental 
climate.  
average annual 
temperature -2° C, 
average wintertime 
snow depth is 80 cm. 
Annual rain amount is 
300-700 mm. 

Black carbon (Hyvärinen et al., 
2011 at Pallas) 

Table 3.1: Study site locations and conditions. Adapted from Hirsikko et al (2014) . 
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3.2 Lidar measurements  

The term Lidar was first coined by Middleton and Spilhaud (1953) as an acronym for ‘light detection and 

ranging.’  It is an active remote sensing technique that uses the energy of laser beams rather than from 

sunlight which is used by many passive remote sensors. This gives Lidar the ability to make continuous 

observations through the night. Ma et al (2019) advocate that Lidar is highly effective for aerosol 

observations and McCormick and Leavor (2013) argue that Lidar is one of the few remote sensing 

techniques that can observe aerosol characteristics in the low to middle atmosphere. This is because lidar 

has a high range resolution and therefore the ability to distinguish aerosol layers in vertical profiles.   

The laser beam is emitted into the atmosphere and aerosols, clouds, and other atmospheric matter scatter 

the laser energy in accordance with Mie theory. Some of the energy is attenuated or absorbed and some is 

scattered in multiple directions, including back along the path of the laser beam. Lidar instruments have 

transmitter and receivers which can either be in the same location (monostatic) or separate (bistatic) 

(McCormick and Leavor, 2013). The energy that is scattered back towards the lens is detected and 

recorded. From this return signal the time between the transmitted and received pulse can be calculated 

and therefore the signal can give us measurements of altitude. The properties of the scatterer determine 

the strength of the retuned signal (McCormick and Leavor, 2013).  

The Lidar equation tells us the strength of the return signal is as follows:  

 

𝑃(𝑅, 𝜆) = 𝑃0 ∙  
𝑐𝜏

2
 ∙ 𝐴 ∙ 𝜂 ∙  

𝑂(𝑅)

𝑅2 ∙ 𝛽(𝑅, 𝜆) ∙ 𝑒𝑥𝑝 [−2 ∫ 𝛼(𝑟, 𝜆) 𝑑𝑟
𝑅

0
]   (3.1) 

 

Where P(R, λ)  is power of the return signal at wavelength λ of the laser distance R from instrument. Po is 

the average power of an emitted laser pulse, τ is the temporal pulse length, c is speed of light, A is the area 

of the telescope receiver, O(R) is the overlap function (In this study is 1 as sending and receiving through 1 

lens), η is the system efficiency, β(R,λ) is the volume backscatter coefficient (amount of light scattered back 

to receiver), α(r,λ) volume extinction coefficient (Wandinger, 2005).   

Most lidar instruments are ground based however there are some lidars on satellites. Currently there are 

three lidars in space: CATS on the International space station, GLAS on NASA’s Ice cloud and land elevation 

satellite (ICESat) and CALIOP on the CALIPSO satellite (Comerón et al., 2017). On the ground there are 

different types of Lidar including elastic, RAMAN and Doppler, however, this study focuses on aerosol 

studied with Doppler Lidar.  
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Doppler lidars have been used to measure wind since the 1960s (Hopkinson and Chasmer, 2009). Modern 

fibre-optic Doppler lidars are favoured for long term missions as they can be autonomously operated, they 

are small in size, silent and have no interference or ground clustering problems (Pearson  et al., 2009). They 

use aerosols to trace wind movement as aerosol velocity can give a give height and time series of vertical 

velocity. The abundance of aerosols in the lower troposphere and their small size makes them ideal 

trackers (Newsom and Krishnamurthy, 2020). 

There are two types of detection used with Doppler lidars: direct detection and heterodyne detection. In 

this study heterodyne detection is used which means that there is a difference in frequency between the 

emitted laser beam and the oscillator (Wandinger, 2005). Heterodyne detection helps to determine the 

Doppler frequency shift. The radial velocity is known from the Dopple r frequency shift because the Doppler 

shift on the backscattered light is proportional to the velocity of the scatterer (Pearson et al., 2009). The 

Doppler shift in the signal is because the signal is scattered by moving particles. This means that the 

movement of aerosol and clouds can be analysed.  

Measurements were made using Halo Doppler lidars at 1.5 µm. These instruments, which were developed 

by Halo Photonics, are streamline scanning Doppler lidars and operate in the near infrared region. They 

emit pulsed laser signals and use heterodyne detectors that alternate between co and cross polar channels.   

Three different versions of the Halo Doppler lidar are used in this study (see table 3.2). Instruments 32, 33, 

34 and 46, are StreamLine, 146 and 32-XR are StreamLine XR and 53 and 54 are StreamLine Pro. While the 

StreamLine and StreamLine XR have the ability to make full hemispheric scans, the StreamLine Pro was 

designed for harsher environments and instead has the ability to scan a 20° cone. However, for the purpose 

of this study only vertically pointing settings were utilised. The XR is more powerful with an enhanced 

processor and higher pulse energy, however all instruments are  eye safe owing to their low pulse energy. 

Full details of the instrument settings can be seen in table 3.2. See Pearson et al (2009) for full details on 

Halo Doppler lidars.  

The integration time can be set by the user and in this study the integration time varies per instrument. 

However, for all instruments the measurements per range get was 10 and the range gate length was 30 m. 

The measurements received from the lidars are the Doppler velocity and the signal to noise ratio (SNR) in 

co and cross channels. From these measurements we can get wind profiles, turbulence parameters, the  

backscatter coefficient, and  cloud base measurements after post processing techniques (Vakkari et al., 

2019).  

The co signal and cross signal are measured consecutively for the duration of the integration time. For 

example when the integration time is 7 seconds the co signal is measured for 7 seconds and then the cross 
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signal is measured for 7 seconds directly after. The raw data received from the instruments consist of 

hourly files with radial velocities and SNR with corresponding time stamp for each data. The co 

measurement time stamp was used for depolarisation ratio retrieval. Therefore, this study makes the 

assumption that the cross and co signal measurements were made in the same time frame. The minimum 

range of these instruments is 90 m and so the first three range gates were removed to avoid the influence 

of the outgoing signal. In addition, the vertical azimuth display (VAD) scans (in the non-vertical) and 

periodic background checks meant that there were gaps in the vertically-pointing measurements.  

 

Lidar number and version 32 StreamLine 
32-XR StreamLine XR 

33 StreamLine 
46, StreamLine 

53, StreamLine Pro 
54 StreamLine Pro 
146, StreamLine XR 

Wavelength 1565 nm 

Detector heterodyne 
Pulse repetition rate 15 kHz  (32, 33, 46, 53, 54) or 10 

kHz (32-XR, 146) 
 

Nyquist velocity 20 ms-1 
Sampling frequency 50 MHz 

Velocity resolution 0.038 ms-1 
Points per range gate 10 

Range resolution 30 m 

Minimum range 90 m 
Maximum range 9600 m (32, 33, 46, 53, 54) or 

12000 m (32-XR, 146) 

Pulse duration 0.2 us 
Lens diameter 8 cm 

Lens divergence 33 urad 
Telescope monostatic optic-fibre coupled 

 

Table 3.2: Specifications for Halo Doppler lidars used in this study. 

 

3.3 Depolarisation ratio  

Depolarisation ratio is widely cited as one of the most useful parameters for aerosol studies (Baars et al., 

2016) . Depolarisation ratio is defined for heterodyne Doppler lidars (Vakkari et al., 2021) as:  

 

𝐷𝑒𝑝𝑜𝑙𝑎𝑟𝑖𝑠𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑖𝑜 =
𝑐𝑟𝑜𝑠𝑠 𝑝𝑜𝑙𝑎𝑟 𝑆𝑁𝑅

𝑐𝑜 𝑝𝑜𝑙𝑎𝑟 𝑆𝑁𝑅
    (3.2) 



15 
 

The depolarisation ratio is a measure that is representative of the shape of aerosol particles. This means 

that the amount that the light is depolarised is dependent on the shape of the particles. It enables the 

differentiation spherical and non-spherical particles. The depolarisation ratio does not only distinguish 

between aerosol but many studies have used it to look at precipitation and clouds (e.g. Cho et al., 2008; 

Achtert et al., 2015). 

Depolarisation ratio can show us how much of each layer is made up of different types of aerosol ( Mamouri 

and Ansmann, 2017). However, Kahnert et al (2020) argue that depolarisation ratio can only be used to 

classify aerosols into coarse categories such as clean or polluted, or marine or continental but can’t make 

more precise distinctions, as can be done in atmospheric chemistry.  

Many studies have already utilised these properties to distinguish between different aerosol particles (e.g. 

Vakkari et al., 2021, Hirsikko et al., 2014 ; Freudenthaler et al. 2009). Most aerosol studies use lidar at much 

shorter wavelengths such as 355 nm or 532 nm. A few studies have extended the range to around 1000 nm 

(e.g. Haarig et al., 2017, Freudenthaler et al., 2009) however, so far only Vakkari et al (2021) and Bohlmann 

et al (2021)  have studied aerosol depolarisation ratio at 1565 nm. They found that it was possible to study 

aerosol depolarisation ratio at 1565 nm and that by extending the wavelength capabilities of lidar, we could 

get more details on coarse particles such a volcanic ash. Gasteiger and Freudenthaler (2014) conducted a 

modelling study of aerosol particles from Eyjafjallajökull and found that adding 1064 nm along with two 

other channels reduces uncertainty of mass concentration. By using this longer wavelength, it is possible to 

study spectral dependency over a wider range. This is especially important for distinguishing between 

smoke and dust (Burton et al., 2015), and also have potential benefits for other aerosols such as pollen.  

 

3.4 Depolarisation ratio wavelength dependency  

Depolarisation ratio values have a wavelength dependency (see table 3.3). This relationship is not linear 

and is dependent on the type and mode of the polarising aerosols along with mixing ratios (Haarig et al., 

2017). Generally, lidars at shorter wavelength such as 355 nm have a higher sensitivity to smaller particles, 

whereas lidars with a longer wavelength such as 1565 nm have a higher sensitivity to larger particles such 

as dust and volcanic ash (Bohlmann et al., 2020). Using this wavelength dependency can be advantageous 

in distinguishing between different aerosol particles. Measuring at multiple wavelengths can verify what 

type of aerosol is being measured. For example it can distinguish between smoke and ash (Groß et al., 

2012). However, the depolarisation ratio values at 1565 nm are not well known for many types of aerosol. 

This study provides insight into possible depolarisation values and illustrates the potential of using 

depolarisation ratios at 1565 nm.  

https://www.tandfonline.com/doi/full/10.1080/01431161.2012.716546?scroll=top&needAccess=true
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Type of aerosol  

Study  Depolarisation ratio 

355 nm 532 nm 1064 nm 1565 nm 
Pollen  
 

Bohlmann et al 
(2020) 
(Spruce)  

0.10 ± 0.02 
  

0.38 ± 0.23  0.29 ± 0.10 

Cao et al (2010) 
(pine) Laboratory 
experiment 

0.20 ± 0.01 
 

0.41 ± 0.01 
 

 0.28 ± 0.01 
(1570 nm) 

Cao et al (2010) 
(birch) Laboratory 
experiment 
 

0.08 ± 0.01 0.33 ± 0.00 
 
 

 0.30 ± 0.01  
(1570 nm) 

Vakkari et al (2021) 0.236 ± 0.009   0.269 ± 0.005 

Dust  Vakkari et al (2021) 
Saharan dust  

0.19 ± 0.008 
 

0.23 ± 0.008 
 

 0.29 ± 0.008 
 

Vakkari et al (2021) 
Egypt 

0.36 ± 0.01 0.34 ± 0.002  0.30 ± 0.005 

Vakkari et al (2021) 
Turkey  

0.31 ± 0.006 
 

0.33 ± 0.005 
 

 0.32 ± 0.008 
 

Haarig et al (2017) 
Saharan dust  

0.252 ± 0.030 0.280 ± 
0.020 

0.225 ± 
0.022 

 

Freudenthaler et al 
(2008)  Saharan dust  

0.24 – 0.28 0.31 ± 0.03 0.27 ± 0.04 
 

 

Groß et al (2011) 
(Saharan) 

0.24 – 0.27  
 

0.29 – 0.31 0.36 – 0.40 
(710 nm) 

 

Burton et al (2015)  
Saharan dust 

0.209 ± 0.015 0.304 
± 0.005 

0.270 
± 0.005 

 

Burton et al (2015)  
Chihuahua local dust 

0.225 ± 0.041 0.373 
± 0.014 

0.383 
± 0.006 

 

Volcanic ash Groß et al (2012)  0.35 ± 0.02 
 

0.37  ± 0.02 
 

  

Marine  
 

Groß et al (2011) 0.01 – 0.05  0 -0.03   

Vakkari et al (2021) 0.03 ± 0.01 
 

0.015 ± 0.002 
 

 0.009 ± 0.003 

Bohlmann et al 
(2018)  

0 – 0.03 
 

0 -0.03 
 

  

Biomass 
burning /smoke 

Haarig et al (2018 ) 0.22  0.18 0.04  

Hu et al (2019 ) 0.20 0.18-0.19 0.04 – 0.05   
Bohlmann et al 
(2018)  
 

0.03-0.10 
 

0.01 -0.07   

Mixed biomass 
burning and 
dust  

Groß et al (2011) 0.15 - 0.21 0.12 - 0.2  (710 nm) 
0.14 - 0.23 

 

Table 3.3 Spectral dependency of aerosol depolarization ratio. Table  adapted from Vakkari et al., 2021. 
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3.5 SNR postprocessing  

Manninen et al (2016) showed in their study that the Halo lidar data needs processing owing to artifacts in 

the background signal. Vakkari et al (2019) created a novel post processing algorithm for Halo StreamLine 

Doppler lidars which was applied to all data to improve the sensitivity. Following the application of the 

algorithm by Vakkari et al (2019) the background noise follows a normal distribution.  

In order to get more meaningful information from the data, an SNR-threshold was applied to the data. 

This was done for each day of data for all instruments here in Hyytiälä, Vehmasmäki and Sodankylä and in 

Utö and Kumpula by Viet Le. Using data from the co signal channel a box that did not contain clouds, 

aerosol or precipitation was selected (fig 3.2). This data represented the background noise and three times 

the standard deviation was calculated and used to filter the data leaving just ‘useful signal.’ However, small 

amounts of noise still remained. By selecting 3 times the standard deviation there was approximately  0.3% 

of background noise left in the dataset. The noise level in the co signal channel was found to be the same as 

in the co signal channel at each site.  A time series of the noise was then used to evaluate the instruments 

long-term performance.  

 

 

Figure 3.2: background noise selection using the co signal channel 
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3.6 Bleed through  

The polarising filter within the instruments does not filter all light perfectly and lets through a small amount 

of co signal. The amount of co signal that leaks into the cross signal channel is called the ‘bleed through.’ 

The bleed-through is corrected for as  

𝛿 =
𝑆𝑁𝑅𝑐𝑟𝑜𝑠𝑠−𝐵 ∙𝑆𝑁𝑅𝑐𝑜

𝑆𝑁𝑅𝑐𝑜
    Vakkari et al (2021)  (3.3) 

 where B is bleed-through and δ is depolarisation ratio.  

A separate filter cannot be added to calibrate depolarisation ratio so instead cloud calibration was used 

using liquid clouds to determine the size of the bleed through. Pure liquid droplets are spherical and single 

scattering from liquid droplets does not polarise the back-scattered radiation, resulting in a depolarisation 

ratio of 0. This means that the amount that liquid clouds droplets were found to deviate from 0 is the size 

of the bleed through (Vakkari et al., 2020). Liquid cloud droplets at cloud base were selected as multiple 

scattering occurs further into the cloud and the highest amount of single scattering occurs at cloud base 

(Vakkari et al., 2020). Additionally, thick clouds fully attenuate in 200m or less and so we often only see the 

cloud base in the data. By taking the maximum SNR this gave the upper limit estimate of liquid cloud base 

depolarisation ratio. This was done as it was more time efficient and thus enabled analysis of the time 

series of cloud based depolarisation ratio.  

Pure liquid clouds were identified by using the following criteria:  

1. β values (attenuated backscatter coefficient) larger than 10e-4 

 

This is because liquid clouds have a β value at 10e-4 or larger whereas for ice clouds the β value is lower.  

 

2. Fully attenuated signal in less than 200 m  

 

This indicates that the clouds are optically thick whereas ice clouds are optically thinner and so in the lidar 

return signals ice clouds can appear hundreds of meters thick as we see some distance into the cloud. In 

contrast, pure liquid clouds appear very thin and quite straight owing to high beta attenuation. To check 

that the clouds fully attenuated co signal SNR and depolarisation ratio were plotted (fig 3.3). Fully 

attenuated clouds SNR increased and decreased sharply within 3-6 range gates.  
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Figure 3.3: Depolarisation ratio and Co signal signal-to-noise ratio against height. Plot taken from Instrument 46 at 
Hyytiälä on 29/07/2018. 

 

3.  Doppler velocity close to 0 m/s  

 

 

Precipitation was avoided because of the high risk that something other than spherical particles would be 

selected. The Doppler velocity is useful to determine where there is precipitation as anything falling has a 

negative velocity. Ice has an average negative fall speed of approximately 0.54 m s-1 and wet snow falling at 

approximately 1.9 m s-1 whereas liquid droplets fall faster with raindrops falling on average at 4.3 m s -1 

(Yuter et al., 2006). 

 

In addition to these factors, depolarisation ratio plots were considered as in ice clouds the depolarisation 

ratio is much higher as ice particles are not spherical. Very high clouds were avoided where possible to 

avoid the selection of mixed phase clouds where there could be ice present. In winter selecting pure liquid 

droplets was more difficult as more clouds contain ice particles.  

 

Where possible, at least one cloud was selected per week. The depolarisation ratio values from the whole 

cloud were extracted. This was done here for Hyytiälä, Sodankylä and Vehmasmäki and by Viet Le for 
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Kumpula and Utö. The results showed for some instruments that there was a multimodal distribution of 

depolarisation ratio, indicating that sometimes mixed phase clouds were selected instead of pure liquid 

clouds. Therefore, for these cases the smallest mode was selected as the bleed through value. The bleed 

through for each instrument was calculated and the depolarisation value were adjusted accordingly.  

 

3.7 Detection of elevated aerosol layers  

Nikandrova et al (2018) identify elevated aerosol as those existing above the mixed daytime boundary 

layer. Similarly, in this study elevated aerosol was identified as layers above the boundary layer aerosol. 

This was done visually using the attenuated backscatter, depolarisation ratio and velocity profiles. Both 

aerosol layers separated spatially from the boundary layer aerosol and aerosol that has clear laye rs of 

different beta or depolarisation ratio values in the plotted profiles were identified as ‘elevated.’ Aerosol 

under clouds was avoided as precipitation can have similar attenuated backscatter values.  

Elevated aerosol layers were recorded and compared between different sites. Depolarisation ratios of 

elevated layers were determined by selecting the elevated layer and extracting the average depolarisation 

ratio for the whole layer. For weak layers the background noise distorted the depolarisation ratio values so 

they were not analysed.  

 

When the elevated layer was selected, the profiles of co and cross signal attenuated backscatter were 

averaged for the duration of the period and plotted (see figure 3.4). From these plots it was clear that  

there remained a second order polynomial component in the noise floor even after correction by the 

algorithm from Vakkari et al. (2019) This shape is similar but weaker than the one described by Manninen 

et al. (2016) and was corrected for by fitting a second order polynomial in the cloud and aerosol free region 

and dividing SNR with the fit. Corrected, averaged co and cross profiles were then used to determine 

depolarization ratio. 
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Figure 3.4:  3.4a shows the co and cross profile signal-to-noise ratio (SNR) plotted with height and fitted with a curve 

where the highlighted area is used for the fit. The resulting corrected co and cross signals are shown in Figure 3.4b. 

 

Depolarisation values were compared to statistics determined by Viet Le who used a classification 

algorithm to extract average depolarisation ratio values for all aerosol. This enabled the comparison 

between elevated aerosol depolarisation and boundary layer aerosol depolarisation values.  

 

3.8 Aerosol transport models  

Aerosol transport models use meteorological data to forecast or create backwards trajectories of the 

movement of aerosol particles. There are two types of air flow models: Eulerian and Lagrangian. Lagrangian 

methods, which follow how an individual air parcel moves in space and time, are favoured over Eulerian 

methods which used fixed locations (Kulshrestha and Kumar, 2014). This is because Lagrangian models are 

more computationally simple and have very little numerical diffusion (Seibert, 2005).  

A trajectory is calculated in HYSPLIT using a differential equation.  

𝑑𝑟

𝑑𝑡
= 𝑣[𝑟 (𝑡)]                         (Stein et al., 2015) 

where r(t) is the position vector at time t and c is the velocity field.  

Fox and Ludwick (1976) were one of the first studies to use back trajectories for pollution source location 

for sulphates in the US. Since then many aerosol studies have used air flow models in aerosol studies (e.g. 

Pagano et al., 2010), meteorology (Lin et al., 2004), precipitation chemistry (Granat et al., 2002) and have 

been used to influence policy (Dvorská et al., 2009). More recently they have been used for coronavirus 

particle studies (e.g. Kumar, 2020). Backward trajectories are favoured as they are computationally easy.  
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Air mass history models have been used in Finland for example to find SO2 and NOx in Hyytiälä from Eastern 

Europe (Hulkkonen et al., 2012), CO2 and black carbon from northern and central Europe in Pallas (Aalto et 

al., 2002, Hyvärinen et al., 2011) and sulphur dioxide from the Kola peninsula (Aalto et al., 2002).  

In this study, the Hybrid Single Particle Lagrangian Integrated Trajectory model (HYSPLIT) (Stein et al., 2015) 

and The Flexible Particle model (FLEXPART) are both used to create backwards trajectories of elevated 

aerosol air parcels.  

HYSPLIT was run through the READY website (Rolph et al., 2017) using the NCEP Global Data Assimilation 

System (GDAS) meteorology at 0.5◦ horizontal resolution. 96 h backwards trajectories were calculated 

arriving at the height of the elevated layers of interest. HYSPLIT is used operationally during institutions 

such as NOAA  (National Oceanic and Atmospheric Administration) and the US NWS (National Weather 

Service) during events when there is hazardous pollution (Pagano et al., 2010). Kulshrestha and Kumar 

(2014) report it as the most widely used trajectory model in studies. It was introduced in 1979 by NOAA and 

the first version used radiosonde data (Draxler and Taylor, 1982). It has advanced with technological 

developments and the recent versions use gridded meteorological data. For a detailed de scription of the 

HYSPLIT model see Draxler and Hess (1997).  

FLEXPART was run using ECMWF ERA5 reanalysis data at 1h temporal resolution, 0.28125 degree horizontal 

resolution, and 137 vertical levels (Pisso et al., 2019). FLEXPART is also a Lagrangian air flow model which 

uses meteorological data to create trajectories. It has been widely used in research across Europe but very 

little for operational purposes (Pagano et al., 2010). FLEXPART was developed in 1995 by Andrea Stohl from 

Austria’s emergency response. It uses ECMWF IFS and NCEP GFS data. Pisso et al (2019) found that 

FLEXPART is very accurate for small scale applications.  

While FLEXPART and HYSPLIT are similar they also have some key differences. HYSPLIT is very user friendly 

and  fully deterministic. It uses a straightforward interpolation in which velocity is interpolated across a 3D 

grid cell. Air parcels are then moved step by step with the interpolated velocities. The 3D grid is very sparse 

in the vertical and so HYSPLIT has a poor vertical resolution and does not consider convection or surface 

stress. On the other hand, FLEXPART releases a large number of particles which enables the determination 

of a mixture of airmasses. FLEXPART also includes turbulence parameters in the horizontal and vertical and 

so has a better vertical performance than HYSPLIT. FLEXPART considers boundary layer turbulence, 

updrafts and downdrafts, vertical gradients and air density (Pisso et al., 2019). Both FLEXPART and HYSPLIT 

have similar advection algorithms but the diffusion equation is different in each which can impact aerosol 

concentrations at different time steps (Pagano et al., 2010). Pagano et al (2010) compared the two models 

and found differences owing to the difference in deposition resistance methods between the two models. 

Pagano et al (2010) used remote sensing data to validate their study and found that overall FLEXPART 
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performed better, however, they argue that more sensitivity studies of vertical diffusion are needed. They 

advocate for using multiple dispersion models during studies. 

In this study, HYSPLIT was used for all cases and overall statistics and then FLEXPART was run for interesting 

case studies which were analysed in more detail.  

3.9 Ancillary data  

Satellite lidar CALIOP data (Cloud-Aerosol Lidar with Orthogonal Polarisation) on board the CALIPSO 

satellite was used. It is a polarisation lidar and data is categorised according to aerosol type following the 

application of algorithms (Winker et al., 2009). In addition, EUMETSAT MSG dust product was used 

(Benincasa, 2012). This uses SEVERI infrared channels and in this RGB composite dust appears magenta 

coloured. NASAs Fire Information for Resource Management system (FIRMS) data was used to determine 

active fire locations for the week before each case study. FIRMS uses MODIS (Moderate Resolution Imaging 

Spectroradiometer) and VIIRS (visible Infrared Imaging Radiometer Suite) data to find areas that are hotter 

than their surroundings and labels them as fires (Davies et al., 2019).
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Results and discussion  

 

1. Are the instruments noise and bleed-through values stable over long time periods? 

 

SNR time series 

The standard deviation of the SNR in the co channel, which indicates the background noise, is shown in 

figures 4.1 – 4.4. It is clear from these figures that the noise is stable in instruments 33, 46, and 53 during 

the study period. However, the noise for instrument 54 increases slightly with time, but is fairly constant 

before 2019. This indicates that the instrument could be deteriorating and 54 may need replacing. This 

does not impact this study as the increase is minimal but might need to be looked into for future studies.  

Figures 4.5 – 4.8 show the relationship between depolarisation at cloud base in the co signal vs the cross 

signal. For all instruments there is a clear linear relationship and so there is not saturation of the signal. 

However, figures 4.5 and 4.6 show that at Hyytiälä 33 and 46 there are two modes. This is likely to be 

because of the inclusion of mixed phase clouds in the analysis.  

 

 

 

Figure 4.1: Time series of standard deviation of co signal SNR for instrument 46 in Hyytiälä. 
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Figure 4.2: Time series of standard deviation of co signal SNR for instrument 33 in Hyytiälä. 

 

 

 

 

 

Figure 4.3 Time series of standard deviation of co signal SNR for instrument 53 in Vehmasmäki. 
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Figure 4.4: Time series of standard deviation of co signal SNR for instrument 54 in Sodankylä. 

 

 

 

Figure 4.5: 2D histogram of co signal vs cross signal at cloud base for instrument 33 in Hyytiälä. 



27 
 

Figure 4.6: 2D histogram of co signal vs cross signal at cloud base for instrument 46  in Hyytiälä  

 

 

 

Figure 4.7: 2D histogram of co signal vs cross signal at cloud base for instrument 54 in Sodankylä. 
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Figure 4.8: 2D histogram of co signal vs cross signal at cloud base for instrument 53 in Vehmasmäki. 
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Bleed through 

Figures 4.9 – 4.12 show the distribution of the depolarisation ratio at cloud base for instruments 33, 46, 53, 

and 54. For sites where only pure liquid clouds were successfully selected there is only one peak. This is 

clear for Sodankylä 54 and Vehmasmäki 53. However, Hyytiälä 33 and 46 have one main peak and then a 

smaller peak with a higher depolarisation ratio around 0.10 indicating that some mixed phase clouds were 

also selected. For these instruments the lowest peak was selected as the bleed through. The bleed through 

values for all sites are given in table 4.1. Viet Le (Finnish Meteorological Institute, personal communication, 

13 August 2020) provided bleed through values for Utö 32 and 32 XR but found that depolarisation at liquid 

clouds base for Kumpula 146 was not stable. Therefore, Kumpula is not included in this study 

Figures 4.15 and 4.16 show that for both Vehmasmäki and Sodankylä the depolarisation ratio at cloud base 

does not vary seasonally. In instruments 33 and 46 the depolarisation ratio at cloud base peaks in winter 

(see figures 4.13 and 4.14). This is because there are more ice crystals present in winter than in summer. 

These patterns are because of the selection of mixed phase clouds and explain the distributions shown in 

the figures 4.9 – 4.12 above.  

 

Instrument  Bleed through (standard deviation) 
Hyytiälä 33 0.0187 ± 0.0165 

Hyytiälä 46 0.0164 ± 0.0105 
Vehmasmäki 53 0.0134 ± 0.0079 

Sodankylä 54 0.0092 ± 0.0055 
Utö 32 (Viet Le, Finnish Meteorological Institute, 
Personal communication 13th August 2020) 

0.017 ± 0.0072 

Utö 32 XR (Viet Le, Finnish Meteorological 
Institute, Personal communication 13th August 
2020) 

0.0121 ± 0.0071 

 

 Table 4.1: Bleed through values of all the instruments found using liquid cloud base calibration. 

 

Overall, these results show that all of the instruments are stable. This study showed that the performance 

of instrument 54 needs to be closely monitored and that it may need to be serviced if the noise level 

deteriorates further. The bleed through values in table 4.1 were used to successfully correct for bleed-

through according to equation 3.3. 
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Figure 4.9: Histogram showing depolarisation at cloud base for instrument 33 at Hyytiälä. 

 

 

Figure 4.10: Histogram showing depolarisation at cloud base for instrument 46 at Hyytiälä. 
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Figure 4.11: Histogram showing depolarisation at cloud base for instrument 54 at Sodankylä. 

 

 

 

 Figure 4.12: Histogram showing depolarisation at cloud base for instrument 53 at Vehmasmäki. 
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. Figure 4.13: Time series of depolarisation at cloud base for instrument 33 at Hyytiälä. 

 

 

 

Figure 4.14: Time series of depolarisation at cloud base for instrument 46 at Hyytiälä. 
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Figure 4.15: Time series of depolarisation at cloud base for instrument 54 at Sodankylä. 

 

 

 

Figure 4.16: Time series of depolarisation at cloud base for instrument 53 at Vehmasmäki. 
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2. Do elevated aerosols have a different depolarisation ratio to boundary layer aerosols? 

 

All extracted depolarisation ratios were recorded and then averaged seasonally for each site. They are 

shown in figures 4.17 – 4.20 alongside the averaged depolarisation ratio values of all aerosol. These values 

were calculated by Viet Le (Finnish Meteorological Institute, personal communication, 13 August 2020) 

using a classification algorithm. In order to compare between these statistics, the months were grouped in 

the same way. May has the highest depolarisation ratio values for Utö (figure 4.17), Hyytiälä (figure 4.18) 

and Vehmasmäki (figure 4.19) whereas they are highest in June for Sodankylä (figure 4.20) in July to 

September they are elevated but not as high and October to April is when depolarisation ratios are lowest. 

As boundary layer aerosol is more prominent than elevated layers, which are much rarer, this can be used 

as a proxy for average boundary layer values. These results indicate that boundary layer and elevated 

aerosol are different as the mean depolarisation ratio for all times and all heights is higher for elevated 

aerosol. This contrasts the findings of Nikandrova et al (2018) who found no difference in boundary layer 

aerosol and elevated layers at Hyytiälä and found that elevated layers had lower concentrations of the 

same aerosol as the boundary layer aerosol. This could be because in this study weak signals were not 

studied, instead only strong elevated layers were studied which are likely to be long range transp orted. 

These results could also be because of the hydroscopic growth effect. The upper troposphere is drier than 

the boundary layer and so there is more water vapour available to grow particles more spherical in the 

boundary layer and therefore reduce the depolarisation ratio (Zhang et al., 2014). Haarig et al (2017) also 

found that depolarisation ratio values were higher when relative humidity was lower.  

When we look at the seasonal timescale, figures 4.18 and 4.19 indicate that elevated aerosol in Hyytiälä 

and Vehmasmäki in May and June respectively are similar to boundary layer aerosol values. This could be 

because pollen, which has a high depolarisation ratio, is very prominent in summer months in boreal 

forests (Bohlmann et al., 2020). Pollen layers with high depolarisation ratios in the boundary layer will 

increase the average depolarisation ratio of the boundary layer aerosol and reduce the difference between 

boundary layer and elevated layers. In addition, the highest mean is observed in the same month for all 

aerosol and elevated layers. This could mean that the same process is increasing depolarisation ratio for 

both boundary layer and elevated aerosol layer.  
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Figure 4.17: Depolarisation ratio and of elevated aerosol layers and all aerosol layers grouped by season at Utö. The 
number of elevated aerosol layers examined is shown above the error bars. The marker shows the mean value and the 

error bars indicate the standard deviation. 

 

 

 

Figure 4.18: Depolarisation ratio of elevated aerosol layers and all aerosol layers grouped by season at Hyytiälä. The 
number of elevated aerosol layers examined is shown above the error bars. The marker shows the mean value and the 

error bars indicate the standard deviation. 
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Figure 4.19: Depolarisation ratio of elevated aerosol layers and all aerosol layers grouped by season at Vehmasmäki. 
The number of elevated aerosol layers examined is shown above the error bars. The marker shows the mean value and 

the error bars indicate the standard deviation. 

 

 

 

Figure 4.20: Depolarisation ratio of elevated aerosol layers and all aerosol layers grouped by season at Sodankylä. The 
number of elevated aerosol layers examined is shown above the error bars. The marker shows the mean value and the 

error bars indicate the standard deviation. 
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Figure 4.21: Depolarisation ratio of elevated aerosol layers grouped by season at Sodankylä. The whiskers show the 
minimum and maximum values. The box shows the 25th percentile, the median and the 75th percentile. The mean is 

marked with a cross and any outliers are marked with as points. 

 

 

 

Figure 4.22: Depolarisation ratio of elevated aerosol layers grouped by season at Vehmasmäki. The whiskers show the 
minimum and maximum values. The box shows the 25th percentile, the median and the 75th percentile. The mean is 

marked with a cross and any outliers are marked with as points. 
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 Figure 4.23: Depolarisation ratio of elevated aerosol layers grouped by season at Hyytiälä. The whiskers show the 
minimum and maximum values. The box shows the 25th percentile, the median and the 75th percentile. The mean is 

marked with a cross and any outliers are marked with as points. 

 

 

 

 Figure 4.24: Depolarisation ratio of elevated aerosol layers grouped by season at Utö. The whiskers show the 

minimum and maximum values. The box shows the 25th percentile, the median and the 75th percentile. The mean is 
marked with a cross and any outliers are marked with as points. 
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3. Are the elevated aerosols different at each site?  

 

Figures 4.17 – 4.20  show that there are small differences in overall elevated aerosol between each site, but 

in general the average depolarisation ratio is around 0.1. Sodankylä has the lowest average depolarisation 

ratio of elevated aerosols at 0.083 while Hyytiälä has the highest at 0.113. Sodankylä is located within the 

Arctic circle and is a very clean environment. It is located further away from source regions than the other 

sites so long range aerosol is less likely to reach here as often (Virkkula et al. , 1999). However, this study 

shows that there are still cases of elevated and probably long range transported aerosol that reach 

Sodankylä which is important, especially when considered the radiative forcing impact long range 

transported aerosol can have on Arctic regions (Mielonen et al., 2013). Many studies have shown that black 

carbon is transported to arctic regions (e.g. Hyvärinen et al., 2011, Mielonen et al., 2013). 

On some dates elevated aerosol exists across all sites or multiple sites across Finland, suggesting that large 

parts of Finland could be impacted by long range transported aerosol. This study found 49 dates when all 

operational sites have elevated aerosol on the same day. Figure 4.25  show an example of this with 

elevated aerosol across all sites in the evening of the 29th July 2018. At Sodankylä there is elevated aerosol 

at the end of the day between 22 and 24 UTC whereas at the other sites the elevated layers are present for 

longer. Hyytiälä has an elevated layer between 10 and 20 UTC and Vehmasmäki has an elevated layer 

between 12 and 24 UTC. At Utö there is elevated aerosol present throughout most of the day, however, 

between 22 and 24 UTC was selected and analysed to avoid clouds.  

The depolarisation ratios are: 0.133 ± 0.012, 0.127 ± 0.028, 0.153 ± 0.011  0.127 ± 0.044 for Utö, Hyytiälä, 

Vehmasmäki and Sodankylä respectively. These values are within a similar range, indicating that the aerosol 

type could be the same. However, there are no known aerosol types with depolarisation ratio values at a 

wavelength of 1565 nm indicating that they could be mixed aerosol layers. Figure 4.27 shows the 

depolarisation ratios and the HYSPLIT backwards trajectories for each of these layers. HYSPLIT indicates 

that all sites come from a south eastern origin. Before this Sodankylä and Vehmasmäki f ollow the same 

trajectory which is different from Utö and Hyytiälä. This indicates that this elevated aerosol could have 

come from a source from the south east of Finland or that there are multiple sources.  
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Figure 4.25: Attenuated backscatter on 29/07/2018 at a) Hyytiälä b) Utö c) Sodankylä d) Vehmasmäki. 
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Figure 4.26: Averaged depolarisation ratio profiles of the selected layers with height on 29/07/2018 at a) Utö b) 

Hyytiälä c) Vehmasmäki and d) Sodankylä. 
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 Figure 4.27: HYSPLIT trajectories from each site on 29/7/2018 coloured according to the depolarisation ratio va lues of 

the aerosol layer. 

 

 

 

 

Figures 4.28 – 4.31 show the HYSPLIT trajectories for each elevated layer analysed at each site, mapped by 

their depolarisation ratio. While it is difficult to see a clear pattern for any source region, Figure 4.31 shows 

that for Sodankylä there appear to be higher values for sources from eastern Europe with depolarisation 

ratio values of around 0.16. When we look at the other figures there are also some trajectories that 

indicate higher depolarisation ratios in this region. We also see some trajectories of higher depolarisat ion 

ratio values from Russia between 0.16 and 0.24 in these figures. For high depolarisation ratios dust and 

pollen are likely sources. These cases could be a mixture of air masses, which cannot be captured using 

HYSPLIT alone.  
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Figure 4.28:  HYSPLIT trajectories from elevated aerosol layers at Utö  coloured according to their depolarisation ratio 

values. 

 

’ 

Figure 4.29: HYSPLIT trajectories from elevated aerosol layers at Hyytiälä  coloured according to their depolarisation 

ratio values. 
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Figure 4.30: HYSPLIT trajectories from elevated aerosol layers at Vehmasmäki coloured according to their 

depolarisation ratio values. 

 

Figure 4.31: HYSPLIT trajectories from elevated aerosol layers at Sodankylä  coloured according to their depolarisation  
ratio values. 
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Using HYSPLIT, four sources were identified: the Arctic, Europe, Russia and the Americas (see figure 4.32). 

While there were some cases of aerosol travelling from further e.g. from Kazakhstan, these cases were very 

rare. The depolarisation ratio values for each source area were compared. For categorisation purposes 

aerosol that passes through more than one region (e.g. Russia and Europe) the depolarisation ratios were 

included in both categories.  

There is no clear pattern for each site and when aerosol that passed through more than one region was 

excluded this was still true. From figures 4.33 – 4.36 it is clear that Arctic aerosol is often the lowest. This is 

expected as Arctic air is normally cleaner and there are less sources of aerosol in proximity. The exception 

to this is the Kola Peninsula (Aaltonen et al 2006, Aalto et al., 2016) which has high pollution levels owing to 

nickel smelting and other industry.  

The lack of pattern is most likely because in each wide geographical area there  are different types of 

aerosol with different depolarisation ratios. This can be seen in Utö with aerosol transported from the 

Americas as there is a wide spread of depolarisation ratios. Aerosol from Canadian forest fires occasionally 

reaches Finland (Shang et al., 2021) which has a low depolarisation ratio whereas other sources have higher 

values. Additionally, HYSPLIT only tells us the path that the air parcel followed, not where it spent time at 

the ground which means that we do not know what the source is.  
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Figure 4.32: The source locations used in this study where blue is the Artic, green is Europe, red is Russia and o range is 

the Americas. Created using openmaps.org 
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Fig 4.33: boxplot of depolarisation ratio values for each source at Hyytiälä. The whiskers show the minimum and 
maximum values. The box shows the 25th percentile, the median and the 75th percentile. Th e mean is marked with a 

cross and any outliers are marked with as points. 

 

 

 

Fig 4.34: boxplot of depolarisation ratio values for each source at Utö. The whiskers show the minimum and maximum 
values. The box shows the 25th percentile, the median and the 75th percentile. The mean is marked with a cross and 

any outliers are marked with as points. 
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Fig 4.35: boxplot of depolarisation ratio values for each source at Vehmasmäki. The whiskers show the minimum and 
maximum values. The box shows the 25th percentile, the median and the 75th percentile. The mean is marked with a 

cross and any outliers are marked with as points. 

 

 

 

Fig 4.36: boxplot of depolarisation ratio values for each source at Sodankylä. The whiskers show the minimum and 

maximum values. The box shows the 25th percentile, the median and the 75th percentile. The mean is marked with a 
cross and any outliers are marked with as points. 
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4. What can we learn about elevated aerosol in Finland from case studies? 

 

Case Study 1: Hyytiälä 15/04/2018 

Depolarisation ratio of selected layer: 0.249 ± 0.018 

 

This case from Hyytiälä from the 14th to 15th of April 2018 is very interesting as it is indicative of long range 

transported Saharan dust. 6 days before reach Hyytiälä FLEXPART shows emission sensitivity close to the 

ground in the Saharan region. HYSPLIT also supports this pathway but it was only forecasted backwards for 

96 hours in this study. This case indicates that to include dust cases the back trajectory time should have 

been longer. HYSPLIT’s poor vertical resolution is also indicated in this case study as while FLEXPART shows 

emission sensitivity at the ground HYSPLIT predicts that the air mass originates from much higher, almost in 

the stratosphere which is very unlikely to bring elevated aerosols with such a high depolarisation ratio.  

The depolarisation ratio of this layer at 1565 nm is 0.249 ± 0.018 which is indicative of dust. This 

depolarisation ratio is similar to the value of 0.225 ± 0.022 found by Haarig et al (2017) at 1064 nm. Table 

3.3 shows that is slightly lower than the findings of Vakkari et al (2021) at 1565 nm 0.29 ± 0.008 and both 

Freudenthalter et al (2008) and Burton et al (2015) found values around 0.270 at 1064 nm. The 

depolarisation ratio of dust ratio varies depending on the size  of the particles and the source of the dust 

(Kahnert et al., 2020).  

The theory that this elevated aerosol is dust is supported by ancillary data. Figure 4.38 from EUMETSAT 

shows that there was a high prevalence of dust on the 13th when FLEXPART indicates that the layer is 

uplifted. In the CALIPSO measurements from the 15th of April there is evidence of dust (yellow in figure 

4.39) between 3 and 5 km at around the 62.79, 24.43 location. This agrees well with the back trajectory 

prediction of the dust layer location on the 15th. 
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Fig 4.37: Attenuated backscatter at Hyytiälä on from 20 UTC on 14/4/2018 until 24 UTC on 15/4/2018. 

 

 

 

 

Fig 4.38: Averaged depolarisation ratio values of the selected layer with height at Hyytiälä on 15/4/2018.  
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Figure 4.38: FLEXPART back trajectory of 7 days arriving at Hyytiälä at 00 UTC on the 15/4/2018 showing emission 

sensitivity at all heights.   

Figure 4.39: FLEXPART back trajectory of 7 days arriving at Hyytiälä at 00 UTC on the 15/4/2018 showing emission 
sensitivity below 500 m agl.   
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Figure 4.38: HYSPLIT back trajectory of 3 days arriving at Hyytiälä at 00 UTC on the 15/4/2018. 
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Figure 4.38: EUMETSAT MSG dust product for 13/4/2018 at 16:00 UTC. Dust is magenta coloured  (Benincasa, 2012). 

(Available online: https://sds-was.aemet.es/forecast-products/dust-observations/msg-2013-eumetsat) 
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Figure 4.39: CALIOP data from the CALIPSO satellite for 15/04/2018. Aerosol is categorised following the application of 

algorithms and dust appears yellow (Winker et al., 2009). (Available online: https://www-

calipso.larc.nasa.gov/products/lidar/browse_images/) 
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Case study 2: Sodankylä 11/05/2018 

Depolarisation ratio of selected layer: 0.152 ± 0.019 

Figure 4.40 illustrates an elevated aerosol layer between 1750 m and 2250 m at Sodankylä. Both HYSPLIT 

and FLEXPART back trajected this elevated layer to originate from the Baltic Sea. However, FLEXPART also 

shows that this could be because of an eastern source from Eastern Europe or Russia. Figure 4.43 illustrates 

that this air parcel spent time at the surface over these regions. The HYSPLIT back trajectory doesn’t 

capture this airmass and doesn’t show the influence from the surface. This eastern source could be from 

fires in Ukraine or southern Russia region as at this time of the year fields are traditionally burnt in Ukraine 

and southern Russia (Korontzi et al., 2006). Figure 4.45 shows that there is was a high incident in fires in 

these regions in the week before this event.  

This case study illustrates that in northern Finland we can get elevated layers with a high depolarisation 

ratio in springtime. The depolarisation ratio of 0.152 ± 0.019  has not previously been found for biomass 

burning at higher wavelengths. There are no known studies of biomass burning aerosol from 1565 nm but 

at 1064 nm Haarig et al (2018) found values at 0.04 and Hu et al (2019) found similar values of 0.04 – 0.05. 

These studies indicate that this value is too high at long wavelengths for pure smoke. Therefore it is 

possible that this is a mixture of biomass burning and another aerosol. Groß et al., 2011 report similar 

values (0.14 - 0.23) at 710 nm for mixed biomass burning and dust but no evidence of dust was found from 

CALIPSO or the EUMETSAT ancillary data. It is possible that this elevated aerosol is a pollen mixture. It has a 

lower depolarisation ratio than pollen found previously at 1565nm by Bohlmann et al (2020) and Vakkari et 

al (2021) of 0.28 ± 0.10 and 0.262 ± 0.005 respectively so is clearly not pure pollen. An aerosol mixture, 

such a pollen and smoke, cannot be identified with a single wavelength.  
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Fig 4.40: Attenuated backscatter at Sodankylä on 11/05/2018. 

 

 

 

Fig 4.41: Averaged depolarisation ratio values of the selected layer with height at Sodankylä on 11/05/2018.  
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Figure 4.42: FLEXPART back trajectory of 7 days arriving at Sodankylä at 15:00 UTC on 11/05/2018 showing emission 

sensitivity at all heights. 

 

Figure 4.43: FLEXPART back trajectory of 7 days arriving at Sodankylä at 15:00 UTC on 11/05/2018 showing emission 
sensitivity below 500 m agl. 
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Figure 4.44: HYSPLIT back trajectory of 3 days arriving at arriving at Sodankylä at 15:00 UTC on 11/05/2018.  
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Figure 4.45: FIRMS fire map showing active fires from 05/05/2018 to 11/05/2018. Image from NASA's Fire Information 
for Resource Management System (FIRMS) (Available online: https://earthdata.nasa.gov/firms). 
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Case study 3: Vehmasmäki 26/07/2018  

Depolarisation ratio of selected layer: 0.067 ± 0.009 

 

At Vehmasmäki an elevated layer on the 26th June originating from Russia was found. HYSPLIT and 

FLEXPART backwards trajectories both indicate that this was an airmass which came from the south of 

Russia, just north of the Moscow region. FLEXPART (fig 4.49) indicates that this layer was at the ground for 

around 4 - 5 days in this area. This indicates that it is likely to be a polluted layer from this urban area. 

Ancillary data from FIRMS was checked for the week before this event and no evidence of fire was found.  

This layer had a depolarisation ratio of 0.067 ± 0.009. However, there currently are not any studies with 

values for pollution at 1565 nm to our knowledge. At 1064 nm Hu et al (2019) found smoke values of 0.04 – 

0.05 and Haarig et al (2018) found values of 0.04. While these values are in the same range, they are lower 

and biomass burning smoke has an increasing depolarisation with increasing wavelength meaning that 

biomass burning smoke can be ruled out.  

 

 

Figure 4.46 Attenuated backscatter at Vehmasmäki from 10 UTC on 25/07/2018 to 24 UTC on 26/7/2018. 
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Figure 4.47 Averaged depolarisation ratio values of the selected layer with height at Vehmasmäki on 25/07/2018. 

 

 

Figure 4.48: FLEXPART back trajectory of 7 days arriving at Vehmasmäki at 06:00 UTC on 25/07/2018 showing 
emission sensitivity at all heights.  
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Figure 4.49: FLEXPART back trajectory of 7 days arriving at Vehmasmäki at 06:00 UTC on 25/07/2018 showing 
emission sensitivity below 500 m agl.  
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Figure 4.50: HYSPLIT back trajectory of 3 days arriving at arriving at Vehmasmäki at 06:00 UTC on 25/07/2018. 
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Case study 4: Utö 13/05/2017 

 

Depolarisation ratio of selected layer: 0.207 ± 0.013 

This elevated layer from Utö on the 13th of May is predicted by HYSPLIT to originate in the Arctic region 

and travel through Norway and Sweden before reaching Utö. FLEXPART also shows this pathway but in 

addition, indicates a mixture of several different airmasses. This airmass is likely to have travelled through 

Scandinavia and the UK.  

The depolarisation ratio of this elevated layer is 0.207 ± 0.013. As only dust, volcanic ash and pollen have 

depolarisation values this high and there was no volcanic ash present or major dust sources in these 

regions, it is likely that this elevated layer is pollen. However, the depolarisation ratio is lower than the 

values found by Vakkari et al (2021) (0.269 ± 0.005) and Bohlmann et al (2020) (0.29 ± 0.10) at 1565 nm and 

Cao et al. (2010) at 1570 nm (0.28 ± 0.01 for pine and 0.30 ± 0.01 for birch). Therefore, it is possible that 

the elevated aerosol could be another aerosol mixed with pollen as FLEXPART shows multiple airmasses 

mixing together. 

 

 

Figure 4.51: Attenuated backscatter at Utö at 5 UTC on 13/05/2017 to 10 UTC on 14/05/2017. 



65 
 

 

Figure 4.52: Averaged depolarisation ratio values of the selected layer with height at Utö on 13/05/2017. 

 

 

 Figure 4.53: FLEXPART back trajectory of 7 days arriving at Utö at 20:00 UTC on 13/05/2017showing emission 

sensitivity at all heights.  
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Figure 4.54: FLEXPART back trajectory of 7 days arriving at Utö at 20:00 UTC on 13/05/2017 showing emission 
sensitivity below 500 m agl.  
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Figure 4.55: HYSPLIT back trajectory of 3 days arriving at arriving at Utö at 20:00 UTC on 13/05/2017. 
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5. Conclusions 

 

This study illustrated that Halo Doppler lidars at 1565 nm can be used to successfully study the 

depolarisation ratio of elevated aerosol in Finland in the long term. 

The first aim of this study was to assess the stability of the noise and bleed-through values over long time 

periods. The noise and bleed-through values of instruments 33, 46, 53, and 54 were found to be stable over 

long periods of time. However, instrument 54 illustrated a very minimal increase in noise in time which 

might need to be looked into for future studies. The bleed through values found using cloud base 

calibration were 0.0187 ± 0.0165, 0.0164 ± 0.0105, 0.0134 ± 0.0079 and 0.0092 ± 0.0055 for instruments 

33, 46, 53, and 54 respectively and these values were used to calibrate each instrument for this study and 

for future operational use. In Hyytiälä some mixed phase clouds were selected so these values were 

excluded.  

The second aim of this study was to analyse the difference in boundary layer and elevated aerosol 

depolarisation ratios. Seasonally, elevated aerosol and boundary layer aerosol follow the same pattern and 

the depolarisation ratio peaks at the same time. The depolarisation ratio of elevated aerosols was found to 

be higher than boundary layer aerosols for all sites. The cause of this is likely to be because boundary layer 

aerosol is more often local and cleaner or because of the hygroscopic growth effect. The only exceptions 

seasonally were during the summer months in Hyytiälä and Vehmasmäki which is likely to be because of 

the prevalence of pollen which has a high depolarisation ratio and is often found in the bou ndary layer. 

The third aim of this study was to compare elevated aerosols at each study site. The overall elevated 

depolarisation ratios were found to vary slightly by site but the difference between each yearly average 

was not considerable. Sodankylä has a slightly lower average as it was located further away from potential 

source regions. 49 cases of elevated aerosol across all operational sites were found over the 4 years 

studied. This indicates that elevated, probably long range transported aerosol is often transported to more 

than one site across Finland. Of these one day was studied in more detail. The depolarisation ratios at each 

site were within a similar range and HYSPLIT trajected that the air parcels originally came from the same 

direction. However, it is difficult to be certain where the aerosol became elevated using only HYSPLIT. Of 

the four sources identified, aerosol originating from the Arctic had the lowest depolarisation ratio. This is 

could be because there are less sources with large aerosol particles in proximity such as pollen. 

The final aim of this study was to look in detail at interesting case studies and determine the source and type 

of aerosol. A case study of Saharan dust at Hyytiälä had a depolarisation ratio of 0.249 ± 0.018 which agreed 

with previous measurements at 1064 nm (Haarig et al., 2017) and was supported by EUMETSAT and CALIPSO 
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ancillary data. At Sodankylä a high depolarisation ratio of 0.152 ± 0.019 was found during spring, which is 

unusual in northern Finland. This case is likely to be pollen mixed with smoke as FIRMS ancillary data showed 

high fire incidence in the air transport path, however, this is difficult to determine with a single wavelength. 

At Utö a pollen layer with a depolarisation ratio of 0.207 ± 0.013 was  found, however, the average 

depolarisation ratio of this layer is slightly lower than known values at 1565 nm (Bohlmann et al., 2020; 

Vakkari et al., 2021). This case study could also be a mixture of airmasses but more wavelengths are needed 

to determine this. A case study of anthropogenic pollution from north of the Moscow region was found at 

Vehmasmäki with a depolarisation ratio  0.067 ± 0.009. Both case study 2 from Sodankylä and case study 3 

from Utö highlight the value of using 1565 nm alongside another wavelength.  

This study has illustrated how Halo Doppler Lidar can be used to investigate elevated aerosol layers in 

Finland at 1565 nm. Based on these results, Halo Doppler Lidars can be used to add a longer wavelength to 

existing aerosol studies to aid in the distinction between different types of aerosol, especially for dust or 

volcanic ash.  
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