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1 Introduction
The Earth’s atmosphere, the layer of gases surrounding our planet, does not only
protect us from the hazards of space and regulate the surface temperature to a habitable level, it is also the stage for a multitude of processes that affect our everyday
life. The atmosphere is composed of a mixture of gases, among which nitrogen and
oxygen are the most abundant ones followed by argon, carbon dioxide, water vapor and other trace gases. Within this gas mixture, small solid or liquid particles
are suspended. This suspension of solid or liquid particles in air is called aerosol.
Aerosols are omnipresent in the atmosphere, but their concentration is extremely
variable due to the diversity of aerosol sources and the relatively short residence
time in the atmosphere which ranges from hours to weeks (Boucher, 2015). Aerosol sources can be of natural or anthropogenic origin. Natural aerosols are for
example mineral (desert) dust, volcanic ash, sea spray, biomass burning aerosol or
biogenic aerosols. Anthropogenic aerosols, on the other hand, are mainly emitted
by the combustion of fossil fuels or biofuels.
In the atmosphere, aerosols signiﬁcantly affect atmospheric processes and inﬂuence the weather and climate on Earth. By scattering and absorbing solar and
terrestrial radiation, aerosols directly affect the radiation budget (Haywood and
Boucher, 2000). The absorption of radiation by atmospheric aerosols affects the
temperature proﬁle in the atmosphere and therefore the relative humidity and atmospheric stability which thereby affects the formation and lifetime of clouds. This
effect is known as semi-direct aerosol effect (Hansen et al., 1997; Johnson et al.,
2004). In addition to direct and semi-direct aerosol radiative forcing, aerosols
also inﬂuence the climate indirectly by acting as cloud condensation nuclei (CCN)
or ice nucleating particles (INP) and consequently modifying microphysical and
optical properties (Twomey, 1977) and the lifetime of clouds (Albrecht, 1989).
The effects of aerosols on the climate are difﬁcult to quantify as processes partially counteract each other and are intertwined with meteorological variability,
thereby the uncertainties in aerosol–cloud interactions and the related radiative
forcing are large (IPCC, 2013). Since the ﬁrst IPCC assessment report in 1990,
the understanding of aerosol effects on the climate has steadily increased. More
interaction modes and aerosol types have been investigated, but the estimates of
aerosol radiative forcing are still uncertain (Bender, 2020).
Besides the impact on climate, aerosols also affect our life and health directly.
Large concentrations of aerosols can signiﬁcantly decrease visibility and restrict
daily activities. Poor air quality caused by high amounts of particulate matter can
lead to a variety of health effects, for example asthma, heart diseases, strokes
or pregnancy complications (Bové et al., 2019; Kelly and Fussell, 2015). Also
biogenic aerosols like pollen can cause mild to serious health problems and com-
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promise life quality. Sneezing, coughing, reddened eyes, an itchy nose or throat
or even shortness of breath and chest tightness are symptoms of allergic rhinitis,
also known as hay fever. Already in the beginning of the 19th century these symptoms have been described by Bostock (1819). In the 1870s, pollen has then been
identiﬁed as the cause of these symptoms by Blackley (1873). Since then, major
effort has been done to characterize allergenic pollen, identify and describe pollen types and transport mechanisms and to predict pollen seasons and distribution
patterns. Today airborne pollen is recognized as one of the major causes of allergyrelated diseases such as asthma, rhinitis, eczema and conjunctivitis (Bousquet
et al., 2008). According to the World Allergy Organization (WAO) about 10–30%
of the global adult population and 40% of children are affected by allergic rhinitis and around 300 million people suffer from asthma (Pawankar et al., 2013).
The number of people suffering from pollen allergies is expected to rise (Schmidt,
2016), not least because of the changing climate and expected longer growing
seasons.
Pollen carries the male genetic material of ﬂowering and seed-producing plants
and is transported by animals (zoophilous), wind (anemophilous) or water (hydrophilous) from the stamens to the pistil or from the male to female cone. Anemophilous pollen poses a major risk in terms of pollen allergies as it is emitted in
large quantities and can travel over long distances (Bousquet et al., 2008).
Dispersed in the air anemophilous pollen does not only ﬁnd its way into the respiratory system of humans, it also contributes to the aerosol load in the atmosphere.
Atmospheric pollen as one kind of biogenic aerosol has been the focus of several
studies. Pope (2010) and Steiner et al. (2015) investigated the ability of pollen to
act as CCN. Pollen as INP for the different freezing modes has been investigated
by Diehl et al. (2001, 2002) and von Blohn et al. (2005). These studies found
that pollen and its fragments can act as CCN and INP and can therefore inﬂuence
cloud formation and subsequently the climate. Although the global contribution
of pollen to cloud processes is assumed to be low, pollen could be of importance
on regional and seasonal scale (Hoose et al., 2010). To investigate and improve
the understanding of the distribution of atmospheric pollen is therefore not only
valuable for allergy sufferers but also for the scientiﬁc community.
The distribution of pollen is usually monitored on roof-level (i.e. close to the
ground) with so-called Hirst-type pollen samplers, though other innovative detection systems, for example using automatic image recognition, have been developed in recent years. Nonetheless, pollen detection systems are usually bound
to ground and vertical pollen information is only sporadically obtained by airborne
campaigns (Damialis et al., 2017; Mandrioli et al., 1984; Rempe, 1937). However,
the vertical distribution is needed to validate and improve pollen transport and
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forecast models.
One method predestined for the continuous and real-time proﬁling of aerosols in
the atmosphere is LIght Detection And Ranging (lidar). Lidars are active remotesensing instruments that use the atmospheric scattering and extinction of light to
attain information of the atmosphere’s composition and state. Light can be emitted and detected at different wavelengths and polarization states which allows the
derivation of optical properties of the backscattering object with high vertical and
temporal resolution under ambient conditions. Measured properties are therefore not affected by the measurement itself. Different lidar systems have been developed to cover different regions of the atmosphere and tackle different research
questions. Elastic and inelastic (Raman) lidars are used to detect the presence
of aerosols and clouds and can provide vertical information of aerosol layers in
the atmosphere. More advanced Raman lidars can also measure temperature and
atmospheric gases, such as water vapor (Behrendt, 2005; Wandinger, 2005b). Differential absorption lidars (DIAL) are used for the detection of atmospheric gases
and temperature proﬁling (Bösenberg, 2005; Gimmestad, 2005). Resonance ﬂuorescence lidars can measure atoms and ions in the mesosphere (Abo, 2005) and
Doppler lidars are used to measure turbulence and wind in the lower atmosphere
(Werner, 2005).
Networks of ground-based lidar stations have been established all over the world
to create a database of the vertical distribution of atmospheric components. One
of them is the European Aerosol Research Lidar Network (EARLINET) (Pappalardo
et al., 2014). Established in 2000, EARLINET includes currently 31 stations all
over Europe which provide regular lidar measurements. Other lidar networks
are for example the Asian Dust Network (AD-NET) (Sugimoto et al., 2016) with
around 20 stations in East Asia and the Latin America Lidar Network (LALINET)
(Antuña-Marrero et al., 2017) which comprises around 10 stations in South
America. Global operating networks are, for example, the NASA Micro-Pulse
Lidar Network (MPLNET) (Welton et al., 2001) and the Network for the Detection
of Atmospheric Composition Change (NDACC) (Leblanc et al., 2016). Besides
those ground-based lidar stations organized in lidar networks, lidars are also
operated on-board aircraft (airborne) and on-board of satellites (spaceborne).
The Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) ﬂying on-board
the Cloud-Aerosol Lidar and Infrared Pathﬁnder Satellite Observations (CALIPSO)
satellite provides vertical proﬁles of aerosols on a global scale (Winker et al.,
2003). And also the planned EarthCARE (Earth Clouds, Aerosols and Radiation
Explorer) satellite is going to provide more valuable information of the vertical
contribution of aerosols using a 355 nm spaceborne lidar (Illingworth et al., 2015).
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Automatic aerosol classiﬁcation schemes for spaceborne lidar observations (Groß
et al., 2015; Kim et al., 2018), but also for ground-based lidar networks (Baars
et al., 2017; Nicolae et al., 2018) enable the characterization of the aerosols distribution in near real-time. This information is necessary to determine the impact
of speciﬁc aerosols on the climate and evaluate climate models. However, biogenic
aerosols are not included in current automatic aerosol classiﬁcation algorithms for
ground based or spaceborne lidars and pollen is likely misclassiﬁed as dusty mixtures. Including airborne pollen in automatic classiﬁcation schemes would not
only improve the correct classiﬁcation of aerosol types, it would also improve the
understanding of pollen transport and distribution, as at the moment vertical information about pollen concentration is limited to occasional airborne or lidar
campaigns. Spaceborne lidars and existing lidar networks could be used to detect
pollen in the vertical with high spatial coverage. However, a better understanding
of pollen detection with lidar is needed before pollen can be included in aerosol
classiﬁcation algorithms.
Few studies have explored the detection of pollen with lidar so far. In 2008, Sassen (2008) detected birch pollen in Alaska using a 694 nm polarization lidar. Noh
et al. (2013a,b) found signatures of pollen in the atmosphere over South Korea
using a 532 nm lidar and Sicard et al. (2016) investigated the vertical distribution
of pollen over Barcelona. Using laser induced ﬂuorescence (LIF) lidars, Saito et al.
(2018) and Richardson et al. (2019) were able to detect the ﬂuorescence spectrum of pollen in the atmosphere. Long-term measurements and observations at
multiple wavelengths however are missing.
In this thesis, we explore the capabilities of multiwavelength Raman polarization
lidar measurements to detect and characterize atmospheric pollen (Paper I). We
present an approach to estimate the optical properties of pure pollen (Paper II).
Furthermore, the possibility to use depolarization measurements of Doppler lidar
instruments for pollen detection is shown (Paper III) and the use of depolarization ratio measurements at multiple wavelengths for pollen detection is presented
(Paper IV). The articles contribute to the following research questions:
1) Can we detect and characterize atmospheric pollen using multiwavelength
Raman polarization lidar? Which particle optical properties are most suitable for the detection of pollen?
2) Can we use lidar measurements to derive the depolarization ratio of pure
pollen in the atmosphere?
3) Can we utilize Halo Doppler lidar measurements for the detection of pollen?
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4) Can the detection of the lidar depolarization ratio at multiple wavelengths
improve the characterization of atmospheric pollen? Can pollen types be
separated using lidar optical properties at multiple wavelengths?
The thesis is organized as follows: An introduction to atmospheric pollen and the
observations at our measurement site is given in Chapter 2. The theoretical background of the lidar technique with focus on the retrieval of the optical quantities is
given in Chapter 3. The main results of the original publications are summarized
in Chapter 4 and concluding remarks are given in Chapter 5.
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2 Atmospheric pollen and its observation
Pollen is the part of angiosperms and gymnosperms that carries the male genetic
material of the plant. It is produced in the male cone of gymnosperms or in the
anthers of an angiosperm ﬂower. Because plants themselves are immobile, the
genetic material has to be transported by other means. The most common way
of pollination is the transfer by animals (zoophily), especially by honey bees and
other insects. But pollen can also be transported by wind (anemophily) or water
(hydrophily) (Pacini, 2008). Most grasses (Poaceae), conifers and around 10-20%
of ﬂowering plants are anemophilous (Ackerman, 2000). Hydrophilous pollination
is much less common than zoophily and anemophily and has been observed, for
example, for seagrasses.
Pollen grains appear in a wide range of sizes, shapes and surface textures, depending on different pollination requirements and ways of transport. The variety
of sizes spans almost over three orders of magnitude. The smallest pollen grains,
the pollens of forget-me-not (Myosotis spp.), are only 5 μm in diameter (Leuschner,
1993), while pollen grains of Oenothera species have a diameter of around 167 μm
(Knight et al., 2010). Generally, the pollen size, deﬁned as the largest diameter, is
categorized in very small (<10 μm), small (10-25 μm), medium-sized (26-50 μm),
large (51-100 μm) and very large (>100 μm) (Halbritter et al., 2018). It has be
noted that even small pollen grains are considered coarse particles in aerosol research, where particles with a diameter less than 1 μm are usually considered ﬁne
mode and above 1 μm coarse mode particles. Pollen is therefore rather big compared to other common aerosols e.g. mineral dust (100 nm-10 μm) or biomass
burning aerosol (<1 μm) (Boucher, 2015). However, pollen grains can also rupture to smaller, ﬁne mode, fragments under certain meteorological conditions, e.g.
humidity changes and turbulent disturbances. These fragments, though, are usually not recorded as pollen using commonly used sampling techniques.
In this study, we focus on wind distributed (anemophilous) pollen. Anemophilous
species tend to produce high amounts of pollen to increase the possibility of successful pollination. Wind distributed pollen grains are usually small, lightweight
and have shapes favorable to wind capture and transport (Muller, 1979; Niklas,
1985). However, some gymnosperms, for example certain species of the Pinaceae
family, have large to very large pollen, yet they are pollinated by wind. The distinct
characteristics of different pollen types is essential for the detection and monitoring of pollen, which will be explained in more detail in Sect. 2.1. A more detailed
description of the most abundant pollen types at our measurement site will be
given in Sect. 2.3.
Pollen dispersed in the air does not only cause allergic symptoms in affected individuals when reaching the respiratory tract, it also contributes to the aerosol load
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and affects weather and climate. Different studies have shown that atmospheric
pollen can affect cloud properties by acting as cloud condensation (CCN) or ice
nuclei (IN). Pollen was found to act as efﬁcient ice nuclei in the condensation
freezing mode (Diehl et al., 2001) and the immersion and contact freezing mode
(Diehl et al., 2002; von Blohn et al., 2005). Diehl et al. (2002) showed that pollen
can act as immersion and contact freezing nuclei at warmer temperatures than
non-biological particles. Thus, the importance of pollen in cloud and precipitation
processes is undeniable. Furthermore, ruptured pollen grains can affect climate
and human health as well. The rupture of pollen grains has been observed in
several laboratory experiments. Flowers from grasses and wind pollinating trees
were exposed to a cycle of wetting, drying and wind disturbances and fragments
of pollen grains down to sub-micrometer size were observed (Hughes et al., 2020;
Miguel et al., 2006; Taylor et al., 2002, 2004). Taylor et al. (2004) found that birch
pollen can rupture while still on the catkins and measured fragments of birch pollen grains ranging from 30 nm to 4 μm in size. Those pollen fragments can persist
much longer in the atmosphere than intact pollen due to their small size and lower
falling velocity. In the atmosphere, those pollen fragments can act as CCN (Steiner
et al., 2015; Wozniak et al., 2018). Moreover, small pollen fragments can penetrate deeper into the respiratory system and trigger more severe allergic reactions
and asthma (Taylor and Jonsson, 2004).

2.1 Pollen monitoring
Pollen type and concentration are usually measured near ground, i.e. on roof-level.
Worldwide at least 879 active stations continuously monitored the pollen prevalence in 2016 (Buters et al., 2018). The majority (over 600) of the stations are
operating devices based on the Hirst principle, which will be introduced hereafter.
The operation of this type of pollen trap and the analysis of the pollen samples are
done manually. Thus, it requires human resources, is time consuming and nearreal time measurements are not possible. Efforts have been made to develop automatic pollen detection techniques to reduce workload and enable pollen monitoring in near-real time. Those techniques use for instance image recognition such as
the fully automated, image recognition-based pollen monitoring system, BAA500
(Oteros et al., 2015). Others make use of the ﬂuorescence spectra of the particle
like the Wideband Integrated Bioaerosol Sensor (WIBS) (Gabey et al., 2010; Savage et al., 2017) or the Real-Time Airborne Particle Identiﬁer (Rapid-E) developed
by Plair SA (Šaulienė et al., 2019).
The traditional and most commonly operated instruments to measure pollen type
and concentration are Hirst-type volumetric spore samplers. The sampling prin-
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ciple was developed by Hirst (1952). With this type of spore sampler it is possible
to continuously collect pollen grains for 7 days with a time resolution of 2 hours.
The sampling device consists of a rotatable sampler with a 14 mm x 2 mm oriﬁce,
a rain shield above the oriﬁce and a wind vane. A pump draws air with a ﬂow
rate of 10 L min-1 through the oriﬁce into the sampling device. The large wind
vane on the rotatable sampler ensures that the oriﬁce is always oriented towards
the wind. The sucked particles impact on an adhesive-coated plastic tape which is
ﬁxed on a rotating drum beneath the oriﬁce. The tape is changed regularly and the
pollen grains impacted on the tape are manually analyzed under the microscope.
The number of counted spores on the sample tape surface is converted to pollen
concentrations in pollen grains m-3 by using a conversion factor which considers
the inlet air ﬂow, sampling efﬁciency, surface area of the sampling tape and the
number and area of analysed microscope ﬁelds. The pollen grains are classiﬁed
according to their visual appearance. Depending on how different pollen grains
within one family are, they can either be identiﬁed to genus level e.g. Betula or
Pinus or only to the family level e.g. Poaceae. The Hirst-type pollen collector
operated at our measurement site is shown in the right picture in Fig. 1.

Figure 1 Left: Vehmasmäki measurement station surrounded by broad-leaved and coniferous forest. Measurement instruments are located inside and on top of the measurement
container and on the co-located mast. Right: Hirst-type pollen collector installed on top
of the measurement container.
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2.2 Observation overview
2.2.1 Measurement station
Finland offers ideal conditions for the observation of pollen as it is one of the most
forested countries in Europe (FAO, 2020) with around 75% of Finland’s total area
being forestland (Lier et al., 2019). Air pollution levels are low (WHO, 2016),
hence the amount of background aerosol is small. Another advantage of Finland
as a location for pollen studies is the distance to large sources of depolarizing
aerosols e.g. deserts, and therefore the lack of competing depolarizing aerosols.
Figure 2 shows the location of the measurement site and the Corine land cover by
the Copernicus Land Monitoring Service from the year 2018. Broad-leaved, coniferous and mixed forest are presented in green colours. The dominance of forest

Figure 2 Illustration of the Corine Land Cover 2018 © European Union, Copernicus Land
Monitoring Service 2018, European Environment Agency (EEA) for Pan-Europe and the
area surrounding the Vehmasmäki measurement site (inset). The complete legend can be
accessed at Copernicus Land Monitoring Service (2018).
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land in the Nordic countries is clearly apparent, while in Central and Southern
Europe urban areas and cultivated land are strongly inﬂuencing the landscape.
The measurement station for pollen observations in the years 2016, 2019 and 2020
was located at Vehmasmäki (62°44’ N, 27°33’ E), a rural forest site around 18 km
from Kuopio, Eastern Finland. This ﬁeld station of the Finnish Meteorological Institute (FMI) has been established in 2012 and the operated lidar instrument belongs to the EARLINET network. The land cover around the measurement station
(marked by a black triangle) is shown in the inset of Fig. 2. The station is mainly
surrounded by broad-leaved, coniferous and mixed forest. Because of this location,
far from major aerosol sources like deserts or big cities, Vehmasmäki is well suited
for pollen observations. The measurement station and its surrounding can be seen
in Fig. 1. Instruments are located inside and on top of a measurement container.
Continuous remote-sensing observations are performed with a multiwavelength
Raman polarization lidar PollyXT , a Halo StreamLine Doppler lidar and a Vaisala
CL51 ceilometer. Furthermore, a variety of in-situ instruments measure the aerosol
situation on ground level. An optical particle sizer (OPS), Aerodynamic particle
sizer (APS), Scanning mobility particle sizer (SMPS), Synchronized Hybrid Ambient Real-time Particulate Monitor (SHARP), Nephelometer and Aethalometer are
operated permanently at the measurement site. Meteorological parameters such
as temperature, relative humidity and wind speed and direction are measured in
several heights between 2 and 300 m on a co-located mast (visible in Fig.1) and
can deliver additional information about the state of the boundary layer.

2.2.2 Pollen observations in Vehmasmäki
23 different pollen types have been detected in Vehmasmäki during the years 2016,
2019 and 2020. Figure 3a shows the annual pollen concentration of the pollen
families and genera detected in Vehmasmäki for the years 2016, 2019 and 2020 in
blue, black and grey, respectively. Birch (Betula), pine (Pinus) and spruce (Picea)
are the most abundant pollen genera in Vehmasmäki, followed by Urtica and the
Poaceae family. The total number of detected pollen varies from year to year, so
that the total pine pollen concentration, for instance, was slightly higher than the
birch pollen concentration in 2016 and approximately similar in 2020. In 2019,
however, signiﬁcantly more birch pollen was detected. In Figure 3a the detected
pollen types are ranked according to their mean total pollen concentration.
The main pollen seasons of the in Vehmasmäki detected pollen types are shown
in Fig. 3b. The main pollen seasons, the time period during which most pollen
of speciﬁc type is recorded, can be deﬁned in various ways. Usually either the
percentage of the annual pollen concentration or a certain threshold of the daily
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Figure 3 Pollen genera and families detected in Vehmasmäki in the years 2016, 2019 and
2020. (a) Annual total pollen concentration of each pollen type for each year. (b) Pollen
seasons of each pollen type determined using the 95% method (Goldberg et al., 1988).
One-time pollen observations are marked by a dot.

pollen concentration is used to deﬁne start and end date of the pollen season (Jato
et al., 2006). Here the main pollen seasons are deﬁned using the 95% method described by Goldberg et al. (1988) and Andersen (1991). The beginning of the
pollen season is deﬁned as the ﬁrst day when the sum of daily mean pollen concentrations reaches 2.5% of the annual concentration of the respective type. The
end is the day when 97.5% of the annual total is reached. The pollen season therefore includes 95% of the annual total pollen concentration. Alternatively, the main
pollen season is considered over when a period of dense occurrence was followed
by 10 consecutive days with no detected pollen. The start of pollen seasons is
strongly dependent on weather conditions like temperature and humidity (Stach
et al., 2008; Zhang et al., 2015). Thus, the seasons of the individual pollen types
vary each year and are here shown separately for the years 2016, 2019 and 2020
in blue, black and grey, respectively. The ﬁrst pollens to be detected are usually
from deciduous trees like alder (Alnus), poplar (Populus) and willow (Salix). Birch
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(Betula) pollen can be observed throughout May. The season for coniferous pollen
types, Picea and Pinus, is from the middle of May to June. Grass (Poaceae) and
Urtica pollen seasons start in the middle of summer and last until autumn. Several
pollen types, e.g. Fraxinus, Ericaceae, Asteraceae, Plantago and Cannabaceae have
only been observed sporadically on individual days and are presented with dots.

2.3 Description of the most abundant pollen types
The detection of pollen types is based on the visual appearance of the grains. In
the microscopical analysis, pollen grains are classiﬁed according to e.g. their size,
apertures, which are areas in the pollen wall that signiﬁcantly differ from their surrounding (Halbritter et al., 2018), the number of pores and the surface ornamentation i.e surface features. These physical features of the pollen grains also matter
when detecting pollen using optical remote sensing techniques, i.e. lidar. To illustrate the visual difference of the most common pollen types detected in Vehmasmäki, examples of local occurring pollen species of the most abundant pollen genera/families are presented in Table 1 and a description of their genus/family, their
allergenicity and the visual appearance of the pollen grains is given.
Birch (Betula) pollen is the most allergenic tree pollen in northern, central and
eastern Europe (D’Amato et al., 2007) and can cause severe allergic rhinitis and
possibly even asthmatic symptoms (Biedermann et al., 2019; Schäppi et al., 1997).
Birch trees are deciduous and belong to the Betulaceae family which, among others, also include Alder and Hazel. Species of the Betula genus native to northern
Europe are for example Silver birch (Betula pendula), Downy birch (Betula pubescens) or Dwarf birch (Betula nana). Their pollen grains belong to the class
of triporate pollen, which means they have three pores on their surface. In hydrated/fresh condition, the pollen grains are spherical and 20-30 μm in diameter.
The round to oval pores have a diameter of 2-3 μm (Nilsson et al., 1977). The surface of birch pollen grains is rather smooth (Blackmore et al., 2003). When dry,
the pollen grains become irregular shaped as the pollen wall folds onto itself to
prevent further dehydration. This characteristic folding of pollen grains is known
as harmomegathy (Katifori et al., 2010; Wodehouse, 1935). The pollen grains of
the Betula genus show irregular infoldings with the interapertural area sunken in
dry condition (Halbritter et al., 2018).
Pine (Pinus) and spruce (Picea) belong to the Pine family (Pinaceae). This family
includes 12 genera (Simpson, 2010) of coniferous trees and bushes such as ﬁrs
(Abies), larches (Larix), Douglas ﬁrs (Pseudotsuga) and cedars (Cedrus) besides
pine and spruce. In Finland, pine and spruce make up 80% of the forest land, with
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Scots pine (Pinus sylvestris) and Norway spruce (Picea abies) being the main tree
species (Luke, 2020). Although being very abundant in Finland, Pinaceae pollen is
only low allergenic. The pollen grains of Pinaceae species are quite big and possess
air bladders, or sacci, which assist the pollen grains to be lifted and transported by
wind. The sacci increase the surface area of the pollen grain without adding a lot of
mass. Thereby they reduce the settling velocity and increase the dispersal distance
(Schwendemann et al., 2007). The body (corpus) is circular to ellipsoidal and has
a wrinkly, wart-like structure, while the bladders are rather smooth (Bykowska
and Klimko, 2015; Grímsson and Zetter, 2011). The two most abundant coniferous pollen types in Finland, Picea abies and Pinus sylvestris, differ by their size.
Picea abies pollen grains are very large with a diameter of 90-110 μm, while the
grains of Pinus sylvestris pollen are 65-80 μm on their longest axis including the
sacci (Nilsson et al., 1977). Furthermore, the sacci of Pinus sylvesteris pollen are
more protruding. When dry, the thin-walled area between the two sacci sinks in
(Halbritter et al., 2018).
Urtica is a genus in the family Urticaceae, the family of ﬂowering plants known
as the nettle family. This family includes about 54 genera and 2,625 species of
herbs, shrubs and small trees. Representative species in Finland are the common
nettle or stinging nettle (Urtica dioica) and the burning nettle (Urtica urens), both
are herbaceous plants of the Urtica genus. The pollen of this genus is considered
poorly to moderate allergenic (Tiotiu et al., 2016). Their pollen grains are small
(15-20 μm), oblate-spheroidal to spheroidal and have 3-4 circular pores (Nilsson
et al., 1977). Dry pollen grains are irregularly infolded.
Poaceae is the family of ﬂowing plants known as grasses. This plant family is one
of the largest with approximately 780 genera and 12,000 species (Christenhusz
and Byng, 2016). Species of this family are among the most abundant and widely
spread plants on Earth. Poaceae pollen is among the leading aeroallergens worldwide and considered the main cause of pollen allergy in most developed countries
(D’Amato et al., 2007; García-Mozo, 2017). It can cause severe symptoms of allergic rhinitis, asthma, and conjunctivitis (García-Mozo, 2017). The pollen grains
of Poaceae species are typically spheroidal in shape. When dry the pollen grains
have irregular infoldings. Poaceae pollen belong to the class of ulcerate pollen,
which means the pollen grains have a single distally located ulcus, a more or less
circular pore-like aperture. On their surface, Poaceae pollen grains have nanosized sculpture elements (Halbritter et al., 2018). The size range of pollen grains
within the Poaceae family is highly variable (Joly et al., 2007; Salgado-Labouriau
and Rinaldi, 1990) and can range from small e.g. Poa annua (annual bluegrass) to
large pollen grains e.g. Triticum aestivum (Common wheat). Thereby large pollen
grains usually belong to cultivated species (Erdtman, 1986).
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Pinus sylvestris
(Pinus/Pinaceae)

Betula pendula
(Betula/Betulaceae)

Taxa
(Genus/Family)

saccate

saccate

porate

Pollen
class

15-20 μm*

90-110 μm*
(sacci included)

65-80 μm*
(sacci included)

21-25 μm

Diameter
(longest axis)

spheroidal

spheroidal

saccate

saccate

spheroidal

Shape

Halbritter
and
Schneider (2015)

Halbritter et al.
(2020b)

Halbritter
and
Heigl (2020a)

Halbritter
and
Heigl (2020b)

Halbritter et al.
(2020a)

Reference

Picea abies
(Picea/Pinaceae)

porate

10-25 μm

Exine surface
micrograph

Urtica dioica
(Urtica/Urticaceae)

ulcerate

Micrograph

Poa annua
(Poa/Poaceae)

Table 1 Pollen morphology of representatives of the ﬁve most abundant pollen genera/families detected in Vehmasmäki. Exine
surface micrographs of saccate pollen are from the corpus of the pollen grain. Characteristics are taken from the Paldat website
(PalDat, 2000), individual references are given in the table.
* taken from Nilsson et al. (1977).

29

3 Lidar methodology
LIDAR, the acronym for "LIght Detection And Ranging", is an active remote sensing instrument, which allows the measurement of vertical proﬁles of atmospheric
parameters such as temperature, humidity and wind, aerosol and cloud optical
properties and the vertical distribution of gases. Laser pulses at a number of selected wavelengths and polarization states are emitted into the atmosphere, where
the laser light is scattered and absorbed by aerosol particles or the molecules of
atmospheric gases. The part of the emitted light that is scattered back to the instrument is received by a telescope. Apart from the distance of the backscattering
object, other properties can be derived. The properties of the atmospheric constituents are measured in ambient conditions, which means the observations are not
affected by the measurements itself. Another advantage of lidar remote sensing
is the good vertical and time resolution of the measurements compared to other
proﬁling methods for instance soundings or measurements aboard aircraft.
Since the ﬁrst attempts to use light for determining air density proﬁles in the upper
atmosphere in the 1930s (Johnson et al., 1939; Synge, 1930) and the ﬁrst applications using laser as light source for atmospheric lidar observation by Fiocco and
Smullin (1963), major progress in the ﬁeld of lidar technology has been achieved.
Lidar systems have been continuously evolved and various types of lidars, specialized for different applications have been developed and are nowadays deployed
on ground (ground-based) as well as on board of aircraft (airborne) and satellites (spaceborne). Two types of lidar systems, in-elastic (Raman) lidars and Doppler wind lidars are introduced in Section 3.5 and Section 3.6. Representatives of
the mentioned lidar types, the multiwavelength Raman lidar PollyXT and the Halo
StreamLine Doppler lidar were used in the presented study. First, the lidar principle and lidar equation are introduced (Sect. 3.1) and derived optical parameters
are explained.

3.1 Lidar principle and equations
Lidar systems emit monochromatic and coherent laser pulses of a certain polarization state into the atmosphere. In the atmosphere, the laser pulses interact with
molecules and particles through scattering and absorption. The pulses that are
backscattered at an angle of 180° to the lidar are collected by a telescope. From the
time interval t between emission of laser pulse and detection of the backscattered
photon, the distance, R = t c/2, can be determined. The laser pulse travels at the
speed of light c to the backscattering object and back, which explains the division
by 2. The following equation describes the received signal power P from the range
R at the emission wavelength λ (Wandinger, 2005a):
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 R

O(R)
Pλ (R) = P0 Cλs 2 βλ (R) exp −2
αλ (r) d r + Pbg .
R
0

(3.1)

P0 is the power of the emitted laser pulse at the wavelength λ. The constant Cλs
summarizes height independent system parameters such as receiver optics and detectors efﬁciency, telescope area and pulse duration. O(R) describes the overlap
between laser beam and receiver ﬁeld-of-view. This parameter varies between 0
close to the instrument, which means no overlap, and 1, meaning full overlap. The
volume backscatter coefﬁcient βλ (R) describes the amount of light backscattered
at an angle of 180°. It is deﬁned as the product of the number concentration of
scatterers of kind j and its differential scattering cross section dσ j, sca /dΩ in backward direction (Θ = π) at the wavelength λ summed over all kinds of scatterers.
Since light is backscattered at molecules and particles, the backscatter coefﬁcient
can be written as sum of particle and molecular backscatter coefﬁcient:
βλ (R) =


j

N j (R)

dσ j, sca
dΩ

par

(π, λ) = βλ

(R) + βλmol (R) .

(3.2)

The exponential term in Eq. 3.1 describes the two-way transmission of the light
from the instrument to the distance R and back, therefore a factor of two is applied.
The attenuation of light, i.e. scattering and absorption on molecules and particles,
depends on the length of the light path and the volume extinction coefﬁcient αλ (R)
which is deﬁned as:
par
αλ (R) = αλ (R) + αλmol (R) .
(3.3)
The detected signal always comprises a background signal Pbg , which can for example originate from direct or scattered sunlight or artiﬁcial light sources. The
receiver telescope area can be seen as part of the surface of the sphere with radius R that surrounds the scattering volume, the received signal Pλ (R) is therefore
inversely proportional to R2 . The signal intensity decreases with increasing distance from the lidar. Thus, the received signal multiplied by R2 , known as the
range-corrected signal, is commonly used for aerosol studies.
Equation 3.1 describes the received signal for elastic scattering, which means there
is no energy transfer between photon and particle or molecule during the scattering process and the received wavelength is identical to the emitted wavelength.
Raman lidar systems can additionally record the inelastic (Raman) backscattered
signal from Raman-active molecules e.g. nitrogen, oxygen or water vapour. During
the inelastic scattering process, energy is exchanged between the photon and the
interacting molecule. This leads to a change of the vibrational-rotational energy
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state of the molecule and a shift of the wavelength of the scattered photon. The
wavelength shift is characteristic for the backscattering molecule. For instance, the
inelastic scattering by nitrogen molecules causes a wavelength shift for the initial
wavelengths 355 nm and 532 nm to the Raman wavelengths 387 nm and 607 nm,
respectively. The characteristic Raman-shifted wavelength for inelastic scattering
on water vapour molecules is 407 nm for the initial wavelength of 355 nm. The
lidar equation for inelastic scattering at the Raman-shifted wavelength λRa can be
described as (Wandinger, 2005b):
 R



O(R)
αλ0 (r) + αλRa (r) d r ,
βλRa (R) exp −
PλRa (R) = P0 Cλs
Ra R2
0

(3.4)

with the Raman backscatter coefﬁcient
βλRa (R) = NRa (R)

dσRa
(π, λRa ) .
dΩ

(3.5)

Unlike in the equation for elastic scattering (Eq. 3.1), the transmission term in the
Raman lidar equation (Eq. 3.4) considers the extinction on the way to the scattering volume at the initial wavelength αλ0 and from the scattering volume back
to the lidar at the Raman wavelength αλRa . Both extinction coefﬁcients consider
again the extinction at particles and molecules (according to Eq. 3.3).
The Raman backscatter coefﬁcient βλRa (R) is deﬁned by the molecule number density of the Raman-active gas NRa and the differential Raman cross section of the
gas in backward direction dσ(π)/dΩ. Using temperature and pressure proﬁles
from radio soundings, models, e.g. GDAS (Global Data Assimilation System, GDAS
(2021)) or the standard atmosphere, NRa can be calculated.
The particle extinction coefﬁcient can directly be derived from the inelastic (Raman) backscattered signal (Eq. 3.4), as (Ansmann et al., 1990):

par
αλ
0

(R) =

d
dR ln



NRa (R)O(R)
R2 PλRa (R)

1+

− αλmol (R) − αλmol (R)
0


λ0 Aex t
λRa

Ra

,

(3.6)

with Åex t being the extinction-related Ångström exponent (see Sect. 3.4), which
describes the wavelength dependence of the extinction coefﬁcient of particles. The
particle backscatter coefﬁcient can be calculated using both the inelastic and elastic
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backscattered signal according to (Ansmann et al., 1992) as:
par

βλ

0

par

(R) = − βλmol (R) + βλ
0

·

0

(R0 ) + βλmol (R0 )
0

PλRa (R0 ) Pλ0 (R) NRa (R)

Pλ0 (R0 ) PλRa (R) NRa (R0 )
R
par
exp − R αλ (r) + αλmol (r) d r
Ra
Ra
0
·
,
R
par
exp − R αλ (r) + αλmol (r) d r
0

0

(3.7)

0

with R0 being a selected reference height. The reference height is usually selected
as a presumably aerosol-free region in order to calibrate the lidar signal with a
par
known atmospheric target. The particle backscatter coefﬁcient βλ (R0 ) in this
0
height is often assumed to be zero or a very small fraction of the molecular backscatter coefﬁcient.
The derived particle backscatter- and extinction coefﬁcients are extensive optical
properties. This means they depend on the nature of the particle (shape, composition) as well as on the amount of backscattering particles in the atmosphere. They
give an indication of the amount of backscattered or extinguished light. Furthermore, particle backscatter- and extinction coefﬁcients are used to calculate intensive optical properties, e.g. depolarization ratios (Sect. 3.2), lidar ratios (Sect. 3.3)
and Ångström exponents (Sect. 3.4). Intensive optical properties do not depend
on the amount but only the nature of the particle and can therefore be used to
characterize particles and distinguish different aerosol types.
For most Raman lidars, the described retrieval of particle backscatter- and extinction coefﬁcients is limited to nighttime measurement as the background noise in
the Raman channels caused by daylight is usually too high to apply the Raman
method. In this case, the Klett-Fernald method (Fernald, 1984; Klett, 1981) has
to be applied to solve the lidar equation. When not exploiting the Raman signal,
the lidar equation (3.1) contains two unknown parameters, the backscatter- and
extinction coefﬁcient. As no additional signal from inelastic backscattered light is
detected, backscatter- and extinction coefﬁcient cannot be determined independently anymore. The so-called lidar ratio LR, the ratio of extinction- to backscatter
coefﬁcient (see Sect. 3.3), has to be assumed to solve the equation. Using an espar
timated particle backscatter coefﬁcient βλ (R0 ) at the reference height R0 , the
molecular backscatter coefﬁcient βλmol (R) and the molecular lidar ratio LRmol , the
particle backscatter coefﬁcient can then be derived as:
par

βλ

(R) = −βλmol (R) +

Aλ (R0 , R)
,
par  R
Bλ (R0 ) − 2LRλ R Aλ (R0 , r) d r
0

(3.8)
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with




par

Aλ (R0 , R) = Pλ (R) R2 exp −2 LRλ − LR
and
Bλ (R0 ) =


mol



par

βλmol (r) d r

R0

Pλ (R0 ) R20
βλ



R

(R0 ) + βλmol (R0 )

.

(3.9)

(3.10)

The particle extinction coefﬁcient can be obtained through the relation of lidar
ratio and backscatter coefﬁcient. Because of the assumption of a lidar ratio, proﬁles retrieved with the Klett-Fernald method are prone to more systematic errors
(Sasano et al., 1985) than proﬁles retrieved with the Raman method, while those
are stronger affected by noise.

3.2 Depolarization measurements
The light emitted by the lidar instrument is linearly polarized which means the
orientation of the electric ﬁeld vector is ﬁxed. When interacting with atmospheric
components, the polarization state of the light can change. The backscattered
light then contains a cross-polarized component Pλ⊥ in addition to the light that is
polarized in the same plane as the emitted light, the parallel polarized component

Pλ . Lidars with polarization measurement capacities can detect these components
of the backscattered light and the lidar equation (Eq. 3.1) can be expressed as:
⎡


s Oλ (R)
R2

Pλ (R) = P0 Cλ



⎤

R





βλ (R) exp ⎣−2

αλ (r) d r ⎦

(3.11)

0

and
⎡
Pλ⊥ (R) = P0 Cλs⊥

Oλ (R)⊥ ⊥
βλ (R) exp ⎣−
R2

⎤

R


⎦
αλ (r) + α⊥
λ (r) d r ,

(3.12)

0

with the superscript  and ⊥ denoting the parallel and perpendicular plane of
polarization with respect to the polarization plane of the emitted laser light, respectively. It is usually assumed, that the atmospheric extinction does not depend
on the polarization state and that parallel and perpendicular extinction are equal.
The transmission terms of the parallel and perpendicular component of the detected signal are therefore usually assumed identical. Using preceding equations,
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the volume depolarization ratio can be calculated as the ratio of perpendicular to
parallel backscatter component:
δλvol

(R) =

βλ⊥ (R)


βλ (R)

=

par,⊥

mol,⊥

(R) + βλ

mol,

(R) + βλ

βλ

βλ

par,

(R)

(R)

.

(3.13)

Both backscatter coefﬁcients include the part of the light backscattered by molecules and particles. The ratio of perpendicular to parallel molecular or particle
backscatter coefﬁcients is called molecular depolarization ratio δλmol (R) or particle
par
depolarization ratio δλ (R), respectively.
The particle depolarization ratio is an intensive quantity and allows the determination of the scatterers sphericity. Non-spherical particles cause a depolarization of
the backscattered light because the orientation of the polarization changes during
the scattering within the particle or on its edges. Spherical particles, however, do
not cause a depolarization of the light and the depolarization ratio is zero. Aerosol
particles can thus be characterized based on their shape (Groß et al., 2011; Haarig
et al., 2018), which makes the depolarization ratio a valuable quantity for aerosol
classiﬁcation. Furthermore, the depolarization ratio can be used to separate the
contribution of spherical and non-spherical particles to the lidar signal following
a method described by Tesche et al. (2009a). Table 2 gives examples of particle
depolarization ratios observed in previous studies using lidar measurements to illustrate the difference between different aerosol types.
Table 2 Examples of depolarization ratios for different aerosol types.
par

par

par

Aerosol type

δ355 (%)

δ532 (%)

δ1064 (%)

Reference

Saharan dust
Smoke (tropos.)
Marine (wet)
Marine (dry)
Volcanic

26±6
2±4
≤3
11.5±8.2
35-38

31±3
3±2
≤2
14.8±3.5
35-38

1±0.8
≤2
9.9±1.1
-

Freudenthaler et al. (2009)
Haarig et al. (2018)
Haarig et al. (2017)
Haarig et al. (2017)
Groß et al. (2012)

3.3 Lidar ratio
The ratio of extinction to backscatter coefﬁcient at the considered wavelength λ is
called lidar ratio:
α (R)
.
(3.14)
LRλ (R) = λ
βλ (R)
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The LR is a necessary assumption for retrieving backscatter proﬁles using the KlettFernald method but can also be used for aerosol characterization when using the
Raman method and obtaining backscatter- and extinction proﬁles independently.
It has be differentiated between molecular lidar ratio LRmol and particle lidar ratio LR par . While the molecular LR is well-deﬁned for air (LRmol = 8π/3 sr), the
particle LR depends on size distribution, shape, humidity and chemical composition of the backscattering particles. The particle lidar ratio is thus often used
to characterize and discriminate between different aerosol types. Table 3 shows
examples of lidar ratios at 355 and 532 nm for different aerosol types.
Table 3 Examples of lidar ratios for different aerosol types.
par

Aerosol type
Saharan dust
Smoke
Marine (wet)
Marine (dry)
Continental polluted
Volcanic

par

LR355 (sr)

LR532 (sr)

53±10
87±17
19±5
27±6
58±12
50-60

54±10
79±17
23±2
25±3
53±11
45-55

Reference
Tesche et al. (2011a)
Tesche et al. (2011b)
Haarig et al. (2017)
Haarig et al. (2017)
Müller et al. (2007)
Groß et al. (2012)

3.4 Ångström exponent
The measurement of optical signals at multiple wavelengths allows the determination of the Ångström exponent Å. The Ångström exponent describes the ratio of
a parameter x at two wavelengths λ1 and λ2 as a function of the ratio of these
wavelengths (Ångström, 1929):
x λ1
x λ2

x

λ Åλ1 /λ2
= 2
,
λ1

x

Åλ

1 /λ2

=

ln [x λ1 /x λ2 ]
ln [λ2 /λ1 ]

.

(3.15)

It describes the spectral dependence of the parameter x, which can be, for example, the backscatter or extinction coefﬁcient (Ansmann and Müller, 2005). The
scattering on large particles is almost wavelength independent, the extinctionrelated Ångström exponent is therefore approximately zero. Small particles, on
the other hand, correspond to a large Å as the scattering is strongly dependent
on the wavelength. Hence, the Ångström exponent is often used to estimate the
dominating size range of the scattering particles. Examples for Ångström exponents determined in previous studies are given in Table 4. However, values can

36

vary dependent on the aerosol type, source and the mixture of aerosols in the atmosphere. For example, also negative Ångström exponents have been reported for
Saharan dust in a several studies (Bohlmann et al., 2018; Rittmeister et al., 2017;
Veselovskii et al., 2016).

Table 4 Examples of extinction (α) and backscatter (β) related Ångström exponents for
different aerosol types.

Aerosol type
Saharan dust
Smoke
Marine aerosol
Continental polluted
Volcanic

α

β

β

Å355/532

Å355/532

Å532/1064

0.06±0.21
1.15±0.28
0.3±0.1
1.4±0.5
-

0.19±0.20
0.90±0.26
0.6-0.8

0.28±0.16
1.06±0.65
1.3±0.5
-

Reference
Tesche et al. (2009b)
Tesche et al. (2011b)
Müller et al. (2007)
Müller et al. (2007)
Sicard et al. (2012)

3.5 Multiwavelength Raman polarization lidar PollyXT
Since 2012, a multiwavelength Raman polarization lidar (PollyXT ) is permanently
operated at the measurement site in Vehmasmäki (Kuopio). PollyXT (POrtabLe
Lidar sYstem, eXTended version) has been developed at the Leibniz Institute for
Tropospheric Research (Althausen et al., 2009; Engelmann et al., 2016) and is part
of the PollyNET network (Baars et al., 2016).
Figure 4 shows a schematic illustration of the PollyXT setup. PollyXT lidar systems
operate a Nd:YAG laser which emits light pulses at 1064 nm with a repetition frequency of 20 Hz. By doubling and tripling of this frequency in the second and
third harmonic oscillator (SHG and THG), light pulses with a wavelength of 532
and 355 nm are generated. The light is directed through a Brewster-cut Glan laser
polarizer to ensure linear polarization of the emitted light. For quality control,
parts of the light are directed to a power meter which measures the UV component and allows the monitoring of the conversion efﬁciency. Two mirrors direct
the light upwards. The light passes through a shutter which is used to interrupt
the light path in case of airplane overﬂights. Finally, the light beam is enlarged
to a diameter of 45 mm by a beam expander before being emitted into the atmosphere. The receiver unit consists of a Newtonian telescope with a 30 cm primary
mirror and a secondary mirror which directs the light through a pinhole to the
detection unit. A polarizer mounted in front of the pinhole allows the calibra-
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tion of the depolarization measurements (see Sect. 3.5.2). Dichroic beam splitters separate the detected light by wavelength and mirrors direct the light to the
respective photo multiplier tube (PMT), which are connected with the data acquisition unit. Photons are counted at the three emitted wavelengths (355, 532
and 1064 nm) and the Raman-shifted wavelengths (387, 407 and 607 nm) and the
cross-polarized light at 532 and 355 nm. The signal is stored with a temporal resolution of 30 s. To avoid specular reﬂections from horizontally aligned ice crystals,
the whole system is tilted by 5° (Seifert et al., 2010).
The PollyXT system operated in Vehmasmäki was updated in 2017. Before,
PollyXT -FMI had just one depolarization channel at 532 nm. The new version
Top view
Near-range
telescope

Camera

Beam expander

Nd:YAG laser

Beam
expander

Front view

532cross
532

1064

607

SHG
THG

Shutter

387
355
355cross

Power
meter

407

Telescope

Mirror

Beam splitter

Neutral density filter

Polarizer

Lens

Figure 4 Schematic illustration of the optical setup of PollyXT . The lower part displays
the front view, while the upper part shows the top view including the additional nearrange receiver. Adapted from Engelmann et al. (2016), a more detailed illustration and
description can be found therein.
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comprises a second depolarization channel at 355 nm and a near-ﬁeld unit (see
Sect. 3.5.1. Furthermore, the vertical resolution was improved from 30 to 7.5 m.
Results used in Papers I to III utilized measurements with the old PollyXT system
without near-ﬁeld unit and second depolarization channel. Measurements for
Paper IV have been done with the new setup.

3.5.1 Overlap effect and near-ﬁeld unit
PollyXT is a bi-axial systems, which means emission and detection unit are not on
the same axis and the overlap of laser beam and telescope ﬁeld-of-view (FOV)
needs to be considered. Using a camera synchronized to the laser trigger (see
Fig. 4), it is possible to monitor and adjust the overlap of laser beam and the FOV
of the telescope. However, laser beam and telescope FOV do not overlap close to
the lidar, and thus the minimal height of usable proﬁles is limited. Full overlap of
the primary (far-ﬁeld) receiver and the laser beam is reached at around 800-900 m
(Engelmann et al., 2016). To decrease the minimal measurement height, i.e. the
height of full overlap of laser beam and receiver FOV, a secondary smaller telescope
with a wider ﬁeld-of-view (2.2 mrad) and close distance to the emission axis has
been added to the upgraded version of PollyXT -FMI (see top view, Fig. 4). Nearﬁeld signals are detected at 355 and 532 nm and the Raman-shifted wavelengths
at 387 and 607 nm. Due to this setup it is possible to detect proﬁles down to approximately 120 m instead of the previous limitation to around 800 m (Engelmann
et al., 2016).

3.5.2 PollyXT depolarization measurements
PollyXT comprises polarization capabilities. Thus, light with a polarization orientation differing from the emitted light can be recognized. The cross-polarized signal
is detected at 532 nm and with the upgraded version of PollyXT also at 355 nm.
However, only the total backscattered and not the parallel polarized signal is detected at these wavelengths. Equation 3.13 can therefore not be used directly to
calculate the volume depolarization ratio. Furthermore, the dichroic beam splitters show different transmissions for cross- and parallel polarized light which leads
to different transmission efﬁciencies for cross and parallel polarized light in the detection channel (Engelmann et al., 2016). Consequently, depolarization measurements need to be calibrated to ensure correct depolarization ratios. For PollyXT systems, the so-called Δ90° calibration method (Freudenthaler, 2016; Freudenthaler
et al., 2009) is usually applied. Calibration measurements are performed three
times a day by rotating a polarizer under +45° and -45° with respect to the laser

39

polarization plane into the light path and measuring the ratio of cross-polarized to
total signal δλ∗ for two subsequent measurements (Engelmann et al., 2016). The
calibration constant Vλ∗ is then deﬁned according to Freudenthaler et al. (2009)
as:
1 + Dλt ot  ∗
∗
∗
Vλ =
δλ,+45° (R) · δλ,−45°
(R),
(3.16)
c
1 + Dλ
with Dλt ot and Dλc being the transmission ratio of the total channel and the crosspolarized channel, respectively. The transmission ratios depend on the installed
beam splitters and are different for each Polly system. Having the ratio of cross∗
, the calibration
polarized and total signal without polarizer in the light path δ0°
∗
t ot
c
constant Vλ and the transmission ratios Dλ and Dλ , the volume linear depolarization ratio is given by (Engelmann et al., 2016):
δλvol

=

∗
(R)/Vλ∗
1 − δλ,0°
∗
Dλt ot · δλ,0°
(R)/Vλ∗ − Dλc

.

(3.17)

The particle depolarization ratio can then be calculated using the volume depolarization ratio, the molecular depolarization ratio δλmol and the particle and mopar
lecular backscatter coefﬁcients, βλ and βλmol , as:
 mol

 mol
−1
vol

(R)
δ
(R)
−
δ
(R)
β
par
λ
λ
λ


− 1.
δλ (R) = δλvol (R) + 1
+1
par
mol
βλ (R) 1 + δλ (R)


(3.18)

3.6 Halo Doppler lidar
Another lidar system permanently operated at our measurement site is a Halo
Photonics StreamLine Pro Doppler lidar (Pearson et al., 2009). Doppler lidars
make use of the frequency shift of moving particles (Doppler effect) in the atmosphere to measure wind and turbulence with high spatial and temporal resolution.
Doppler lidars are therefore frequently used to study wind proﬁles (e.g. Tuononen
et al. (2017)) and boundary layer evolution (e.g. Manninen et al. (2018)) and are
applied in the wind energy sector.
Halo StreamLine lidars emit linearly polarized light pulses at 1565 nm with a pulse
repetition frequency of 10 or 15 kHz, depending on the lidar version. These lidars can be operated in scanning or vertically pointing mode which enables threedimensional mapping of turbulent ﬂows as well as the height- and time-resolved
measurement of the vertical velocity. Halo Doppler lidars are equipped with a
heterodyne detector. The optical path is constructed with ﬁber-optic components.
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Emission and detection of the light pulses take place on the same axis, overlap effects are therefore omitted and proﬁles can be determined from a minimum range
of 90 m with a spatial resolution of 30 m. In addition to the normal receiver channel, a cross-polar receiver channel with a ﬁber-optic polarizer can be incorporated
through a ﬁber-optic switch. Co- and cross-polarized signals can thus be detected
consecutively in vertically pointing mode. The integration time can be changed
according to location and application and may vary from 1 to 30 s.
Halo StreamLine lidars provide the radial Doppler velocity and the signal-to-noise
ratio (SNR) along the beam direction. After post-processing the SNR according to
Vakkari et al. (2019), the attenuated backscatter β can be calculated from the SNR
as:
SN R(R)
,
(3.19)
β(R) = A
T f (R)
with R being the range from the instrument, A comprising system-speciﬁc constants
(e.g. beam energy and receiver bandwidth) and the telescope focus function Tf (R)
(Pentikäinen et al., 2020).
The measurement of co- and cross polarized backscattered signals allows the determination of the depolarization ratio. Unlike PollyXT , Halo StreamLine Doppler
lidars lack a calibration unit for depolarization measurements nor allow the addition of a calibrator. Thus, the depolarization ratio has to be calibrated using
the incomplete extinction, or bleed-through, at liquid cloud base. At liquid cloud
base, the depolarization ratio should be zero as single scattering on spherical cloud
droplets does not polarize the backscattered light. Non-zero depolarization ratios
at liquid cloud base is therefore an indicator of bleed-through and can be used for
calibration. Considering the observed bleed-through B, the depolarization ratio δ
can be determined as:
SN R cr oss − B · SN R co
,
(3.20)
δ=
SN R co
using the co- and cross-polarized signal-to-noise ratio, SN R co and SN R cr oss , respectively. The bleed-through correction and determination of the depolarization
ratios using Halo StreamLine Doppler lidars is the topic of Paper III and will be
discussed in detail therein.
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4 Main results
In this section the main results of the original publications are presented. For more
detailed results please refer to corresponding publication (Paper I-IV).

4.1 Ability to detect pollen with lidar
In Paper I, we explored the capabilities of ground-based lidar systems to detect
pollen in the atmosphere. Up to now, there is no comprehensive and validated
information about optical properties of atmospheric pollen in the atmosphere. To
include pollen as aerosol type in classiﬁcation schemes and provide vertical information about pollen concentration, more data is needed. During our ﬁrst pollen campaign in 2016 at Vehmasmäki, Finland, we combined measurements of the
multiwavelength Raman polarization lidar PollyXT and a Hirst-type pollen collector
to link lidar observations in the vertical column and observed pollen concentrations at ground level. Figure 5 shows the observations from 5 to 15 May. During
this period high concentrations of birch pollen were detected (Fig. 5a), while a relatively large aerosol load was observed within the boundary layer (Fig. 5b). Two

Figure 5 Overview of the intense pollen period in May 2016. (a) Pollen concentration
measured by Hirst-type pollen sampler, (b) range-corrected signal at 1064 nm and (c)
volume depolarization ratio at 532 nm obtained by PollyXT Raman polarization lidar. Figure adapted from Paper I © 2019 Atmospheric Chemistry and Physics.
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periods can be identiﬁed considering the volume depolarization ratio (Fig. 5c) and
observed pollen types. From 5 to 9 May birch pollen was dominating at ground
level. The observed volume depolarization ratio of airborne particles was small,
while during the second period from 12 to 15 May, depolarization ratios were
clearly higher and a considerable amount of spruce pollen was detected in addition to birch. The higher depolarization ratios during the second period were
likely caused by the highly non-spherical shape of the spruce pollen grains during
the second period. The measurements from both periods have been analysed to retrieve the optical properties of the pollen within determined layers. Figure 6 shows
the mean values of lidar ratio at 532 nm and backscatter-related Ångström exponent at 532-1064 nm against the particle depolarization ratio at 532 nm. The mean
lidar ratio at 532 nm ranges from 31 sr to 74 sr, with mean values of 52±12 sr for
the ﬁrst period (birch) and 62±10 sr for the second period (birch-spruce mixture).
These values are characteristic for other aerosol types such as dust and dust-smoke

Figure 6 Mean values of (a) lidar- vs. particle depolarization ratio at 532 nm and (b)
backscatter-related Ångström exponent at 532–1064 nm vs. particle depolarization ratio
at 532 nm in the pollen layers observed from 5 to 10 May (period 1, green) and from 12 to
15 May (period 2, black). Error bars denote the standard deviation. Marker size denotes
the pollen concentration. Solid dots indicate Raman retrievals and dotted markers the
Klett solution. Figure from Paper I © 2019 Atmospheric Chemistry and Physics.
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mixtures (Groß et al., 2011; Tesche et al., 2011a), hence the lidar ratio alone is
not a suitable parameter for the identiﬁcation of pollen. The depolarization ratio,
on the other hand, is clearly different in the two periods.
During the birch dominated period (period 1) the mean PDR at 532 nm is 10±6%,
while it is 26±7% during the second period when spruce was observed in addition to birch. These depolarization ratios are in the same range as values for dust
and biomass burning aerosol mixtures (Tesche et al., 2011a) or dust and marine
aerosol mixtures (Groß et al., 2011). Thus, backward trajectories of observed air
masses have been analyzed to ensure the absence of other depolarizing aerosol.
The backscatter-related Ångström exponent has a tendency towards smaller values
with increasing depolarization ratio during both periods and the average Ångström
exponent is smaller in the second period when large spruce pollen was observed.
However, in both periods the detected Ångström exponent is rather large considering the large size of pollen grains. The backscattering is most likely dominated
by ﬁne-mode (non-pollen) background aerosols. Thus, we do not measure the optical properties of pure pollen but rather the mixture of background aerosol and
pollen. Therefore, the Ångström exponent can only be used for pollen detection
under the same or similar background conditions.
This ﬁrst pollen campaign demonstrated the potential of lidar measurements, especially depolarization ratio measurements, to detect the presence of pollen in the
atmosphere. Observed depolarization ratios are similar to typical values for dusty
mixtures. As atmospheric pollen is not included in current aerosol classiﬁcation
schemes, it is likely misclassiﬁed as dusty mixtures. More measurements and auxiliary data is needed to improve the classiﬁcation of pollen and certain challenges
need to be addressed. First, the minimum height of lidar observations needs to be
as low as possible. It can be assumed that most pollen is located close to the pollen
source, near the ground. The full overlap height of the operated lidar system is
at around 700 m which is rather high. A lower full overlap height and therefore
lower proﬁles would provide more conclusive results. Second, the contribution of
other aerosols such as anthropogenic pollution needs to be determined to separate
the effect of pollen and background aerosol on the observed proﬁles using established separation methodologies for example by Tesche et al. (2009b). Moreover,
the contribution of different pollen types needs to be determined to get characteristic values for speciﬁc pollen types. For this purpose, measurement with only one
pollen type are needed.
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4.2 Depolarization ratio of pure pollen
Using lidar remote sensing we always measure the optical properties of the mixture of different aerosols in the atmosphere. Pollen is mixed with background
aerosols and the optical properties of speciﬁc pollen types cannot be measured
directly. Tesche et al. (2009a) provides a method to separate backscatter proﬁles
of depolarizing and non-depolarizing aerosols based on the difference of the depolarization ratio. This method could also be used to estimate the contribution
of pollen to the lidar signal. However, the method requires the knowledge of the
depolarization ratio of pure pollen, which is the desired property. We therefore
developed an algorithm to estimate the depolarization ratio of pure pollen based
on lidar measurements which is presented in Paper II.
For this method, backscatter measurements at two or more wavelengths are necessary as the Ångström exponent Å par,bsc (λ1 , λ2 ) is needed. Furthermore, the
particle depolarization ratio δ par needs to be measured and the particle depolarization ratio of the background aerosol i.e. non-pollen particles δ bg has to be known
or reasonably well estimated. The method relies on the fact that pollen grains
are coarse mode particles and presumably depolarizing (non-spherical shape),
while background aerosol (e.g. pollution) consists of non-depolarizing, ﬁne mode
particles. The Ångström exponents and depolarization ratios of the two aerosol
types (pollen and background aerosol) therefore differ. The total backscatterrelated Ångström exponent is measured and the background depolarization ratio
is determined as the mean value of pollen-free periods at the measurement site.
To estimate the depolarization ratio of pure pollen, the Ångström exponent of pure
pollen Åpollen is needed. However, there are no such values in the literature. As
pollen grains are quite big and thus can be assumed to be wavelength-independent
on the backscatter at the lidar wavelengths 355 and 532 nm, we assume that the
backscatter-related Ångström exponent at 355/532 nm should be 0. This assumption is necessary as otherwise it would not be possible to infer the depolarization
ratio of pure pollen. However, in the future additional measurements to determine the Ångström exponent of pure pollen would be beneﬁcial. The depolarization
ratio of pure pollen δ pol l en can then be determined using an iterative approach.
Table 5 summarizes the necessary parameters and the ﬂow chart in Fig. 7 illustrates
the method to retrieve the depolarization ratio values for pure pollen.
Using the measured total particle backscatter coefﬁcient and depolarization ratio,
the background depolarization ratio (δ bg = 0.03 in Vehmasmäki) and an estimated pollen depolarization ratio δ x , it is possible to calculate the pollen backscatter β pol len (δ x , λ2 ) following the method described by Tesche et al. (2009a).
The pollen backscatter contribution χ pollen (δ x , λ2 ) is deﬁned as the ratio of the
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Table 5 Description of the parameters used to derive the pollen depolarization ratio.
measured
β par

total particle backscatter coefﬁcient

δ par

particle depolarization ratio

Å par,bsc (λ1 , λ2 )

backscatter-related Ångström exponent of total particles

δbg

background depolarization ratio (i.e. in the absence of pollen)

assumed
Å pol l en
δx

backscatter-related Ångström exponent of pure pollen
depolarization ratio of pure pollen; δ x ∈ [δ b g , 1]

calculated
(δ

−δ b g )(1+δ pol l en )

β pol l en (δ x , λ2 )

pollen backscatter coefﬁcient; β pol l en = β par (δpar

χ pol l en (δ x , λ2 )

pollen backscatter contribution; χ pol l en (δ x , λ2 ) =

η

function of Ångström exponent; η =

pol l en −δ b g )(1+δ par )

β pol l en (δ x ,λ2 )
β par (λ2 )

λ1 −Å par (λ1 ,λ2 )
λ2

Figure 7 Flow chart of the retrieval method of the depolarization ratio value for pure
pollen. Yellow boxes show measured (or simulated) parameters, blue boxes represent
the assumptions/manual input and green boxes are the estimations/calculations. Figure
adapted from Paper II © 2020 Atmospheric Chemistry and Physics.
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pollen backscatter coefﬁcient to the total particle backscatter coefﬁcient and can
theoretically range between 0, meaning no pollen, and 1 which means 100% of
the aerosols are pollen. To investigate the relationship of the measured Ångström
exponent Å par,bsc (λ1 , λ2 ) and the pollen backscatter contribution χ pollen (δ x , λ2 ),
another parameter η is introduced which is a function of the Ångström exponent.
For different assumed pollen depolarization ratios and therefore different pollen
backscatter contributions, η gives a perfect linear relationship with χ. For each
assumed δ x , the η value for 100% pollen contribution (χ pollen (δ x , λ2 ) = 1) can
be deﬁned as the value for pure pollen (η pur e (δ x , λ2 )). Assuming pure pollen has
a backscatter-related Ångström exponent of 0, η for pure pollen should be 1. By
iterating through different δ x , the δ x resulting in η pur e (δ x , λ2 ) = 1 can be found.
Finally, the δ x when η pur e = 1 is the pollen depolarization ratio under the assumption that the Ångström exponent of pure pollen is zero.
This new method was applied to the lidar observations of the 2016 pollen campaign in Vehmasmäki to determine the depolarization ratio of pure pollen. Four
intense pollination periods (IPPs) were chosen considering the pollen seasons,
daily mean pollen concentration values of the dominant pollen type and the
availability of lidar data. IPP-1 and IPP-2 are within the birch pollen season.
During IPP-1 almost exclusively birch pollen was detected, while during IPP-2 a
signiﬁcant amount of spruce pollen was present. IPP-3 consists of two periods
within the pine pollen season and IPP-4 was during the nettle pollen season. The
optical properties of observed pollen layers in those periods were determined. As
in Paper I, a wide range of lidar ratios and high backscatter-related Ångström
exponents were observed. This indicates the dominance of ﬁne-mode background
aerosol to the backscatter signal and suggests that the lidar ratio and Ångström
exponent alone are not suitable parameters to characterize pollen types. The
depolarization ratio, however, showed enhanced values in the presence of pollen
and even higher values in the presence of non-spherical pine and spruce pollen.
The algorithm was then applied to the proﬁles detected during the IPPs assuming
that there are only pollen and non-depolarizing background aerosols in the air.
Under the assumption that the backscatter-related Ångström exponent of pure
pollen between 355 and 532 nm is 0, a depolarization ratio of 0.24 at 532 nm
and 0.17 at 355 nm for the birch period (IPP-1) was found. For the pine period
(IPP-3) depolarization ratios of 0.36 at 532 nm and 0.30 at 355 nm were estimated
(Table 6). These results suggest a spectral dependence of the depolarization ratio
of pollen with higher depolarization ratio values at larger wavelengths. This could
be a key factor for the detection and characterization of pollen and will be further
investigated in Paper IV. Depolarization ratios for pure spruce and pure nettle
pollen could not be retrieved with the obtained dataset. During IPP-2, spruce
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pollen was always observed simultaneously with birch and with a varying mixing
rate. During IPP-4 relatively small depolarization ratios with small variation have
been observed for nettle pollen which complicated the separation.
Table 6 Linear depolarization ratio of birch and pine pollen under the assumption that the
backscatter-related Ångström exponent between 355 and 532 nm for pollen is 0.

Pollen type

δ 532 nm

δ 355 nm

Birch
Pine

0.24 ± 0.01
0.36 ± 0.01

0.17
0.30

This study presents a method to determine the depolarization ratio of pollen when
there is a mixture of a depolarizing (pollen) and a non-depolarizing aerosol type
under the condition that the depolarization ratio of pollen is the only unknown
variable. The depolarization ratio of the non-depolarizing aerosols needs to be
known or reasonably well estimated. Furthermore, the Ångström exponent of
total particles and pollen has to be known or estimated. As the Ångström exponent of pure pollen is not known so far, the assumption that it is 0 may cause
a non-negligible bias. Thus, measuring the Ångström exponent of pure pollen,
for example in laboratory experiments, would be beneﬁcial and would certainly
improve the determination of pure pollen depolarization ratios.

4.3 Utilization of Halo Doppler lidar depolarization to detect pollen
Currently, depolarization ratios are usually determined at the relatively short lidar
wavelengths 355 and 532 nm and less often at the longer wavelengths 710 and
1064 nm. However, for certain studies, especially when investigating the spectral dependency, the depolarization ratio at longer wavelengths can provide additional information. In Paper III, we investigated the potential of commercially
available Halo StreamLine Doppler lidars to obtain the depolarization ratio in
the near infrared, at 1565 nm, to potentially extend the pollen studies with another wavelength. Halo StreamLine Doppler lidars are widely used for wind and
turbulence studies, but using the post-processing recently developed by Vakkari
et al. (2019), signiﬁcantly weaker signals than before can be used. This opens up
new possibilities for determining the depolarization ratio using Halo Doppler lidar
measurements.
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Figure 8 Averaged proﬁles on 15 May 2016, 19:00-21:00 UTC at Vehmasmäki. (a)
Backscatter coefﬁcient at 355, 532 and 1064 nm by PollyXT and attenuated backscatter at
1565 nm by Halo Doppler lidar. (b) Particle linear depolarization ratio at 532 nm (PollyXT )
and 1565 nm (Halo). Error bars on the Halo depolarization proﬁle represent measurement
uncertainty. Figure from Paper III © 2021 Atmospheric Chemistry and Physics.

Halo StreamLine Doppler lidars can be equipped with a cross-polar receiver channel and co- and cross-polar signals can be detected consecutively. The depolarization ratio is calculated as the ratio of cross-polar to co-polar SNR, but in order
to be used for aerosol characterization it needs to be calibrated. As Halo StreamLine Doppler lidars do not include a calibrator for the depolarization channel, the
calibration needs to be done using the depolarization ratio at liquid cloud base.
Spherical cloud droplets do not polarize the backscattered light and non-zero depolarization at the base of liquid clouds indicates incomplete extinction, or bleedthrough, in the internal polarizer. After accounting for the bleed-through, the depolarization ratio at 1565 nm can be determined. Because of the long wavelength
and low pulse energy, no molecular scattering is observed in the signal and the
measured depolarization ratio can be considered as particle depolarization ratio.
We compared the depolarization measurements of Halo Doppler lidars with co-
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located measurements of two PollyXT systems in different measurement environments. Dust, marine and polluted cases have been observed during a campaign
from 21 April to 22 May 2017 in Limassol, Cyprus and atmospheric pollen, mainly
birch and spruce pollen, has been observed from 9 to 16 May 2016 in Vehmasmäki, Finland. Figure 8 shows an example of backscatter and depolarization ratio
proﬁles in Vehmasmäki during a day with a mixture of birch and spruce pollen.
The particle depolarization ratio at 1565 nm is almost constant, while it decreases
with height at 532 nm. This is probably caused by the higher sensitivity of the
longer Halo wavelength to larger particles. The Halo signal is likely dominated
by pollen grains, while at the shorter wavelength the increasing fraction of nonpollen particles with increasing height contributes to the signal. Comparisons under different aerosol conditions with the PollyXT operated in Limassol, showed
good agreement to previous studies at multiple wavelengths. For example for a
case with fresh mineral dust, particle depolarization ratios at 1565 nm ranging
from 0.29 to 0.32 were found and very low PDRs were found for polluted marine
aerosol conditions.
Overall, Halo Doppler lidars can provide reasonable depolarization measurements
with comparable quality to PollyXT measurements when the aerosol signal is
strong. Halo Doppler lidars have a much less powerful laser than PollyXT systems,
therefore the vertical extent of usable signal is limited. In the lowest 2-3 km, however, it can be used to add another wavelength to aerosol typing studies and can
improve the distinction of different aerosol types using the spectral dependence.

4.4 Depolarization ratios at multiple wavelengths to characterize pollen
In Paper I, we have seen that the depolarization ratio can be used to detect pollen in the atmosphere. Paper II suggested a wavelength dependence of the depolarization ratio and Paper III showed that Halo Doppler lidars can be used to
investigate the depolarization ratio at 1565 nm. Hence in Paper IV, we utilized
the measurements of a co-located Halo Doppler lidar together with an upgraded
PollyXT lidar system during the pollen season 2019 in Vehmasmäki. The upgraded
system has two depolarization channels at 355 and 532 nm and near-range capacities. Thus, it is possible to obtain proﬁles much closer to the ground (i.e. pollen
source) and depolarization ratios at three wavelengths, 355, 532 and 1565 nm,
can be detected.
Several periods with high pollen concentration have been observed. This study
focuses on an intense birch and spruce pollen event from 16 - 19 May 2019 with
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unusually high depolarization ratios. During this event maximal bi-hourly pollen
number concentrations of up to 9000 grains per m3 were observed. The amount
of spruce pollen increased towards the end and a clearly different depolarization
ratio was observed on the day with highest spruce concentration. Figure 9 shows
a case study from each day of the 4-day period. The particle depolarization ratio
at 532 and 1565 nm is clearly higher on the day with the highest spruce pollen
share (see bar chart), while the PDR at 355 nm is around the same on all days.
The increased depolarization on 19 May is likely linked to the large amount of
spruce pollen. The PDR at 1565 nm is almost constant with height, while the
depolarization at smaller wavelengths decreases with height. This behaviour has
already been observed in Paper III and can be explained with the higher sensitivity
of larger wavelengths to bigger particles such as pollen and lower sensitivity to
smaller background aerosol. The depolarization ratios presented in this study are
very high compared to commonly observed depolarization ratios for non-spherical
particles. However, very high depolarization ratios of 0.5-1 have been observed for
large dust, silt-sized and sand particles (> 10 μm) by Ansmann et al. (2009) and
could also be characteristic for pollen grains considering their large size. Other
possible reasons for such high depolarization ratios could be highly non-spherical
pollen fragments caused by the rupture of bigger pollen grains or uneven surface

Figure 9 Case studies from each day of the 4-day intense period. Backscatter coefﬁcient
and particle depolarization ratio at 355 and 532 nm by PollyXT (a-d), attenuated backscatter and particle depolarization ratio at 1565 nm by Halo Doppler lidar (e-f). The pollen
concentration during the 2-h period from 9-11 UTC each day is shown in the bar chart.
Green represents birch, red is representing spruce pollen. Figure from Paper IV © 2021
Atmospheric Chemistry and Physics.
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structures of speciﬁc pollen types.
The whole period has been analyzed in 2-hour time intervals and investigated according to the share of spruce pollen. On the day with the highest spruce pollen
share (22% of the total pollen number concentration), mean particle depolarization ratios of 0.46±0.26 and 0.30±0.09 were detected at 532 and 1565 nm respectively, in pollen layers down to around 350 m. Proﬁles at 355 nm could only
be detected down to 900 m due to an overlap issue on the 355 nm far-range channel. Mean PDR values in pollen layers down to 900 m were 0.10±0.02, 0.38±0.23
and 0.29±0.10 at 355, 532 and 1565 nm, respectively. On the other days with
signiﬁcantly less spruce pollen contribution, the spectral dependence is much less
pronounced (Fig. 10). Similar wavelength dependence with the maximum depolarization at the intermediate wavelength has already been observed in laboratory
experiments for pine pollen by Cao et al. (2010). A wavelength dependence of the
depolarization ratio might be characteristic for large, non-spherical pollen such
as conifer pollen types and could be the key for pollen classiﬁcation in automatic
aerosol typing algorithms as it differs from other depolarizing aerosols like dust.
Moreover, cases with a high share of spruce pollen were found to have a negative backscatter-related Ångström exponent. The Klett-Fernald method was used

Figure 10 Spectral dependence of the mean particle depolarization ratio of the days 16
- 19 May 2019. Laboratory-derived depolarization ratios by Cao et al. (2010) for pine
and birch pollen are presented with empty markers. Error bars represent the standard
deviation. Figure from Paper IV © 2021 Atmospheric Chemistry and Physics.
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to derive the backscatter coefﬁcients, the Ångström exponent is therefore directly
affected by the assumption of the lidar ratio. However, different lidar ratios within
reasonable range (30-80 sr) still lead to negative values. Negative Ångström exponents have previously been reported for mineral dust, but could also be a characteristic feature of spruce pollen. Those features can help to distinguish pollen
from other aerosol types and improve aerosol typing algorithms. To determine,
however, whether whole non-spherical pollen grains are causing the high depolarization ratios or pollen fragments and the pollen surface are contributing to the
observations as well, more studies are needed. Non-spherical pollen fragments and
the surface structure of speciﬁc pollen types could possibly affect the observed depolarization ratio, but could not be determined in this study. In future studies, the
amount of pollen fragments should be recorded and the effect of surface patterns
needs to be determined. This could be achieved using ground-based or airborne
in-situ measurements for example onboard balloons or drones.
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5 Conclusions
Atmospheric pollen is not only the cause of many allergy-related diseases, it also
affects the climate by directly scattering sunlight and by acting as CCN and INP
and therefore affecting cloud formation. Thus, a good understanding of the distribution and transport of pollen is needed to verify and improve pollen and climate
models. However, pollen type and concentration are usually measured on ground
level and information about the vertical distribution is mostly missing. Lidar is an
excellent tool to investigate the vertical distribution of aerosols in the atmosphere
as measurements from ground to several kilometers altitude are possible with high
vertical and temporal resolution and without affecting the aerosol in its ambient
conditions.
In this study, we investigated how the lidar technique can be used to detect and
characterize pollen in the atmosphere. The ﬁrst objective of this thesis, stated in
the introduction, was to explore the capabilities of multiwavelength Raman polarization lidars for the detection and characterization of pollen. We found that in
the presence of pollen, especially non-spherical spruce pollen, enhanced depolarization ratios can be observed (Paper I). The depolarization ratio seems to be the
most useful parameter for the characterization of different pollen types when they
exhibit different shapes. The presented observations suggest that the backscattering, lidar ratio and Ångström exponent may be dominated by background aerosol
and should be considered with caution for pollen characterization. Paper I has
demonstrated that the detection of pollen, although challenging, is possible. It
has also been shown that certain points need to be addressed in order to improve
the detection of pollen. These are for example the minimal detection height, which
has been addressed in Paper IV by adding a near-ﬁeld unit to the operated lidar
system and the importance of the depolarization ratio which is the main focus of
Paper II to IV.
The second objective was to investigate the depolarization ratio of pure pollen.
Using lidar measurements we always observe a mixture of different aerosols in the
atmosphere, but to characterize the optical properties of pollen, they need to be
separated from the background aerosol. In Paper II we presented a method to
estimate the depolarization ratio of pollen using lidar measurements. The method
uses the assumption that the backscattering on pure pollen is wavelength independent and the backscatter-related Ångström exponent is therefore zero. Under
this assumption, a depolarization ratio of 0.24 and 0.36 at 532 nm and 0.17 and
0.30 at 355 nm has been found for birch and pine, respectively.
In Paper III, we explored if Halo Doppler lidar measurements can be used to add
another depolarization wavelength to our pollen studies. In the presented study,
we showed that after applying a calibration method using the depolarization ratio
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at liquid cloud base, Halo Doppler lidars can provide reasonable depolarization
measurements at least in the lowest 2-3 km. The detected depolarization ratio can
be considered as particle depolarization ratio because of the long wavelength and
low pulse energy of Halo Doppler lidars. A comparison with co-located PollyXT
measurements during the campaign in Vehmasmäki 2016 showed an almost constant PDR at 1565 nm in contrast to the PDR at 532 nm for cases with birch and
spruce pollen in the atmosphere. This is an interesting ﬁnding and could be explained by the higher sensitivity of longer wavelengths to larger particles such as
pollen.
As result of the previous studies, we utilized measurements of an upgraded version
of PollyXT with near-range capacities and a second depolarization channel and
co-located Halo Doppler lidar measurements during a second pollen campaign in
Vehmasmäki. In Paper IV, depolarization ratios at three wavelengths 355, 532 and
1565 nm are presented and it is investigated if the depolarization ratio at multiple
wavelengths can be used to characterize atmospheric pollen. We found that in the
presence of large, non-spherical spruce pollen, depolarization ratios at 532 and
1565 nm are clearly higher than on days with less or no spruce pollen contribution.
There is a wavelength dependence of the depolarization ratio with highest value
at 532 nm, which could be characteristic for large, non-spherical pollen such as
conifer pollen. This wavelength dependence could be the key for recognizing and
classifying pollen as it differs pollen from other depolarizing aerosol.
Overall, the presented results demonstrate that multiwavelength lidar measurements can be used to track the presence of pollen in the atmosphere. Especially
the depolarization ratio seems to be a valuable parameter for the detection and
characterization of pollen. For the ﬁrst time, depolarization ratios of atmospheric
pollen in ambient conditions were detected at three wavelengths. Depolarization
measurements obtained with Halo Doppler lidar proved to be a useful addition
to measurements with a PollyXT Raman lidar. A spectral dependence of the depolarization ratio has been found which could be an indicator for non-spherical
pollen. Nevertheless, future studies are needed to obtain a more comprehensive
database. Especially observations with only one pollen type are needed to determine the optical properties of a speciﬁc pollen type in the atmosphere. These values
are needed as otherwise the observed values are only representative for the exact
same mixture of the observed pollen types. Also determining the Ångström exponent of pure pollen, for example in laboratory experiments, would improve the
estimation of the depolarization ratio of pure pollen and therefore the detection
and the classiﬁcation of pollen using depolarization ratio values. In future studies,
pollen fragments should be recorded to identify the impact of whole pollen grains
and smaller pollen fragments to the lidar measurements. Drone- or balloon-based
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in-situ observations could be used to complement the lidar observations and to
determine the pollen mixing with height. Furthermore, the application of other
lidar systems e.g. ﬂuorescence lidars in combination with Raman polarization lidar
measurements could signiﬁcantly improve the detection of pollen. Moreover, ways
to separate different depolarizing aerosol types need to be explored, as otherwise
it will be difﬁcult to implement the detection of pollen using polarization lidar
measurement in regions other than remote forest areas.
The results of this thesis present a valuable basis for future studies and can help
to improve the detection and classiﬁcation of pollen. Correctly classiﬁed pollen
could enable an almost near-real time detection of pollen, not only on ground
level but also in the air. Applying pollen detection to satellite based aerosol classiﬁcations, for example to Calipso or EarthCare classiﬁcations, would furthermore
extend pollen detection to global scale. Lidar proﬁles could then be used to evaluate pollen dispersion models and subsequently improve pollen forecasts which
would substantially improve the well-being of allergy sufferers.

56

6 Author’s contribution

Paper I

Bohlmann, S., X. Shang, E. Giannakaki, M. Filioglou, A. Saarto,
S. Romakkaniemi, and M. Komppula (2019), Detection and characterization of birch pollen in the atmosphere using a multiwavelength Raman polarization lidar and Hirst-type pollen
sampler in Finland, Atmospheric Chemistry and Physics, 19(23),
14559–14569, doi: 10.5194/acp-19-14559-2019
Author’s contribution: The author was responsible for conceptualizing the methodology with support of the supervisors. Furthermore, the author analyzed the lidar data and wrote the manuscript.

Paper II

Shang, X., E. Giannakaki, S. Bohlmann, M. Filioglou, A. Saarto,
A. Ruuskanen, A. Leskinen, S. Romakkaniemi, and M. Komppula
(2020), Optical characterization of pure pollen types using a multiwavelength Raman polarization lidar, Atmospheric Chemistry and
Physics, 20(23), 15323–15339, doi: 10.5194/acp-20-15323-2020
Author’s contribution: The author contributed to the conceptualizing of the methodology and contributed to the scientiﬁc discussion.

Paper III

Vakkari, V., H. Baars, S. Bohlmann, J. Bühl, M. Komppula, R.-E.
Mamouri, and E. J. O’Connor (2021), Aerosol particle depolarization ratio at 1565 nm measured with a Halo Doppler lidar, Atmospheric Chemistry and Physics, 21(8), 5807–5820, doi: 10.5194/
acp-21-5807-2021
Author’s contribution: The author performed the data analysis of
the Raman lidar data and contributed to the scientiﬁc discussion.

Paper IV

Bohlmann, S., X. Shang, V. Vakkari, E. Giannakaki, A. Leskinen,
K. E. J. Lehtinen, S. Pätsi, and M. Komppula (2021), Lidar depolarization ratio of atmospheric pollen at multiple wavelengths,
Atmospheric Chemistry and Physics, 21(9), 7083–7097, doi: 10.
5194/acp-21-7083-2021
Author’s contribution: The author was responsible for the lidar
observations and the collection of the Burkard pollen samples.
Furthermore, the author performed the data analysis and conceptualized and wrote the manuscript with support of the co-authors.

57

Bibliography
Abo, M. (2005), Resonance Scattering Lidar, in Lidar: Range-Resolved Optical Remote Sensing of the Atmosphere, edited by C. Weitkamp, pp. 307–324, Springer.
Ackerman, J. D. (2000), Abiotic pollen and pollination: ecological, functional, and
evolutionary perspectives BT - Pollen and Pollination, in Pollen and Pollination,
edited by A. Dafni, M. Hesse, and E. Pacini, chap. Abiotic po, pp. 167–185,
Springer Vienna, Vienna, doi: 10.1007/978-3-7091-6306-1_9.
Albrecht, B. (1989), Aerosols, cloud microphysics, and fractional cloudiness, Science, 245, 1227–1230, doi: 10.1126/science.245.4923.1227.
Althausen, D., R. Engelmann, H. Baars, B. Heese, A. Ansmann, D. Müller, and
M. Komppula (2009), Portable Raman lidar PollyXT for automated proﬁling of
aerosol backscatter, extinction, and depolarization, Journal of Atmospheric and
Oceanic Technology, 26, 2366–2378, doi: 10.1175/2009JTECHA1304.1.
Andersen, T. B. (1991), A model to predict the beginning of the pollen season,
Grana, 30(1), 269–275, doi: 10.1080/00173139109427810.
Ångström, A. (1929), On the Atmospheric Transmission of Sun Radiation and on
Dust in the Air, Geograﬁska Annaler, 11, pp. 156–166, doi: 10.2307/519399.
Ansmann, A., and D. Müller (2005), Lidar and atmospheric aerosol particles, in
Lidar: Range–Resolved Optical Remote Sensing of the Atmosphere, edited by
C. Weitkamp, pp. 105–142, Springer.
Ansmann, A., M. Riebesell, and C. Weitkamp (1990), Measurement of atmospheric
aerosol extinction proﬁles with a Raman lidar, Optics Letters, 15, 746–748.
Ansmann, A., U. Wandinger, M. Riebesell, C. Weitkamp, and W. Michaelis (1992),
Independent measurement of extinction and backscatter proﬁles in cirrus clouds
by using a combined Raman elastic-backscatter lidar, Applied Optics, 31, 7113–
7131.
Ansmann, A., M. Tesche, P. Knippertz, E. Bierwirth, D. Althausen, D. Müller, and
O. Schulz (2009), Vertical proﬁling of convective dust plumes in southern Morocco during SAMUM, Tellus B: Chemical and Physical Meteorology, 61(1), 340–
353, doi: 10.1111/j.1600-0889.2008.00384.x.
Antuña-Marrero, J. C., E. Landulfo, R. Estevan, B. Barja, A. Robock, E. Wolfram,
P. Ristori, B. Clemesha, F. Zaratti, R. Forno, E. Armandillo, Á. E. Bastidas, Á. M. de

58

Frutos Baraja, D. N. Whiteman, E. Quel, H. M. J. Barbosa, F. Lopes, E. MontillaRosero, and J. L. Guerrero-Rascado (2017), LALINET: The First Latin AmericanBorn Regional Atmospheric Observational Network, Bulletin of the American
Meteorological Society, 98(6), 1255–1275, doi: 10.1175/BAMS-D-15-00228.1.
Baars, H., T. Kanitz, R. Engelmann, D. Althausen, B. Heese, M. Komppula,
J. Preißler, M. Tesche, A. Ansmann, U. Wandinger, J.-H. Lim, J. Y. Ahn, I. S. Stachlewska, V. Amiridis, E. Marinou, P. Seifert, J. Hofer, A. Skupin, F. Schneider, S. Bohlmann, A. Foth, S. Bley, A. Pfüller, E. Giannakaki, H. Lihavainen, Y. Viisanen,
R. K. Hooda, S. N. Pereira, D. Bortoli, F. Wagner, I. Mattis, L. Janicka, K. M.
Markowicz, P. Achtert, P. Artaxo, T. Pauliquevis, R. A. F. Souza, V. P. Sharma,
P. G. van Zyl, J. P. Beukes, J. Sun, E. G. Rohwer, R. Deng, R.-E. Mamouri,
and F. Zamorano (2016), An overview of the ﬁrst decade of PollyNET: an
emerging network of automated Raman-polarization lidars for continuous aerosol proﬁling, Atmospheric Chemistry and Physics, 16(8), 5111–5137, doi:
10.5194/acp-16-5111-2016.
Baars, H., P. Seifert, R. Engelmann, and U. Wandinger (2017), Target categorization of aerosol and clouds by continuous multiwavelength-polarization lidar
measurements, Atmospheric Measurement Techniques, 10(9), 3175–3201, doi:
10.5194/amt-10-3175-2017.
Behrendt, A. (2005), Temperature Measurements with Lidar, in Lidar: Range–
Resolved Optical Remote Sensing of the Atmosphere, edited by C. Weitkamp,
pp. 273–303, Springer.
Bender, F. A.-M. (2020), Aerosol Forcing: Still Uncertain, Still Relevant, AGU Advances, 1(3), e2019AV000128, doi: 10.1029/2019AV000128.
Biedermann, T., L. Winther, S. J. Till, P. Panzner, A. Knulst, and E. Valovirta (2019),
Birch pollen allergy in Europe, Allergy, 74(7), 1237–1248, doi: 10.1111/all.
13758.
Blackley, C. H. (1873), Experimental researches on the causes and nature of Catarrhus Aestivus (hay-fever and hay-asthma), 234 pp., Baillière, Tindall & Cox,
London.
Blackmore, S., J. A. Steinmann, P. Hoen, and W. Punt (2003), BETULACEAE and
CORYLACEAE, Review of Palaeobotany and Palynology, 123(1-2), 71–98, doi:
10.1016/S0034-6667(02)00156-2.
Bohlmann, S., H. Baars, M. Radenz, R. Engelmann, and A. Macke (2018), Shipborne aerosol proﬁling with lidar over the Atlantic Ocean: From pure marine

59

conditions to complex dust-smoke mixtures, Atmospheric Chemistry and Physics, 18(13), doi: 10.5194/acp-18-9661-2018.
Bohlmann, S., X. Shang, E. Giannakaki, M. Filioglou, A. Saarto, S. Romakkaniemi,
and M. Komppula (2019), Detection and characterization of birch pollen in the
atmosphere using a multiwavelength Raman polarization lidar and Hirst-type
pollen sampler in Finland, Atmospheric Chemistry and Physics, 19(23), 14559–
14569, doi: 10.5194/acp-19-14559-2019.
Bohlmann, S., X. Shang, V. Vakkari, E. Giannakaki, A. Leskinen, K. E. J. Lehtinen,
S. Pätsi, and M. Komppula (2021), Lidar depolarization ratio of atmospheric pollen at multiple wavelengths, Atmospheric Chemistry and Physics, 21(9), 7083–
7097, doi: 10.5194/acp-21-7083-2021.
Bösenberg, J. (2005), Differential-Absorption Lidar for Water Vapor and Temperature Proﬁling, in Lidar: Range-Resolved Optical Remote Sensing of the Atmosphere, edited by C. Weitkamp, pp. 213–239, Springer.
Bostock, J. (1819), Case of a Periodical Affection of the Eyes and Chest, Medicochirurgical transactions, 10(Pt 1), 161–165.
Boucher, O. (2015), Atmospheric Aerosols, pp. 9–24, Springer Netherlands,
Dordrecht, doi: 10.1007/978-94-017-9649-1_2.
Bousquet, J., N. Khaltaev, A. A. Cruz, J. Denburg, W. J. Fokkens, A. Togias, T. Zuberbier, C. E. Baena-Cagnani, G. W. Canonica, C. Van Weel, I. Agache, N. AïtKhaled, C. Bachert, M. S. Blaiss, S. Bonini, L.-P. Boulet, P.-J. Bousquet, P. Camargos, K.-H. Carlsen, Y. Chen, A. Custovic, R. Dahl, P. Demoly, H. Douagui,
S. R. Durham, R. G. Van Wijk, O. Kalayci, M. A. Kaliner, Y.-Y. Kim, M. L. Kowalski, P. Kuna, L. T. T. Le, C. Lemiere, J. Li, R. F. Lockey, S. Mavale-Manuel,
E. O. Meltzer, Y. Mohammad, J. Mullol, R. Naclerio, R. E. O’Hehir, K. Ohta,
S. Ouedraogo, S. Palkonen, N. Papadopoulos, G. Passalacqua, R. Pawankar, T. A.
Popov, K. F. Rabe, J. Rosado-Pinto, G. K. Scadding, F. E. R. Simons, E. Toskala,
E. Valovirta, P. Van Cauwenberge, D.-Y. Wang, M. Wickman, B. P. Yawn, A. Yorgancioglu, O. M. Yusuf, H. Zar, I. Annesi-Maesano, E. D. Bateman, A. B. Kheder,
D. A. Boakye, J. Bouchard, P. Burney, W. W. Busse, M. Chan-Yeung, N. H.
Chavannes, A. Chuchalin, W. K. Dolen, R. Emuzyte, L. Grouse, M. Humbert,
C. Jackson, S. L. Johnston, P. K. Keith, J. P. Kemp, J.-M. Klossek, D. LarenasLinnemann, B. Lipworth, J.-L. Malo, G. D. Marshall, C. Naspitz, K. Nekam,
B. Niggemann, E. Nizankowska-Mogilnicka, Y. Okamoto, M. P. Orru, P. Potter,
D. Price, S. W. Stoloff, O. Vandenplas, G. Viegi, and D. Williams (2008), Allergic

60

Rhinitis and its Impact on Asthma (ARIA) 2008*, Allergy, 63(86), 8–160, doi:
10.1111/j.1398-9995.2007.01620.x.
Bové, H., E. Bongaerts, E. Slenders, E. M. Bijnens, N. D. Saenen, W. Gyselaers,
P. Van Eyken, M. Plusquin, M. B. J. Roeffaers, M. Ameloot, and T. S. Nawrot
(2019), Ambient black carbon particles reach the fetal side of human placenta,
Nature communications, 10(1), 3866, doi: 10.1038/s41467-019-11654-3.
Buters, J. T. M., C. Antunes, A. Galveias, K. C. Bergmann, M. Thibaudon,
C. Galán, C. Schmidt-Weber, and J. Oteros (2018), Pollen and spore monitoring in the world, Clinical and Translational Allergy, 8(1), 9, doi: 10.1186/
s13601-018-0197-8.
Bykowska, J., and M. Klimko (2015), Pollen Morphology of Pinus mugo Turra ×
Pinus sylvestris L. Hybrids and Parental Species in an Experimental Culture, Acta
Biologica Cracoviensia s. Botanica, 57(1), doi: 10.1515/abcsb-2015-0009.
Cao, X., G. Roy, and R. Bernier (2010), Lidar polarization discrimination of bioaerosols, Optical Engineering, 49(11), 116201, doi: 10.1117/1.3505877.
Christenhusz, M. J. M., and J. W. Byng (2016), The number of known plants species
in the world and its annual increase, Phytotaxa, 261(3), 201–217.
Copernicus Land Monitoring Service (2018), Corine Land Cover 2018.
https://land.copernicus.eu/pan-european/corine-land-cover/clc2018,
accessed: 2021-02-12.
D’Amato, G., L. Cecchi, S. Bonini, C. Nunes, I. Annesi-Maesano, H. Behrendt,
G. Liccardi, T. Popov, and P. van Cauwenberge (2007), Allergenic pollen and
pollen allergy in Europe, Allergy, 62(9), 976–990, doi: 10.1111/j.1398-9995.
2007.01393.x.
Damialis, A., E. Kaimakamis, M. Konoglou, I. Akritidis, C. Traidl-Hoffmann, and
D. Gioulekas (2017), Estimating the abundance of airborne pollen and fungal
spores at variable elevations using an aircraft: how high can they ﬂy?, Scientiﬁc
Reports, 7(1), 44535, doi: 10.1038/srep44535.
Diehl, K., C. Quick, S. Matthias-Maser, S. K. Mitra, and R. Jaenicke (2001), The
ice nucleating ability of pollen Part I: Laboratory studies in deposition and condensation freezing modes, Atmospheric Research, 58, 75–87, doi: 10.1016/
S0169-8095(01)00091-6.

61

Diehl, K., S. Matthias-Maser, R. Jaenicke, and S. K. Mitra (2002), The ice nucleating ability of pollen: Part II. Laboratory studies in immersion and contact freezing modes, Atmospheric Research, 61, 125–133, doi: 10.1016/S0169-8095(01)
00132-6.
Engelmann, R., T. Kanitz, H. Baars, B. Heese, D. Althausen, A. Skupin,
U. Wandinger, M. Komppula, I. S. Stachlewska, V. Amiridis, E. Marinou, I. Mattis, H. Linné, and A. Ansmann (2016), The automated multiwavelength Raman
polarization and water-vapor lidar PollyXT: the neXT generation, Atmospheric
Measurement Techniques, 9(4), 1767–1784, doi: 10.5194/amt-9-1767-2016.
Erdtman, G. (1986), Pollen Morphology and Plant Taxonomy: Angiosperms,
BRILL, Leiden, The Netherlands.
FAO (2020), Global Forest Resources Assessment 2020: Main report, Tech. rep.,
Food and Agriculture Organization of the United Nations, Rome, doi: 10.4060/
ca9825en.
Fernald, F. G. (1984), Analysis of atmospheric lidar observations: some comments,
Applied Optics, 23, 652–653.
Fiocco, G., and L. D. Smullin (1963), Detection of Scattering Layers in the Upper
Atmosphere (60–140 km) by Optical Radar, Nature, 199(4900), 1275–1276,
doi: 10.1038/1991275a0.
Freudenthaler, V. (2016), About the effects of polarising optics on lidar signals and
the Δ90 calibration, Atmospheric Measurement Techniques, 9(9), 4181–4255,
doi: 10.5194/amt-9-4181-2016.
Freudenthaler, V., M. Esselborn, M. Wiegner, B. Heese, M. Tesche, A. Ansmann,
D. Müller, D. Althausen, M. Wirth, A. Fix, G. Ehret, P. Knippertz, C. Toledano,
J. Gasteiger, M. Garhammer, and M. Seefeldner (2009), Depolarization ratio
proﬁling at several wavelengths in pure Saharan dust during SAMUM 2006,
Tellus Series B, 61, 165–179.
Gabey, A. M., M. W. Gallagher, J. Whitehead, J. R. Dorsey, P. H. Kaye, and W. R.
Stanley (2010), Measurements and comparison of primary biological aerosol
above and below a tropical forest canopy using a dual channel ﬂuorescence
spectrometer, Atmospheric Chemistry and Physics, 10(10), 4453–4466, doi: 10.
5194/acp-10-4453-2010.
García-Mozo, H. (2017), Poaceae pollen as the leading aeroallergen worldwide: A
review, Allergy, 72(12), 1849–1858, doi: 10.1111/all.13210.

62

GDAS (2021), Global Data Assimilation System, meteorological data base.
Gimmestad, G. G. (2005), Differential-Absorption Lidar for Ozone and Industrial
Emissions, in Lidar: Range-Resolved Optical Remote Sensing of the Atmosphere,
edited by C. Weitkamp, pp. 187–212, Springer.
Goldberg, C., H. Buch, L. Moseholm, and E. R. Weeke (1988), Airborne Pollen Records in Denmark, 1977–1986, Grana, 27(3), 209–217, doi: 10.1080/
00173138809428928.
Grímsson, F., and R. Zetter (2011), Combined LM and SEM study of the Middle
Miocene (Sarmatian) palynoﬂora from the Lavanttal Basin, Austria: Part II.
Pinophyta (Cupressaceae, Pinaceae and Sciadopityaceae), Grana, 50(4), 262–
310, doi: 10.1080/00173134.2011.641450.
Groß, S., M. Tesche, V. Freudenthaler, C. Toledano, M. Wiegner, A. Ansmann,
D. Althausen, and M. Seefeldner (2011), Characterization of Saharan dust,
marine aerosols and mixtures of biomass-burning aerosols and dust by means
of multi-wavelength depolarization and Raman lidar measurements during
SAMUM 2, Tellus B, 63(4), 706–724, doi: 10.1111/j.1600-0889.2011.00556.x.
Groß, S., V. Freudenthaler, M. Wiegner, J. Gasteiger, A. Geiß, and F. Schnell (2012),
Dual-wavelength linear depolarization ratio of volcanic aerosols: Lidar measurements of the Eyjafjallajökull plume over Maisach, Germany, Atmospheric Environment, 48, 85–96, doi: 10.1016/j.atmosenv.2011.06.017.
Groß, S., V. Freudenthaler, M. Wirth, and B. Weinzierl (2015), Towards an aerosol
classiﬁcation scheme for future EarthCARE lidar observations and implications
for research needs, Atmospheric Science Letters, 16(1), 77–82, doi: 10.1002/
asl2.524.
Haarig, M., A. Ansmann, J. Gasteiger, K. Kandler, D. Althausen, H. Baars,
M. Radenz, and D. A. Farrell (2017), Dry versus wet marine particle optical properties: RH dependence of depolarization ratio, backscatter, and extinction from
multiwavelength lidar measurements during SALTRACE, Atmospheric Chemistry and Physics, 17(23), 14199–14217, doi: 10.5194/acp-17-14199-2017.
Haarig, M., A. Ansmann, H. Baars, C. Jimenez, I. Veselovskii, R. Engelmann, and
D. Althausen (2018), Depolarization and lidar ratios at 355, 532, and 1064 nm
and microphysical properties of aged tropospheric and stratospheric Canadian
wildﬁre smoke, Atmospheric Chemistry and Physics, 18(16), 11847–11861, doi:
10.5194/acp-18-11847-2018.

63

Halbritter, H., and H. Heigl (2020a), Picea abies. In: PalDat - A palynological
database. https://www.paldat.org/pub/Picea_abies/303740, accessed: 202103-30.
Halbritter, H., and H. Heigl (2020b), Pinus sylvestris. In: PalDat - A palynological database. https://www.paldat.org/pub/Pinus_sylvestris/303745, accessed: 2021-03-30.
Halbritter, H., and H. Schneider (2015), Poa annua. In: PalDat - A palynological
database. https://www.paldat.org/pub/Poa_annua/300031, accessed: 202103-30.
Halbritter, H., S. Ulrich, F. Grímsson, M. Weber, R. Zetter, M. Hesse, R. Buchner, M. Svojtka, and A. Frosch-Radivo (2018), Illustrated Pollen Terminology,
2 ed., XVIII, 483 pp., Springer International Publishing, Cham, doi: 10.1007/
978-3-319-71365-6.
Halbritter, H., B. Diethart, and H. Heigl (2020a), Betula pendula. In: PalDat - A
palynological database. https://www.paldat.org/pub/Betula_pendula/303759,
accessed: 2021-03-30.
Halbritter, H., H. Schneider, B. Diethart, and H. Heigl (2020b),
Urtica dioica. In:
PalDat - A palynological database. https://www.paldat.org/pub/Urtica_dioica/303780, accessed: 2021-03-30.
Hansen, J., M. Sato, and R. Ruedy (1997), Radiative forcing and climate response, Journal of Geophysical Research: Atmospheres, 102(D6), 6831–6864,
doi: https://doi.org/10.1029/96JD03436.
Haywood, J., and O. Boucher (2000), Estimates of the direct and indirect radiative
forcing due to tropospheric aerosols: A review, Reviews of Geophysics, 38(4),
513–543, doi: 10.1029/1999RG000078.
Hirst, J. M. (1952), An automatic volumetric spore trap, Annals of Applied Biology,
39(2), 257–265, doi: 10.1111/j.1744-7348.1952.tb00904.x.
Hoose, C., J. E. Kristjánsson, and S. M. Burrows (2010), How important is biological ice nucleation in clouds on a global scale?, Environmental Research Letters,
5(2), 24009, doi: 10.1088/1748-9326/5/2/024009.
Hughes, D. D., C. B. A. Mampage, L. M. Jones, Z. Liu, and E. A. Stone (2020),
Characterization of Atmospheric Pollen Fragments during Springtime Thunderstorms, Environmental Science & Technology Letters, 7(6), 409–414, doi:
10.1021/acs.estlett.0c00213.

64

Illingworth, A. J., H. W. Barker, A. Beljaars, M. Ceccaldi, H. Chepfer, N. Clerbaux,
J. Cole, J. Delanoë, C. Domenech, D. P. Donovan, S. Fukuda, M. Hirakata,
R. J. Hogan, A. Huenerbein, P. Kollias, T. Kubota, T. Nakajima, T. Y. Nakajima,
T. Nishizawa, Y. Ohno, H. Okamoto, R. Oki, K. Sato, M. Satoh, M. W. Shephard,
A. Velázquez-Blázquez, U. Wandinger, T. Wehr, and G.-J. van Zadelhoff (2015),
The EarthCARE Satellite: The Next Step Forward in Global Measurements of
Clouds, Aerosols, Precipitation, and Radiation, Bull. Amer. Meteor. Soc., 96,
1311–1332, doi: 10.1175/BAMS-D-12-00227.1.
IPCC (2013), Climate Change 2013: The Physical Science Basis. Contribution of
Working Group I to the Fifth Assessment Report of the Intergovernmental Panel
on Climate Change, 1535 pp. pp., Cambridge University Press.
Jato, V., F. Rodríguez-Rajo, P. Alcázar, P. De Nuntiis, C. Galán, and P. Mandrioli
(2006), May the deﬁnition of pollen season inﬂuence aerobiological results?,
Aerobiologia, 22(1), 13–25, doi: 10.1007/s10453-005-9011-x.
Johnson, B. T., K. P. Shine, and P. M. Forster (2004), The semi-direct aerosol effect:
Impact of absorbing aerosols on marine stratocumulus, Quarterly Journal of the
Royal Meteorological Society, 130(599), 1407–1422, doi: https://doi.org/10.
1256/qj.03.61.
Johnson, E. A., R. C. Meyer, R. E. Hopkins, and W. H. Mock (1939), The Measurement of Light Scattered by the Upper Atmosphere from a Search-Light Beam,
Journal of the Optical Society of America, 29(12), 512–517, doi: 10.1364/
JOSA.29.000512.
Joly, C., L. Barillé, M. Barreau, A. Mancheron, and L. Visset (2007), Grain and
annulus diameter as criteria for distinguishing pollen grains of cereals from wild
grasses, Review of Palaeobotany and Palynology, 146(1), 221–233, doi: 10.
1016/j.revpalbo.2007.04.003.
Katifori, E., S. Alben, E. Cerda, D. R. Nelson, and J. Dumais (2010), Foldable
structures and the natural design of pollen grains, Proceedings of the National Academy of Sciences, 107(17), 7635 LP – 7639, doi: 10.1073/pnas.
0911223107.
Kelly, F. J., and J. C. Fussell (2015), Air pollution and public health: emerging
hazards and improved understanding of risk, Environmental geochemistry and
health, 37(4), 631–649, doi: 10.1007/s10653-015-9720-1.
Kim, M.-H., A. H. Omar, J. L. Tackett, M. A. Vaughan, D. M. Winker, C. R. Trepte,
Y. Hu, Z. Liu, L. R. Poole, M. C. Pitts, J. Kar, and B. E. Magill (2018), The

65

CALIPSO Version 4 Automated Aerosol Classiﬁcation and Lidar Ratio Selection Algorithm, Atmospheric measurement techniques, 11(11), 6107–6135, doi:
10.5194/amt-11-6107-2018.
Klett, J. D. (1981), Stable analytical inversion solution for processing lidar returns,
Appl. Opt., 20(2), 211–220, doi: 10.1364/AO.20.000211.
Knight, C. A., R. B. Clancy, L. Götzenberger, L. Dann, and J. M. Beaulieu (2010),
On the Relationship between Pollen Size and Genome Size, Journal of Botany,
2010, 612017, doi: 10.1155/2010/612017.
Leblanc, T., R. J. Sica, J. A. E. van Gijsel, S. Godin-Beekmann, A. Haefele, T. Trickl,
G. Payen, and F. Gabarrot (2016), Proposed standardized deﬁnitions for vertical resolution and uncertainty in the NDACC lidar ozone and temperature algorithms – Part 1: Vertical resolution, Atmospheric Measurement Techniques,
9(8), 4029–4049, doi: 10.5194/amt-9-4029-2016.
Leuschner, R. M. (1993), Pollen, Experientia, 49(11), 931–942, doi: 10.1007/
BF02125639.
Lier, M., K. T. Korhonen, T. Packalen, T. Sauvula-Seppälä, T. Tuomainen, J. Viitanen,
A. Mutanen, E. Vaahtera, and J. Hyvärinen (2019), Finland’s forests 2019 :
Based on FOREST EUROPE Criteria and Indicators of Sustainable Forest Management.
Luke (2020), Finnish forest statistics 2020, Luonnonvarakeskus (Luke).
Mandrioli, P., M. G. Negrini, G. Cesari, and G. Morgan (1984), Evidence for long
range transport of biological and anthropogenic aerosol particles in the atmosphere, Grana, 23(1), 43–53, doi: 10.1080/00173138409428876.
Manninen, A. J., T. Marke, M. Tuononen, and E. J. O’Connor (2018), Atmospheric
Boundary Layer Classiﬁcation With Doppler Lidar, Journal of Geophysical Research: Atmospheres, 123(15), 8172–8189, doi: 10.1029/2017JD028169.
Miguel, A. G., P. E. Taylor, J. House, M. M. Glovsky, and R. C. Flagan (2006),
Meteorological Inﬂuences on Respirable Fragment Release from Chinese Elm
Pollen, Aerosol Science and Technology, 40(9), 690–696, doi: 10.1080/
02786820600798869.
Müller, D., A. Ansmann, I. Mattis, M. Tesche, U. Wandinger, D. Althausen, and
G. Pisani (2007), Aerosol–type–dependent lidar ratios observed with Raman
lidar, Journal of Geophysical Research: Atmospheres, 112, D16202, doi: 10.
1029/2006JD008292.

66

Muller, J. (1979), Form and Function in Angiosperm Pollen, Annals of the Missouri
Botanical Garden, 66(4), 593–632, doi: 10.2307/2398913.
Nicolae, D., J. Vasilescu, C. Talianu, I. Binietoglou, V. Nicolae, S. Andrei, and
B. Antonescu (2018), A neural network aerosol-typing algorithm based on
lidar data, Atmospheric Chemistry and Physics, 18(19), 14511–14537, doi:
10.5194/acp-18-14511-2018.
Niklas, K. J. (1985), The aerodynamics of wind pollination, The Botanical Review,
51(3), 328, doi: 10.1007/BF02861079.
Nilsson, S. T., J. Praglowski, and L. Nilsson (1977), Atlas of airborne pollen grains
and spores in northern Europe., 159 pp., Natur o. kultur, Stockholm.
Noh, Y. M., H. Lee, D. Müller, K. Lee, D. Shin, S. Shin, T. J. Choi, Y. J. Choi, and K. R.
Kim (2013a), Investigation of the diurnal pattern of the vertical distribution
of pollen in the lower troposphere using LIDAR, Atmospheric Chemistry and
Physics, 13(15), 7619–7629, doi: 10.5194/acp-13-7619-2013.
Noh, Y. M., D. Müller, H. Lee, and T. Choi (2013b), Inﬂuence of biogenic
pollen on optical properties of atmospheric aerosols observed by lidar over
Gwangju, South Korea, Atmospheric Environment, 69, 139–147, doi: 10.1016/
j.atmosenv.2012.12.018.
Oteros, J., G. Pusch, I. Weichenmeier, U. Heimann, R. Möller, S. Röseler, C. TraidlHoffmann, C. Schmidt-Weber, and J. T. Buters (2015), Automatic and Online
Pollen Monitoring, International Archives of Allergy and Immunology, 167(3),
158–166, doi: 10.1159/000436968.
Pacini, E. (2008), Pollination, in Encyclopedia of Ecology (Second Edition), edited by B. Fath, second edi ed., pp. 562–565, Elsevier, Oxford, doi: 10.1016/
B978-0-444-63768-0.00859-3.
PalDat (2000), PalDat
www.paldat.org).

–

a

palynological

database

(2000

onwards,

Pappalardo, G., A. Amodeo, A. Apituley, A. Comeron, V. Freudenthaler, H. Linné,
A. Ansmann, J. Bösenberg, G. D’Amico, I. Mattis, L. Mona, U. Wandinger,
V. Amiridis, L. Alados-Arboledas, D. Nicolae, and M. Wiegner (2014), EARLINET:
towards an advanced sustainable European aerosol lidar network, Atmospheric
Measurement Techniques, 7(8), 2389–2409, doi: 10.5194/amt-7-2389-2014.
Pawankar, R., S. T. Canonica, Giorgio Walter Holgate, R. F. Lockey, and M. S. Blaiss
(2013), WAO White Book on Allergy: Update 2013, World Allergy Organization.

67

Pearson, G., F. Davies, and C. Collier (2009), An Analysis of the Performance of
the UFAM Pulsed Doppler Lidar for Observing the Boundary Layer, Journal
of Atmospheric and Oceanic Technology, 26(2), 240–250, doi: 10.1175/
2008JTECHA1128.1.
Pentikäinen, P., E. J. O’Connor, A. J. Manninen, and P. Ortiz-Amezcua (2020), Methodology for deriving the telescope focus function and its uncertainty for a heterodyne pulsed Doppler lidar, Atmospheric Measurement Techniques, 13(5),
2849–2863, doi: 10.5194/amt-13-2849-2020.
Pope, F. D. (2010), Pollen grains are efﬁcient cloud condensation nuclei, Environmental Research Letters, 5(4), 44015, doi: 10.1088/1748-9326/5/4/044015.
Rempe, H. (1937), Untersuchungen über die Verbreitung des Blütenstaubes durch
die Luftströmungen, Planta, 27(1), 93–147.
Richardson, S. C., M. Mytilinaios, R. Foskinis, C. Kyrou, A. Papayannis, I. Pyrri,
E. Giannoutsou, and I. D. S. Adamakis (2019), Bioaerosol detection over Athens,
Greece using the laser induced ﬂuorescence technique, Science of The Total Environment, 696, 133906, doi: 10.1016/j.scitotenv.2019.133906.
Rittmeister, F., A. Ansmann, R. Engelmann, A. Skupin, H. Baars, T. Kanitz, and S. Kinne (2017), Proﬁling of Saharan dust from the Caribbean to
western Africa – Part˜1: Layering structures and optical properties from
shipborne˜polarization/Raman lidar observations, Atmospheric Chemistry and
Physics, 17(21), 12963–12983, doi: 10.5194/acp-17-12963-2017.
Saito, Y., K. Ichihara, K. Morishita, K. Uchiyama, F. Kobayashi, and T. Tomida (2018), Remote Detection of the Fluorescence Spectrum of Natural Pollens Floating in the Atmosphere Using a Laser-Induced-Fluorescence Spectrum
(LIFS) Lidar, Remote Sensing, 10(10), 1533, doi: 10.3390/rs10101533.
Salgado-Labouriau, M. L., and M. Rinaldi (1990), Palynology of gramineae
of the venezuelan mountains, Grana, 29(2), 119–128, doi: 10.1080/
00173139009427742.
Sasano, Y., E. V. Browell, and S. Ismail (1985), Error caused by using a constant
extinction/backscattering ratio in the lidar solution, Appl. Opt., 24(22), 3929–
3932, doi: 10.1364/AO.24.003929.
Sassen, K. (2008), Boreal tree pollen sensed by polarization lidar: Depolarizing
biogenic chaff, Geophysical Research Letters, 35(18), L18810, doi: 10.1029/
2008GL035085.

68
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Abstract. We present the results of birch pollen characterization using lidar and in situ measurements based on a
11 d pollination period from 5 to 15 May 2016 at the European Aerosol Research Lidar Network (EARLINET) station in Vehmasmäki (Kuopio; 62◦ 44 N, 27◦ 33 E), Finland.
The ground-based multiwavelength Raman polarization lidar PollyXT performed continuous measurements at this rural
forest site and has been combined with a Hirst-type volumetric air sampler, which measured the pollen type and concentration at roof level (4 m). The period was separated into two
parts due to different atmospheric conditions and detected
pollen types. During the ﬁrst period, high concentrations of
birch pollen were measured with a maximum 2 h average
pollen concentration of 3700 grains m−3 . Other pollen types
represented less than 3 % of the total pollen count. In observed pollen layers, the mean particle depolarization ratio at
532 nm was 10 ± 6 % during the intense birch pollination period. Mean lidar ratios were found to be 45±7 and 55±16 sr
at 355 and 532 nm, respectively. During the second period,
birch pollen was still dominant, but a signiﬁcant contribution
of spruce pollen was observed as well. Spruce pollen grains
are highly nonspherical, leading to a larger mean depolarization ratio of 26 ± 7 % for the birch–spruce pollen mixture.
Furthermore, higher lidar ratios were observed during this
period with mean values of 60 ± 3 and 62 ± 10 sr at 355 and
532 nm, respectively. The presented study shows the potential of the particle depolarization ratio to track pollen grains
in the atmosphere.

1

Introduction

Atmospheric pollen is a well-known health threat as it can
irritate the respiratory system and cause asthmatic symptoms
(Bousquet et al., 2008). The number of people suffering from
pollen-triggered diseases is rising (Schmidt, 2016), and the
prevalence of pollen allergies is likely to further increase due
to climate change as the pollination season becomes longer
and pollen production increases (Lake et al., 2018). In addition to the well-known allergenic impacts, pollen also affects
the climate (IPCC, 2013; WHO, 2003). Steiner et al. (2015)
suggested that fragments of pollen act as cloud condensation
nuclei (CCN) and therefore inﬂuence cloud optical properties. Pollen can furthermore change ice cloud formation processes by acting as ice nuclei (IN) (von Blohn et al., 2005;
Diehl et al., 2001, 2002).
Worldwide, 879 active stations have continuously monitored pollen type and concentration near ground level in
2016 (Buters et al., 2018). The majority of these stations operate with Hirst-type volumetric air samplers. These traditional pollen traps are operated manually, which requires human resources and is time consuming. In recent years, novel
techniques have been developed to enable automated pollen
monitoring and reduce workload. Those techniques use, for
example, automated image recognition (Oteros et al., 2015)
or ﬂuorescence spectra (Crouzy et al., 2016; Richardson et
al., 2019; Saito et al., 2018) to identify pollen types, and they
could enable a systematic pollen monitoring at ground level
in near-real-time. Systematic information on the vertical dis-
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tribution, however, is missing. Models are using phenological and meteorological data to forecast concentration and
dispersion of pollen in the atmosphere. But observations, especially in the vertical direction, to evaluate the model results are rare or missing. Light detection and ranging (lidar)
is an effective method to investigate the vertical distribution
of aerosols, as it enables measurements with high vertical and
temporal resolutions under ambient conditions. Recently, the
signature of pollen grains has been observed in lidar measurements (Noh et al., 2013a, b; Sassen, 2008; Sicard et al.,
2016). It has been revealed that nonspherical pollen generates
strong laser depolarization, and thus information on particle
shape can be retrieved. For example, Sassen (2008) measured
a linear depolarization ratio at 694 nm up to 30 % for paper
birch in Alaska. In controlled laboratory experiments, Cao et
al. (2010) measured the linear depolarization ratio of different pollen types and determined a linear depolarization ratio
at 532 nm for paper birch of 33 %. In the absence of other depolarizing particles, the depolarization ratio could therefore
be used to track pollen grains. Lidar-derived depolarization
ratio proﬁles thus can provide information about the vertical distribution of pollen, which could result in an improvement in the model input parameters and serve as validation
for model results.
Within our study, we aim to improve and deepen the
knowledge of optical properties of pollen in the atmosphere by using a multiwavelength Raman polarization lidar. Finland provides suitable conditions for the observation
of pollen as 78 % of Finland’s total area is forestland and
sources of other highly depolarizing particles like dust are
absent. Hence the contamination with other aerosols is considered to be small. During a 4-month measurement campaign in 2016, the multiwavelength Raman polarization lidar PollyXT (Engelmann et al., 2016) performed continuous measurements at the rural forest station in Vehmasmäki
(Kuopio), which is part of the European Aerosol Research
Lidar Network (EARLINET). Simultaneously, a Hirst-type
volumetric air sampler was operated to obtain pollen type
and concentration at roof level. Twenty-one different pollen
types were detected from May to August 2016. In this study,
we focus on the description of birch pollen and the mixture of
birch and spruce pollen as birch is one of the most allergenic
pollen types and the most allergenic tree pollen in northern,
central and eastern Europe (D’Amato et al., 2007).

2

Measurement site and instrumentation

Our measurement campaign took place from the beginning
of May to the end of August 2016 at Vehmasmäki, Finland
(62◦ 44 N, 27◦ 33 E; 190 m a.s.l.); a rural forest site 18 km
from the city center of Kuopio, Eastern Finland. The measurement site was equipped with the multiwavelength Raman
polarization lidar PollyXT (Sect. 2.1) and a Hirst-type pollen
sampler (Sect. 2.2). With this setup it is possible to combine
Atmos. Chem. Phys., 19, 14559–14569, 2019

vertical proﬁles of the aerosol properties above the site and
the pollen concentration on the ground. Due to the location
of the site, far from major aerosol sources like dust or anthropogenic aerosol and mainly surrounded by forest, the atmosphere is relatively clean and suitable for pollen studies.
2.1

Lidar: PollyXT

Lidar measurements were conducted with the multiwavelength Raman polarization lidar PollyXT (Althausen et al.,
2009; Baars et al., 2016; Engelmann et al., 2016). PollyXT
has three emission wavelengths (355, 532 and 1064 nm)
and seven detection channels. In addition to the three emitted wavelengths, the backscattered signals at the inelastic
Raman-shifted wavelengths (387, 407 and 607 nm) and the
cross-polarized signal at 532 nm are detected. During nighttime, extinction and backscatter coefﬁcient proﬁles at 355
and 532 nm can be determined independently using the Raman method (Ansmann et al., 1992). During daytime, the
Klett–Fernald method (Fernald, 1984; Klett, 1981) is applied
using the elastic signals due to the low signal-to-noise ratio
for the Raman channels. The signal at the 407 nm Ramanshifted wavelength is used to determine water vapor mixing
ratio proﬁles during dark hours (Filioglou et al., 2017). The
simultaneous measurement of the cross-polarized and total
backscattered light at 532 nm enables the determination of
the linear particle depolarization ratio (PDR; Freudenthaler
et al., 2009), which allows for the characterization of particle
shape (Sassen, 2005). The measurement of multiple wavelengths allows for the retrieval of Ångström exponents (Å),
which are related to the particle size. The ratio of extinction
to backscatter coefﬁcient is called lidar ratio (LR). It is considered an important criterion for particle characterization, as
it depends on single scattering albedo and backscatter phase
function and therefore on the size distribution and the chemical composition of the aerosol particle. The LR is therefore
considered to be aerosol-type dependent.
The operated lidar system has an initial spatial resolution
of 30 m and a temporal resolution of 30 s. Due to the biaxial setup of emission and detection units, the height of complete overlap between the laser and the receiver ﬁeld of view
is reached at about 800–900 m (Engelmann et al., 2016).
An overlap correction can be applied on the basis of a simple technique proposed by Wandinger and Ansmann (2002),
which allows operators to extend proﬁles down to around
500 m. In this study, the lower limit of reliable proﬁles of
vertically smoothed and temporally averaged optical properties is at around 800 m. Uncertainties in nighttime lidar
products are mainly determined by signal noise and the correction of Rayleigh scattering. The overall relative errors of
the lidar-derived optical properties retrieved with the Raman
method are in the range of 5 %–10 % for backscatter coefﬁcients and depolarization ratios and 10 %–20 % for extinction
coefﬁcients (Ansmann et al., 1992; Baars et al., 2012). These
www.atmos-chem-phys.net/19/14559/2019/
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uncertainties propagate to the retrieved Ångström exponents
and LRs.
Further details on the setup, principle and error propagation of PollyXT can be found in Althausen et al. (2009)
and Engelmann et al. (2016). Near-real-time measurements
and PollyXT data can be accessed at the PollyNET website
(http://polly.tropos.de/, last access: 22 November 2019).
2.2

Pollen collector: Hirst-type volumetric air sampler

A Hirst-type volumetric air sampler located next to the lidar, 4 m above ground, monitored the pollen concentration and type. This type of spore sampler enables continuous 7 d collection of pollen grains with 2 h time resolution.
The sampling principle is based on the design described by
Hirst (1952). With a ﬂow rate of 10 L min−1 , air is drawn
into the sampling device through a 14 mm ×2 mm oriﬁce.
A large wind vane on a rotatable sampler head makes the
sampler sensitive to changes in wind direction and ensures
that the oriﬁce is always oriented towards the wind. Particles
impact on an adhesive-coated plastic tape beneath the oriﬁce. For this study, the tape, ﬁxed on a rotating drum, was
changed every 7 d and the pollen grains impacted on the tape
were further analyzed under the microscope. The pollen type
was determined using characteristic features of the examined
pollen grains. By converting the counted spores on the sample tape surface in relation to the inlet air ﬂow, the pollen
concentration was obtained.

3

Methodology

Figure 1 shows the temporal variation in the pollen
concentration (Fig. 1a), the range-corrected signal at
1064 nm (Fig. 1b) and the volume depolarization ratio at
532 nm (Fig. 1c) during the period 5–15 May 2016. This period represents the main birch pollination season of 2016 as
83 % of the annual birch pollen had been collected during
that time. A relatively large aerosol load was observed within
the planetary boundary layer up to ∼ 3.5 km. As shown in
Fig. 1c, the volume depolarization ratio ranges between 4 %
and 10 % suggesting the presence of nonspherical particles.
A detailed examination of the air masses arriving during
this period along with modeled dust load using the BSCDREAM8b model (Basart et al., 2012) conﬁrms the absence of dust in middle and northern Europe. Additionally,
MODIS data (MODIS, 2019) were synergistically used to
exclude smoke aerosol layers from biomass burning. Hence,
the highly depolarizing aerosol layers were likely attributed
to pollen, keeping in mind that some contamination with local anthropogenic aerosol is always possible.
Ground-level pollen concentration values presented in
Fig. 1a were used to verify the strong pollination event
in the beginning of May, which provides 50 % of the annual birch pollen concentration. The event started in the
www.atmos-chem-phys.net/19/14559/2019/
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evening (17:00 UTC) of 5 May and lasted until noon on 9
May (hereafter called period 1). During period 1, the 2 h
average pollen concentration exceeded 1000 grains m−3 for
53 % of the time. The majority of pollen identiﬁed was birch
(97 %) with a very small contribution from willow (2 %) and
other pollen types (1 %). From 12 to 15 May (period 2), the
mean pollen concentration was signiﬁcantly lower. Only 8 %
of the time, the total pollen concentration was higher than
1000 grains m−3 . In addition to birch (82 %), spruce pollen
(14 %) and other pollen types (4 %) were detected. This variation can be explained by the different meteorological conditions during the two periods. A different predominant wind
direction during the two periods was observed, which probably caused the different mixtures of pollen types. The most
frequent wind direction in period 1 was northwest, whereas
in period 2 the air masses were mainly advected from the
southeast. When comparing the diurnal cycle of temperature
and relative humidity measured at ground level, we found
higher temperature values and lower relative humidity during period 1 compared with period 2. Temperature and pollen
concentration have been shown to be positively correlated,
whereas pollen concentration and relative humidity show a
negative correlation (Bartková-Ščevková, 2003). The different pollen concentrations could therefore be partly explained
by variations in temperature and humidity.
The near-ground aerosol layers are assumed to contain the
highest concentration of local pollen, and they are deﬁned as
pollen layers in this study. The gradient method was applied
to determine the bottom and top layer heights of the pollen
layers (Bösenberg and Matthias, 2003; Flamant et al., 1997;
Mattis et al., 2008). The local maximum in the ﬁrst derivative of the 1064 nm backscatter coefﬁcient was considered to
be the bottom of the layer. The local minimum was considered to be the layer top. To verify the determined layers, the
layer boundaries identiﬁed by the gradient method were compared with the bottom and top heights of coherent structures
in the height–time illustration of the range-corrected signal
(Giannakaki et al., 2015). The layer identiﬁcation was based
on the assumption that the optical properties should be relatively homogeneous, which means that within one layer the
variability of the optical properties should be lower than the
statistical uncertainty of the individual data points. Two layers with a vertical distance less than 100 m apart from each
other were combined into one layer. All layers detected during the 11 d period are shown in Fig. 2. Black, magenta, blue
and yellow bars show the ﬁrst, second, third and fourth layers, respectively. Triangles mark the part of the layer which
was used for calculations of the mean optical properties of
the layer. The lower limit for reliable proﬁles during our
measurement period was at around 800 m. Since the closest
layer to the ground is assumed to contain the highest pollen
concentration and share, we only consider the lowest layers
(black) in the following analysis.
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Figure 1. Overview of the 11 d birch pollen period. (a) Pollen concentration obtained from the Hirst-type pollen sampler, (b) range-corrected
signal at 1064 nm and (c) volume depolarization ratio at 532 nm. Dashed vertical lines mark the period of the case studies.

Figure 2. Layer deﬁnition during the measurement period 5–15 May 2016. The deﬁnition of layers is explained in Sect. 3. Colors mark the
upper layers, which were not used for further analysis. Triangles mark the lower and upper limits of the area used for calculation.

4
4.1

Results and discussion
Case studies

We present two case studies representative for different
pollen mixtures: in the ﬁrst case study only birch pollen
had been detected by the Hirst-type sampler, and in the second case study spruce pollen was detected in addition to
birch. In the choice of case studies, backward trajectories
have been considered to select cases with minimal contamination with of other aerosol. Furthermore, nighttime Raman
measurements were chosen to present all lidar-derived parameters including the retrieved LR proﬁle. Figure 3 shows,
from left to right, the particle backscatter coefﬁcient at
Atmos. Chem. Phys., 19, 14559–14569, 2019

355 (blue), 532 (green) and 1064 nm (red); the particle extinction coefﬁcient at 355 (dashed blue) and 532 nm (dashed
green); the LR at 355 (blue) and 532 nm (green); the PDR
at 532 nm (light green); the Ångström exponents calculated
both from the backscatter coefﬁcient at 355–532 nm (blue)
and 532–1064 nm (red) and from extinction coefﬁcients at
355–532 nm (black); and the relative humidity from lidarderived water vapor proﬁles (black) and temperature proﬁles
from a radiosonde launched at 18:00 UTC (orange). Lidarderived optical properties were vertically smoothed using a
sliding average of 25 bins (750 m). Four-day backward trajectories ending at the height of the layers and the middle of
the time period are shown as well.

www.atmos-chem-phys.net/19/14559/2019/
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Figure 3. Two case studies of different pollen mixtures. (a, b) Period 1, 6 May 2016 23:00–01:00 UTC, only birch pollen was collected by
the Hirst-type volumetric air sampler. (c, d) Period 2, 15 May 2016 19:00–21:00 UTC, birch and spruce pollen were collected. (a, c) Proﬁles
of backscatter and extinction coefﬁcients, particle depolarization and lidar ratio, Ångström exponents, relative humidity (derived from lidar
measurements) and temperature proﬁles (18:00 UTC radio sounding). (b, d) Four-day HYSPLIT backward trajectories. Deﬁned pollen layers
are marked in gray.

The ﬁrst case study was selected during the intense birch
pollination event (period 1). On 6 May 2016 between 23:00
and 01:00 UTC only birch pollen was detected. Using the
layer deﬁnition methodology (Sect. 3), three layers were determined, and the two lowest ones have been combined to
one pollen layer for this analysis since the distance was less
than 100 m.
Four-day HYSPLIT (Hybrid Single Particle Lagrangian
Integrated Trajectory) backward trajectories (Stein et al.,
2015) ending at 450 m and 1.1 km on 7 May 00:00 UTC show
that the air masses are advected from western directions and
have traveled over the British Isles, the North Sea and southern Sweden. The contamination with depolarizing aerosol
like dust is therefore considered to be negligible; however,
the mixture with other anthropogenic aerosol cannot be ruled
out. The presumed birch pollen layer was observed up to
1.2 km. Extinction coefﬁcient at 355 nm is about 22 ± 2 and
is 13 ± 1 Mm−1 at 532 nm. The mean LR for the observed
layer is 49 ± 4 and 70 ± 7 sr at 355 and 532 nm, respectively. Mean backscatter and extinction-related Ångström exponents at 355–532 nm are 2.1 ± 0.04 and 1.1 ± 0.5, respecwww.atmos-chem-phys.net/19/14559/2019/

tively. The backscatter-related Ångström exponent between
532 and 1064 nm is 0.9 ± 0.1. The mean PDR at 532 nm
within the layer is 14 ± 1 %. Note that it can be even higher
close to the ground, below the height of complete overlap.
The PDR decreases with increasing height, while the LR remains constant. Thus the measured LR may not be a good indicator for characterizing the observed birch pollen in these
cases as the contribution of pollen is assumed to decrease
with increasing distance to the pollen source.
During our second case study on 15 May 2016 between
19:00 and 21:00 UTC, spruce pollen had been measured simultaneously with the birch pollen. Proﬁles and backward
trajectories are shown in the lower row of Fig. 3 (Fig. 3c and
d). The pollen layer reaches up to 1.7 km.
The extinction coefﬁcients at 355 and 532 nm are higher
than in the previous case, being 61 ± 5 Mm−1 at 355 nm and
44 ± 6 Mm−1 at 532 nm. The mean LR is 55 ± 6 sr at 355 nm
and 51 ± 9 sr at 532 nm. The backscatter and extinctionrelated Ångström exponents at 355–532 nm are lower than
in the ﬁrst case with values of 0.5 to 0.7 and 0.1 to 1.7,
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Figure 4. Pollen micrographs are shown. (a) Birch (Betula pendula)
pollen grain (source: Halbritter and Diethart, 2016). (b) Spruce
(Picea abies) pollen grains (source: the Biodiversity Unit of the
University of Turku, Kari Kaunisto).

respectively. The backscatter-related Ångström exponent at
532–1064 nm is 0.8 to 1.0.
The PDR at 532 nm is on average 19 ± 2 %, 24 % at its
maximum, and is clearly higher than in the case when only
birch pollen was observed (period 1). The air masses arriving
at the height of the layers on 15 May 20:00 UTC have been
advected from Russia and remained close to the ground only
for the last 12 h before reaching the site. The contamination
with depolarizing dust can therefore be neglected. An explanation for the higher depolarization of the backscattered light
is the nonspherical shape of the spruce pollen grains which
have been detected in addition to birch pollen.
Figure 4 shows micrographs of birch and spruce pollen
grains. Birch pollen (Fig. 4a) has a diameter around 20–
30 μm, is almost spherical and possess three pores on the
edge of the grain. Spruce pollen grains, on the other hand,
possess two air bladders and are clearly nonspherical. Furthermore, those pollen grains are signiﬁcantly larger, with
their longest-axis diameter ranging between 90 and 110 μm
(including air bladders).
Pollen grains are low-density particles, which make them
more sensitive to air currents, reduces the settling velocity
and allows them to be lifted by turbulent air ﬂows. Birch
pollen, for example, has a gravitational settling velocity of
around 1 cm s−1 (Soﬁev et al., 2006). This settling velocity is
similar to anthropogenic aerosol smaller than 10 μm (PM10 )
although birch pollen grains are more than twice the size.
The air bladders on the bigger spruce pollen grains increase
the surface area of the grain without adding much mass and
therefore decrease the settling velocity. Hence, even those big
pollen grains can be lifted up to several kilometers and be
dispersed by wind over thousands of kilometers as has been
shown by several studies on the long-distance transport of
pollen (Rousseau et al., 2008; Skjøth et al., 2007; Szczepanek
et al., 2017).
4.2

Lidar-derived optical parameters

All pollen layers between 5 and 15 May have been identiﬁed
and analyzed to determine the relationship between pollen
Atmos. Chem. Phys., 19, 14559–14569, 2019

type and the lidar-derived optical properties of the aerosol
layer. Figure 5a shows the LR at 532 nm against the PDR
at the same wavelength for all Raman measurements during nighttime. Measurements during the ﬁrst intense birch
pollination period are shown in green, while measurements
during the second period, when spruce pollen was detected
simultaneous to birch pollen, are shown in black. The size
of the dots represents the measured pollen concentration by
the Hirst-type sampler at ground level. The standard deviation is shown by the error bars. Lidar ratio values range
from 31 to 74 sr. This wide range of LRs suggest that the LR
alone is not a suitable parameter for the characterization of
pollen as other aerosol types also show characteristic values
in this range. However, the mean PDR within the pollen layers during the ﬁrst period is 10 ± 6 %, which is signiﬁcantly
higher than that of anthropogenic pollution. In the absence
of other depolarizing aerosol, e.g., dust, pollen is likely the
dominant aerosol causing this depolarization. Depolarization
ratios higher than 15 % are only observed during the second
period (12–15 May) in which spruce pollen was present. The
mean LR and PDR at 532 nm during this period are 62±10 sr
and 21 ± 3 %, respectively. The signiﬁcantly higher PDR is
caused by the nonspherical shape of spruce pollen in those
layers. In Fig. 5b, the backscatter-related Ångström exponent between 532 and 1064 nm is shown against the PDR
at 532 nm for all measurements between 5 and 15 May, including Klett retrievals for daytime measurements (dotted
markers). A clear tendency towards smaller Ångström exponents with increasing depolarization ratios in both periods
can be seen. This correlation indicates that the inﬂuence of
nonspherical particles on the backscattered signal increases
with decreasing Ångström exponent, i.e., bigger particles.
The Ångström exponent in the second period is around 0.8,
whereas it is around 1 in the ﬁrst period, demonstrating the
effect of the larger spruce pollen (∼ 90–110 μm), even with a
small contribution (∼ 14 %) to the total pollen number concentration. But considering the different volumes of birch
and spruce pollen grains, the contribution of spruce to the
total volume concentration exceeds 75 % in the second period, which may explain the large effect of spruce pollen on
the measured optical properties even with a small number
concentration.
However, the effect of the background particles has to be
considered. Lidar measurements during the winter months
of 2015 and 2016 and during pollen-free periods in spring
and summer 2016 have been analyzed to determine the effect of background aerosol at our measurement site. During
winter time the absence of pollen can be ensured but there
is a possibility that pollen also had been present in the atmosphere during spring and summer when no pollen was
detected by the Hirst-type sampler on the ground. Nevertheless, values of mean PDR at 532 nm are below 4 % during
all analyzed periods with no observed pollen. Since the PDR
during the pollination period is signiﬁcantly higher than the
PDR of the background aerosol, the depolarization ratio can
www.atmos-chem-phys.net/19/14559/2019/
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Figure 5. Mean values of optical properties of the detected pollen
layers during the period 5 to 15 May. Error bars denote the standard deviation, and marker size denotes the pollen concentration.
Marker color denotes the measurement period. Green dots are measured from 5 to 10 May and black dots from 12 to 15 May. Solid
dots indicate Raman retrievals and dotted markers the Klett solution. Panel (a) shows lidar ratio at 532 nm vs. particle depolarization
ratio at 532 nm. Panel (b) shows backscatter-related Ångström exponent at 532–1064 nm vs. particle depolarization ratio at 532 nm.

be used as an indicator for detecting the presence of pollen.
The Ångström exponent, on the other hand, can be also related to the amount and type of background aerosol and is
therefore less representative here.
Earlier studies show that relative humidity can affect the
size and shape of pollen grains, which leads to different optical properties (Franchi et al., 1984; Grifﬁths et al., 2012; Katifori et al., 2010). When pollen grains dehydrate, the pollen
wall can fold onto itself to prevent further dehydration, and
this phenomena is known as harmomegathy (Katifori et al.,
2010). The shape of the pollen grain changes, which could
lead to signiﬁcantly higher depolarization of the backscattered light. At humid conditions, pollen grains swell by taking up water internally and after reaching a relative humidity
over 89 % external wetting of the pollen surface can occur
(Grifﬁths et al., 2012). To check whether the ambient relative
humidity affects our measurements, the Ångström exponent
(532–1064 nm) and the PDR at 532 nm are presented against
the relative humidity in Fig. 6. In the selected measurement periods, the relative humidity ranged between 40 % and
65 %. In this humidity range, Ångström exponent (Fig. 6a)
and depolarization ratio (Fig. 6b) do not show any correlation
with the relative humidity. Thus, our measurements were not
affected by extreme humidity events and represent values for
pollen under ambient atmospheric conditions in the spring
season in Finland. However, lidar measurements of relative
www.atmos-chem-phys.net/19/14559/2019/
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Figure 6. Dependence of the backscatter-related Ångström exponent at 532–1064 nm (a) and the particle depolarization ratio at
532 nm (b) on the relative humidity for all Raman measurements
of pure and mixed birch cases during the ﬁrst period (5–10 May,
green) and the second period (12–15 May, black).

humidity proﬁles are only available during nighttime. The
relative humidity in the observed pollen layers during daytime could be smaller. This could result in occasional folding
of the pollen grains and higher depolarization ratios. This hypothesis could also explain the higher depolarization ratios
of about 25 % of a few Klett measurements of birch pollen
during the ﬁrst period.
Table 1 summarizes the mean intensive properties together
with the associated standard derivation (SD), range and median in the ﬁrst (birch) period of our campaign. The contribution of other pollen types in this period was small. Those
values, therefore, can be considered to be characteristic for
birch-pollen-dominated aerosol conditions. Table 2 shows
the same properties for the spruce-contaminated period. Lidar ratio and PDR are higher when spruce is detected simultaneously with birch. The PDR values for birch pollen are
considerably lower than previously determined in lidar studies. A linear depolarization ratio up to 30 % at 694 nm was
detected by Sassen (2008) for paper birch in Alaska. And
under controlled laboratory environment, Cao et al. (2010)
measured a linear depolarization ratio at 532 nm of 33 % for
dried paper birch pollen. We assume that those high depolarization values can be caused by dry birch pollen grains,
which fold and change their shape when dehydrating. Under
ambient conditions the pollen grains are more spherical and
therefore less depolarizing. Also, the orientation of the pollen
grains in the atmosphere has to be considered. Pollen with
air bladders, e.g., spruce pollen, is known to align with its air
bladders upwards when drifting in the air (Schwendemann
Atmos. Chem. Phys., 19, 14559–14569, 2019
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Table 1. Mean values, range and median of optical properties of the detected pollen layers in the ﬁrst measurement period: 5–10 May, intense
birch pollination period.
Parameter

Mean ± SD

Range

Median

Layer top height (km)

1.3 ± 0.3

1.0–2.2

1.2

0.7 ± 0.5
0.3 ± 0.2
0.2 ± 0.1

0.1–2.4
0.1–1.0
0.1–0.4

0.7
0.3
0.2

Backscatter coefﬁcient
(Mm−1 sr−1 )

355 nm
532 nm
1064 nm

Extinction coefﬁcient
(Mm−1 )

355 nm
532 nm

33.0 ± 13.3
19.0 ± 6.5

20.0–68.2
11.0–34.4

30.9
19.1

Lidar ratio (sr)

355 nm
532 nm

46 ± 8
52 ± 12

34–60
31–74

46
53

PDR

532 nm

0.10 ± 0.06

0.03–0.26

0.08

Number of pollen layers

all: 41

Raman: 10

Table 2. Mean values, range and median of optical properties of the detected pollen layers in the second measurement period: 12–15 May,
spruce-contaminated period.
Parameter

Mean ± SD

Range

Median

Layer top height (km)

1.3 ± 0.4

1–2.2

1.1

0.7 ± 0.2
0.5 ± 0.2
0.3 ± 0.1

0.3–1.1
0.3–0.8
0.2–0.4

0.6
0.4
0.2

Backscatter coefﬁcient
(Mm−1 sr−1 )

355 nm
532 nm
1064 nm

Extinction coefﬁcient
(Mm−1 )

355 nm
532 nm

52.9 ± 13.1
40.0 ± 9.5

26.9–60.9
24.6–54.6

58.5
40.2

Lidar ratio (sr)

355 nm
532 nm

60 ± 3
62 ± 10

55–64
49–77

59
60

PDR

532 nm

0.26 ± 0.07

0.18–0.39

0.24

Number of pollen layers

et al., 2007), and also an orientation of the almost spherical
birch pollen grains was observed (Sassen, 2011; Tränkle and
Mielke, 1994). This could cause differences in the measured
optical properties if the orientation of the particles in laboratory experiments is not considered, or the irregularly shaped
particles are observed from different angles.

5

Conclusion

Particle depolarization ratios of about 10 % have been observed during a birch pollination event in Vehmasmäki, Finland. When more nonspherical pollen, e.g., spruce, is present,
the particle depolarization ratio can be as high as 26 %. Those
depolarization ratios are similar to dust and biomass-burning
aerosol mixtures (Tesche et al., 2011) or dust mixtures with
marine aerosol (Groß et al., 2011), thus pollen could easily be misclassiﬁed as dusty mixtures. The mean LRs show
a wide range of values depending on the mixing of differAtmos. Chem. Phys., 19, 14559–14569, 2019

all: 12

Raman: 5

ent pollen types in the atmosphere. The mean LR at 355 nm
varies between 46 ± 8 sr (ﬁrst period) and 60 ± 3 sr (second
period) and at 532 nm between 52 ± 12 sr (ﬁrst period) and
62 ± 10 sr (second period). Those LRs are characteristic for
dust or dust–smoke mixtures (Tesche et al., 2011), which
complicates the characterization of pollen using the LR.
Also the backscatter-related Ångström exponents at 532–
1064 nm, which is around 1.0 for the intense birch pollination period and around 0.8 for the spruce-contaminated period, are similar to characteristic values for smoke and dust–
smoke mixtures, respectively. Thus, in order to distinguish
between pollen and other aerosol types, all three parameters and backward trajectories as well as possible dust and
biomass-burning aerosol sources have to be considered.
The presented data show the potential of lidar measurements to detect pollen in the atmosphere. Nevertheless, there
are challenges which need to be addressed in order to improve the characterization of optical properties of airborne
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pollen. First, the minimum height of the usable lidar signal
needs to be as low as possible. By operating a lidar system with a low full-overlap height or additional near-ﬁeld
channels, the coverage of lower heights can be signiﬁcantly
improved. Second, the contribution of other aerosol types
like anthropogenic pollution has to be determined. Therefore,
more multiwavelength lidar studies with depolarization characterization on atmospheric pollen are necessary.
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Abstract. We present a novel algorithm for characterizing
the optical properties of pure pollen particles, based on the
depolarization ratio values obtained in lidar measurements.
The algorithm was ﬁrst tested and validated through a simulator and then applied to the lidar observations during a 4month pollen campaign from May to August 2016 at the European Aerosol Research Lidar Network (EARLINET) station in Kuopio (62◦ 44 N, 27◦ 33 E), in Eastern Finland. With
a Burkard sampler, 20 types of pollen were observed and
identiﬁed from concurrent measurements, with birch (Betula), pine (Pinus), spruce (Picea), and nettle (Urtica) pollen
being the most abundant, contributing more than 90 % of
the total pollen load, regarding number concentrations. Mean
values of lidar-derived optical properties in the pollen layer
were retrieved for four intense pollination periods (IPPs). Lidar ratios at both 355 and 532 nm ranged from 55 to 70 sr for
all pollen types, without signiﬁcant wavelength dependence.
An enhanced depolarization ratio was found when there were
pollen grains in the atmosphere, and an even higher depolarization ratio (with mean values of 0.25 or 0.14) was observed with the presence of the more non-spherical spruce
or pine pollen. Under the assumption that the backscatterrelated Ångström exponent between 355 and 532 nm should
be zero for pure pollen, the depolarization ratio of pure pollen
particles at 532 nm was assessed, resulting in 0.24±0.01 and
0.36 ± 0.01 for birch and pine pollen, respectively. Pollen
optical properties at 1064 and 355 nm were also estimated.
The backscatter-related Ångström exponent between 532 and
1064 nm was assessed to be ∼ 0.8 (∼ 0.5) for pure birch

(pine) pollen; thus the longer wavelength would be a better
choice to trace pollen in the air. Pollen depolarization ratios
of 0.17 and 0.30 at 355 nm were found for birch and pine
pollen, respectively. The depolarization values show a wavelength dependence for pollen. This can be the key parameter
for pollen detection and characterization.

1

Introduction

Pollen has various effects on human health and the environment. The number of people suffering from allergies due to
pollen inhalation is rising (Schmidt, 2016). Airborne pollen
is recognized as one of the major agents of allergy-related
diseases such as asthma, rhinitis, and atopic eczema (Bousquet et al., 2008). Pollen is also a biogenic air pollutant which
affects both the solar radiation reaching the Earth and cloud
optical properties by acting as nuclei for both cloud droplets
and ice crystals (Steiner et al., 2015).
Various networks are built to monitor pollen concentrations at ground level using in situ instruments (Giesecke et
al., 2010). In 2020, there are more than 1000 active pollen
monitoring stations in the world (Buters et al., 2018; https:
//oteros.shinyapps.io/pollen_map/, last access: 7 April 2020),
with the majority based on the Hirst principle (Hirst, 1952).
The conventional method of pollen classiﬁcation is based on
pollen morphological characteristics using microscopy (Holt
and Bennett, 2014; Weber, 1998). However, it requires complex procedures for complete classiﬁcation and identiﬁca-
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tion, and the results are not publicly available online. Besides, pollen grains can be agile and change their visual
nature before the analysis, e.g. undergo an osmotic shock
(Miguel et al., 2006), which leads to errors in pollen characterization. Several studies on the long-distance transport of
pollen (Rousseau et al., 2008; Skjøth et al., 2007; Szczepanek
et al., 2017) have shown that pollen grains can be lifted up to
several kilometres and be dispersed by wind over thousands
of kilometres.
An increasing interest in pollen has arisen in the aerosol
lidar community (Noh et al., 2013; Sicard et al., 2016). In
our previous study (Bohlmann et al., 2019) we showed on
the basis of an 11 d birch pollination period that lidar measurements can detect the presence of pollen grains in the atmosphere and that non-spherical pollen grains can generate
strong depolarization (we found a mean depolarization ratio of 0.26 for the birch–spruce pollen mixture). Therefore,
it is possible to observe airborne pollen grains in the atmosphere using the depolarization ratio in the absence of other
depolarizing non-spherical particles (e.g. dust). We have also
reported that lidar-derived parameters (e.g. depolarization ratio and Ångström exponent) provide the possibility of identifying different pollen types (e.g. birch and spruce pollen).
However, the optical properties of pure pollen are still missing due to the fact that the atmospheric aerosol population is
always a mixture of several particle types. For instance, the
depolarization ratio of pure pollen is an essential parameter
needed to separate pollen backscatter from the background
aerosol backscatter. The Ångström exponent and the lidar ratio, which are often used for aerosol typing, are also crucial
parameters to be deﬁned for pure pollen particles.
In this study, we present a novel method for characterizing the optical properties of pure pollen particles, based on a
4-month campaign. In Sect. 2, we introduce the pollen campaign and the instruments. In Sect. 3, we present the methodology and describe a novel algorithm to estimate the depolarization ratio value for pure pollen. This algorithm is tested
and validated through a simulator. In Sect. 4, we report the results: ﬁrstly, the pollen information observed by the Burkard
sampler and lidar-retrieved optical properties for the pollen
layer are presented. Secondly, the novel algorithm of Sect. 3
is applied to the lidar observations in Sect. 4.3 to retrieve the
optical properties for pure pollen. Section 5 is devoted to the
summary and conclusion.

2

Site and instruments

The measurement campaign was performed from May
to August 2016 at the Kuopio station of the European
Aerosol Research Lidar Network (EARLINET) in Vehmasmäki (62◦ 44 N, 27◦ 33 E; elevation of 190 m above sea
level). This rural site is mainly surrounded by forest, located
∼ 18 km from the city centre of Kuopio, in Eastern Finland.
Finland provides suitable conditions for the observation of
Atmos. Chem. Phys., 20, 15323–15339, 2020
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pollen as 78 % of Finland’s total area is covered by forests.
Airborne Betula spp. (birch) pollen is one of the most recognized aeroallergens in northern European countries and the
most important cause of pollen allergy (Soﬁev et al., 2015;
Yli-Panula et al., 2009). The predominant Betula species include B. pendula and B. pubescens, while B. nana and B.
pubescens subsp. czerepanovii can be found in northern parts
of the country. As for conifers, Pinus sylvestris and Picea
abies are the most prevalent, and P. sylvestris pollen typically causes the highest peaks during the pollen season. P.
sylvestris and P. abies are the only naturally growing species
of their genera in Finland. Compared to many other European countries, relatively clean background atmospheric conditions in Finland favour pollen detection and further separation of contributions of pollen backscattering from total scattering by using lidars, since there are fewer other particles,
particularly dust, which would complicate the analysis.
The Kuopio station is operated by the Finnish Meteorological Institute, and it has been equipped with a ground-based
multi-wavelength Raman polarization lidar PollyXT (Engelmann et al., 2016), Doppler lidar, and in situ instruments
next to a 318 m tall mast (for the meteorological observations) since autumn 2012 (Hirsikko et al., 2014). PollyXT
has three emission wavelengths (355, 532, and 1064 nm)
and seven detection channels (including three emitted wavelength channels, three inelastic Raman-shifted wavelength
channels (387, 407, and 607 nm), and the cross-polarization
channel at 532 nm). PollyXT has an initial spatial resolution
of 30 m and a temporal resolution of 30 s. During daytime,
the Klett–Fernald method (Fernald, 1984; Klett, 1981) is applied using the elastic signals to retrieve the extinction coefﬁcient, which describes the combined effect of particle absorption and scattering, and the backscatter coefﬁcient, which
describes particle backscattering at a 180◦ scattering angle.
During night-time, proﬁles of extinction and backscatter coefﬁcients at 355 and 532 nm can be derived independently
using elastic and inelastic Raman-shifted wavelengths (387
and 607 nm), based on the Raman inversion (Ansmann et
al., 1992). The ratio of extinction-to-backscatter coefﬁcient is
called the lidar ratio (LR), which is considered an important
parameter to separate particle types, as it depends on their
single scattering albedo and backscatter phase function, thus
being a function of size distribution and chemical composition. The cross-polarization and total polarization channels
of the PollyXT allow the retrieval of the volume linear depolarization ratio (VDR) and particle linear depolarization
ratio (PDR) at 532 nm, which provide information on the
shape of the scattering particles. Multi-wavelength measurements (355, 532, and 1064 nm) enable the determination of
Ångström exponents between each wavelength pair, which
are related to the particle nature, mostly the size. Previous
studies show (e.g. Eck et al., 1999) that Ångström exponent
values greater than 2 indicate small particles associated with
combustion byproducts, whereas Ångström exponent values
less than 1 indicate large particles like sea salt and dust.
https://doi.org/10.5194/acp-20-15323-2020
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In addition to the lidar measurements, a Hirst-type
Burkard pollen sampler (Hirst, 1952) was placed 4 m above
ground level (a.g.l.) next to the lidar instrument. The Burkard
sampler enables identiﬁcation of pollen types and concentration microscopically with a 2 h time resolution. More detailed descriptions of the pollen sampler and PollyXT used
during this campaign can be found in Bohlmann et al. (2019)
and reference therein.

3

Methodology – a synthetic simulator

In this study, we provide a novel method and develop an algorithm to estimate the depolarization ratio value for pure
pollen particles. This algorithm is ﬁrst tested through a simulator (Sect. 3) using the synthetic lidar data and then applied
to the real lidar observations (Sect. 4.3). The simulator includes a direct model and an inverse model module (the block
diagram is shown in Fig. S1 in the Supplement); similar ones
have already been used for forest and aerosol studies (Shang
et al., 2018; Shang and Chazette, 2015). Synthetic data are
used in this section to present our methodology. We mainly
consider two wavelengths: λ1 = 355 nm and λ2 = 532 nm.
Other wavelength combinations of 532 and 1064 nm will be
brieﬂy discussed at the end of Sect. 3.1.
3.1

Direct model – generation of synthetic optical
proﬁles

Two aerosol populations, pollen (depolarizing) and background (non-depolarizing) aerosols, are considered in this
simulation. The optical and physical parameters used in the
direct calculation are presented in Table 1; these parameters are named “initial values” for the simulation. The values are based on our lidar measurements (Bohlmann et al.,
2019) or literature (e.g. Illingworth et al., 2015). The background here refers to non-depolarizing background aerosols
(non-pollen particles), which can be polluted continental or
biomass burning aerosols. The depolarization ratios of nonpollen particles (δbackground ) at both 355 and 532 nm are selected to be 0.03, which is a mean value for pollen-free
periods at our measurement site. Bohlmann et al. (2019)
shows that the pollen can generate strong depolarization,
thus the depolarization ratios of pure pollen particles (δpollen )
at 532 nm are selected as 0.35 as the initial value for the
simulation in this section. Pollen grains are quite big and
thus can be assumed to be wavelength-independent on the
backscatter at wavelengths of 355 nm and 532 nm, with the
backscatter-related Ångström exponent (Åpollen ) of 0. The
backscatter-related Ångström exponent of non-pollen particles (Åbackground ) between 355 and 532 nm is assumed to be
2, regarding the previous studies over Arctic regions (e.g.
Schmeisser et al., 2018; Tomasi et al., 2012). Note that these
values can be changed freely for the simulation under two
constraints: (i) the depolarization ratio of pollen (depolarhttps://doi.org/10.5194/acp-20-15323-2020
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izing one) should be higher than the depolarization ratio of
background aerosol (non-depolarizing one); and (ii) the values of backscatter-related Ångström exponent for pollen and
non-pollen particles should be different. In addition, the conclusion of the simulation section is not dependent on the assumed proﬁle shape or height; and the initial values are not
critical for presenting the overall approach.
The extinction coefﬁcient proﬁles of these two aerosol layers are assumed to follow a Gaussian distribution. The optical depth (OD) of the input background aerosol layer is
ﬁxed to be 0.1 in this simulation. In order to simulate different pollen contributions to the total aerosol load, we change
the pollen load by selecting different input values for the
pollen layer OD. A pollen OD of 0.002, 0.01, 0.02, 0.05, 0.1,
and 1 is used; thus six pollen backscatter coefﬁcient proﬁles
are simulated. One example of simulated pollen and background backscatter coefﬁcients is shown in the Supplement
(Fig. S2a) for a pollen OD of 0.1. The pollen layer is deﬁned
as the layer below 1 km.
Next, the pollen layer and background layer are summed
up (Eq. 1), and then the vertical proﬁles of aerosol backscatter coefﬁcient, lidar ratio, and Ångström exponent of the
total particles are simulated (e.g. Fig. S2b). The Ångström
exponent describes the wavelength dependence on aerosol
optical properties (Ångström, 1964). The backscatter-related
Ångström exponent between two wavelengths of λ1 and λ2
(denoted as Å) can be expressed as Eq. (2).
βparticle (λ, z) = βpollen (λ, z) + βbackground (λ, z)


1 ,z)
ln ββxx (λ
(λ2 ,z)
 
Åx (λ1 , λ2 , z) = −
ln λλ12

(1)
(2)

The index x = pollen, background, or particle denotes the
backscatter-related Ångström exponent of pollen, background, or total particles.
Vertical proﬁles of the particle linear depolarization ratio
(PDR; denoted as δparticle ) can be also calculated following
Eq. (3) (the detailed calculation is given in the Supplement).
δparticle =

βpollen ·δpollen
βbackground ·δbackground
δpollen +1 +
δbackground +1
βpollen
βbackground
δpollen +1 + δbackground +1

(3)

Theoretically, these parameters can be derived directly from
lidar observations. In order to keep the consistency of the
availability of lidar-derived parameters, particle backscatter
coefﬁcients at 532 nm, PDRs at 532 nm, and backscatterrelated Ångström exponents between 355 and 532 nm simulated for these six cases (shown in Fig. 1) will be used later
as input for the inverse model.
The pollen backscatter contribution, denoted as χpollen
(Eq. 4), is deﬁned as the ratio of pollen backscatter coefﬁcient (βpollen ) to the total particle backscatter coefﬁcient
(βparticle ). Note that the use of “particle” here is to distinguish
Atmos. Chem. Phys., 20, 15323–15339, 2020
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Table 1. Parameters of pollen and background aerosol layers as input for the direct model. LR: lidar ratio, DR: depolarization ratio, Å bsc:
backscatter-related Ångström exponent. A Gaussian distribution is applied for each layer, with the layer centre and half width given.
Aerosol type

LR 355 nm
(sr)

LR 532 nm
(sr)

DR (δ)
355 nm

DR (δ)
532 nm

Å bsc
355–532 nm

Layer
centre

half width
(Gauss.)

Pollen
Background

65
50

65
50

0.35
0.03

0.35
0.03

0
2

0.5 km
1.5 km

1 km
3 km

Figure 1. Six cases of simulated vertical proﬁles of (a) particle backscatter coefﬁcient at 532 nm, (b) particle linear depolarization ratio at
532 nm, and (c) backscatter-related Ångström exponent between 355 and 532 nm. Simulated results under different input pollen optical depth
(OD) values are shown by colour.

from “molecular”.
βpollen (λ, z)
χpollen (λ, z) =
βparticle (λ, z)

(4)

We investigate here the relationship of the backscatter-related
Ångström exponent of total particles (Åparticle ) and pollen
backscatter contribution (χpollen ) at different wavelengths
(the detailed calculation is given in the Supplement), resulting a power law relationship:
 −Åparticle (λ1 ,λ2 )
λ1
=
λ2
 −Åpollen (λ1 ,λ2 )  −Åbackground (λ1 ,λ2 ) 
λ1
λ1
−
λ2
λ2
 −Åbackground (λ1 ,λ2 )
λ1
· χpollen (λ2 ) +
.
(5)
λ2
The wavelength pairs (λ1 , λ2 ) are selected as (355,532),
(532,355), or (1064,532) in this study. In order to simplify
the calculation, we introduce two parameters, η and η , as
a function of the backscatter-related Ångström exponent between 355 and 532 nm or between 532 and 1064 nm, for the
total particle backscatter coefﬁcients:
⎧
 −Åparticle (355,532)
⎪
⎨ η = 355
532
(6)

−Åparticle (1064,532)
⎪
⎩ η = 1064
.
532
Atmos. Chem. Phys., 20, 15323–15339, 2020

The linear relationships resulting from the pairs of parameters η or η and χpollen at different wavelengths are reported
in Table 2. For example, the pollen backscatter contribution
at 532 nm (χpollen (532)) is inversely proportional to the parameter η. Using the previous six simulated cases, a perfect
linear relationship is found to ﬁt the η versus χpollen (532)
(Fig. 2).
3.2

Inverse model – retrieval of depolarization ratio

In this section, we present the inverse model to retrieve
the depolarization ratio of pure pollen particles. Tesche et
al. (2009) provide a method to separate dust and non-dust
contributions, based on the difference of the depolarization
ratio values of these two types. This separation method is applied here to separate the two simulated aerosol types.
The pollen backscatter coefﬁcient can be separated from
the total particle backscatter coefﬁcient (calculated from
Eq. 3), expressed as
βpollen = βparticle

(δparticle − δbackground )(1 + δpollen )
.
(δpollen − δbackground )(1 + δparticle )

(7)

The only remaining unknown to solve the Eq. (7) is the
depolarization ratio for pure pollen (δpollen ). Next we use
previously simulated βparticle and δparticle and the assumed
δbackground . From now on, 532 nm will be the default wavelength (if not otherwise speciﬁed). The wavelength pair
https://doi.org/10.5194/acp-20-15323-2020
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Table 2. The linear relationships resulting from the pairs of parameters η(Åparticle ) and χpollen at different wavelengths are reported.
Wavelength
pair (λ1 , λ2 )
(nm)

Pollen
backscatter
contribution
at λ2

Backscatter-related
Ångström exponent
Å(λ1 , λ2 )

Parameter of Å(λ1 , λ2 )
linearly correlating
with χpollen

λ1 = 355, λ2 = 532

χpollen (532)

Åparticle (355, 532)

η

λ1 = 532, λ2 = 355

χpollen (355)

Åparticle (532, 355)

1
η

λ1 = 1064, λ2 = 532

χpollen (532)

Åparticle (1064, 532)

η

Formulae


−Åparticle (355,532)
η = 355
532


1
532 −Åparticle (355,532)
η = 355
−Åparticle (532,1064)

η = 1064
532

between 0.03 and 1), denoted as δx , in the simulator. The
related pollen backscatter contribution (χpollen (532)) inside
the pollen layer can be retrieved using Eqs. (4) and (7). As
its value depends on the assumed pollen depolarization ratio
(δx ), it can be expressed as χpollen (δx , 532).
The relationship of Å(355, 532) and χpollen (δx , 532) was
investigated using the parameter η (Eqs. 5 and 6). Examples
of scatter plots using mean values of η and χpollen (δx , 532) in
the pollen layer for cases under the assumptions of δx = 0.1,
0.2, 0.3, 0.4 and 0.5 are shown in Fig. 3. For these relationships, perfect linear ﬁts (linear regression relationship) can
be found and plotted as dotted lines in Fig. 3, following the
simpliﬁed equation from Eqs. (5) and (6):
η χpollen (δx , 532) = a1 · χpollen (δx , 532) + a0 .
Figure 2. Scatter plot using the parameter η =
(355/532)−Å(355,532) and pollen backscatter contribution (χpollen )
at 532 nm for six simulated cases, of which the input values of
pollen optical depth (ODpollen ) at 532 nm are deﬁned as 0.002,
0.01, 0.02, 0.05, 0.1, and 1 (shown on the bottom x axis), and the
input value of background optical depth is ﬁxed to be 0.1. Mean
values of pollen layers (0–1 km) are used for χpollen and η. They
line up perfectly following Eq. (5).

(λ1 , λ2 ) is selected as (355,532) in this section. Mean values of optical properties inside the pollen layer are considered in this study; it is also possible to use values of each bin
of the synthetic proﬁle which will lead to the same conclusion. Mean values of backscatter-related Ångström exponent
between 355 and 532 nm inside the pollen layer, denoted as
Å(355, 532), can be easily retrieved.
Mathematically, the depolarization ratio for pure pollen
can be calculated using Eqs. (4), (5), and (7), as other variables are known or can be assumed. Nevertheless, we developed a retrieval method for this inverse model, so that it
can be more easily applied to the real lidar measurements,
especially for investigating the depolarization ratio with different values of the unknown Åpollen . An iterate approach is
used. In the ﬁrst step, the depolarization ratio for pure pollen
was assumed to be several different values (within the range
https://doi.org/10.5194/acp-20-15323-2020

(8)

The ﬁtting coefﬁcient (a1 , a0 ) values to determine the estimated parameter η are deﬁned as in Eq. (5). Until this step
of the inverse model, no assumption on the Åpollen was made;
thus a1 varies for different assumed values of δx . But a0 is
constant as the Åbackground is known. Theoretically, for each
linear ﬁt equation, χpollen (δx , 532) values can range from
0 to 1, with 0 meaning no pollen and 1 meaning 100 %
pollen in the observed aerosol particle population. Therefore, for each assumed δx , the η value for χpollen (δx , 532) = 1
can be deﬁned as the value for pure pollen and denoted as
ηpure (δx , 532).
In Sect. 3.1, the initial value of the backscatter-related
Ångström exponent of pure pollen (denoted as Åpollen ) between 355 and 532 nm is 0, which results in an initial value
of 1 for the parameter η. In this simulation, we assumed that
the same value (Åˆ pollen = 0) should be retrieved; the goal was
thus to ﬁnd the value of 1 for ηpure . From previous results
shown in Fig. 3, we can see that a δx value between 0.3 and
0.4 may result in ηpure = 1 (the black triangle in Fig. 3).
Hence, in the second step, more δx values in that range
(0.3–0.4) were used in the simulation, and one can retrieve
the relative value of ηpure (δx , 532) for each case. These values are presented in Fig. 4. The relationship between δx and
ηpure (δx , 532) is not perfectly linear, but for these data inside
the considered range, a good linear ﬁt can be found with high
Atmos. Chem. Phys., 20, 15323–15339, 2020
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correlation coefﬁcients ∼ −1. As there is noise in real lidarmeasured proﬁles, two or more values of δx may be found as
good solutions. However, after we introduce this additional
second linear ﬁt, only one solution will be retrieved in the
end.
Finally, under the assumption of Åˆ pollen = 0, a pollen depolarization ratio of 0.35 was found, resulting in ηpure = 1
(shown by the black triangle in Fig. 4). This result is exactly
the same as the initial value of the direct model, which validates the algorithm and provides the feasibility of using this
inverse model to retrieve the pure pollen depolarization ratio
values. A detailed ﬂow chart of this inverse model is given
in Fig. 5. Note that the values of δx can be chosen freely
for values bigger than the background depolarization ratio
and smaller than 1. This method can also be applied to the
other two aerosol types (e.g. dust and non-dust aerosols), under the condition that the depolarization ratio of one aerosol
type is the only unknown parameter, and other parameters are
known or can be assumed, as long as both the depolarization
ratio and the backscatter-related Ångström exponent of the
two aerosol types are different.
3.3

Uncertainty study

The uncertainty study of this method is investigated in this
section. The input parameters (i.e. initial values) of the direct model are deﬁned in Sect. 3.1, with an optical depth
(OD) of the background aerosol of 0.1 and pollen OD of
0.002, 0.01, 0.02, 0.05, 0.1, or 1. Nonetheless, some input
parameters (e.g. the pollen depolarization ratio δpollen and
the backscatter-related Ångström exponent for pollen Åpollen )
were selected as different initial values for different uncertainty studies, which are clariﬁed in each paragraph. The output of each direct model simulation was then used as the input for the inverse model.
Under ideal conditions, which means there is no noise on
the input proﬁles for the inverse model, the depolarization
ratio of pollen (depolarizing one) can be retrieved perfectly
as long as the value is higher than the depolarization ratio
of background aerosol (non-depolarizing one). δpollen of 0.04
has been tested, and the correct value was successfully retrieved. Note that for this case, the assumed values of δx
should be selected as lower values (e.g. from 0.03). The more
values of δx that are used in the inverse model, the better precision will be for the results, but a longer computation time
is also needed. It is also possible to combine the ﬁrst and
second steps of the inverse model, by using many assumed
values of δx (e.g. 0.032, 0.033, 0.034, . . . , 0.98, 0.99) for the
ﬁrst step, at the cost of a long computation time.
In the cases presented, we assumed that the backscatterrelated Ångström exponent of pure pollen between 355 and
532 nm to be used in the inverse model (denoted as Åˆ pollen )
is 0, which was the same as the initial value (Åpollen ) of the
direct model. But in reality, such information is not always
available. Under different initial values of Åpollen , there will
Atmos. Chem. Phys., 20, 15323–15339, 2020
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Figure 3. Scatter plots of mean values of η and χpollen (δx , 532) in
the pollen layer in ﬁve cases with assumed δx values. η is a parameter using the backscatter-related Ångström exponent between 355
and 532 nm (Eq. 6), and χpollen (δx , 532) is the pollen backscatter
contribution at 532 nm inside the pollen layer under a certain assumed pollen depolarization ratio value (δx is 0.1, 0.2, 0.3, 0.4, or
0.5). Linear regression lines are drawn by black dotted lines, with
the ﬁtting equation shown (Eqs. 5 or 8). The black triangle shows
the ideal value: when χpollen is 1, η should be 1 (Å = 0).

Figure 4. Estimated parameter ηpure against the related assumed
pollen depolarization ratio δx at 532 nm. ηpure is the η(χpollen )
value for the pure pollen (100 % pollen in the observed aerosol
particle population, χpollen = 1), where η is a parameter using the
backscatter-related Ångström exponent between 355 and 532 nm
(Eq. 6). The linear regression line is drawn by the black dotted line,
with the ﬁtting equation shown. The correlation coefﬁcient (R 2 )
value is also given. The ﬁnal result of 0.35 for pure pollen is found,
resulting in ηpure = 1 (i.e. Åpollen = 0) (by the black triangle).
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Figure 5. Flow chart of the inverse model for the retrieval of the depolarization ratio value for pure pollen. The orange boxes are for the
measured parameters (or simulated output from the direct model), the blue boxes for the assumptions/manual input and the green boxes for
the estimations/calculations. A detailed description is in Sect. 3.2. The wavelength pair (λ1 , λ2 ) is selected to be (355,532), (532,355), or
(1064,532) in this study.

be a bias on the estimated values of pollen depolarization ratio if the assumed value is different (i.e. Åˆ pollen  = Åpollen ). For
example, if the initial value Åpollen is 0.25 (i.e. ηpure = 1.11),
but we keep the assumption of Åˆ
= 0 in the inverse
pollen

model, the estimated pollen depolarization ratio is found to
be 0.39 with a bias of 0.04 (show in Fig. S3). The uncertainty due to the difference between the initial value of Åpollen
and assumed Åˆ
was simulated (shown in Fig. S4), where
pollen

Åˆ pollen is always assumed to be 0 in the inverse model. For
initial values of Åpollen = ±0.5 (i.e. bias of 0.5 on the assumed value of 0), relative uncertainties were assessed to be
∼ 30 %. This uncertainty due to the difference of initial values of Åpollen and Åbackground was also investigated. The larger
the difference between the two values (Åbackground − Åpollen ),
the smaller the uncertainty. For instance, if we use 3 (instead
of 2) as the initial value of Åbackground , the estimated pollen
depolarization ratio is 0.37 (instead of 0.39), with a smaller
bias for the above example.
Further on, we investigate the random uncertainty due to
the noise on input lidar proﬁles, using the simulator and
based on a Monte Carlo approach. The parameters for the
six cases simulated earlier (as deﬁned in Sect. 3.1, with values given in Table 1) are used again in this simulation, but
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noises are additionally added, considering normal statistical
distributions, which are introduced by a normal random generator (Fig. S1). The PDR and Å are calculated from particle backscatter coefﬁcients, so we only need to apply different noise levels to the particle backscatter coefﬁcients in the
direct model, and related PDR and Å with noise can be retrieved. To simplify the problem, the initial noise levels for
both backscatter coefﬁcients at 355 and 532 nm were considered under the same assumptions. We deﬁned “one group”
as one draw of six simulated backscatter proﬁles with a certain noise level; these six backscatter proﬁles have a pollen
OD of 0.002, 0.01, 0.02, 0.05, 0.1, and 1. For each statistical
simulation, we used 200 draws (i.e. 200 groups of proﬁles).
This uncertainty study was investigated in two parts:
i. Fix the input pollen depolarization ratio, and change the
noise levels. We used 0.35 as the initial pollen depolarization ratio. In the case of taking 10 % as the noise level
on the backscatter coefﬁcients, one group of six simulated proﬁles with noise is shown in Fig. 6. A pollen
depolarization ratio of 0.354 was found for this group
using the inverse model, with a bias of 0.004 compared
to the initial value of 0.35. Similarly, pollen depolarization ratio values were retrieved for each of the 200
generated groups. These 200 values had a mean value
Atmos. Chem. Phys., 20, 15323–15339, 2020
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of 0.351 ± 0.009; thus an uncertainty of 0.009 (relative uncertainty of 2.6 %) was found. We changed the
noise levels (e.g. 1 %, 10 %, 20 %, 40 %, and 60 %) on
the backscatter coefﬁcients by the normal random generator, and 200 draws were performed for each statistical simulation under each noise level. The uncertainties
of the retrieved pollen depolarization ratio against the
noise levels were assessed and are shown in Fig. 7a.
ii. Fix the noise level, and change the input pollen depolarization ratio. In the second simulation, we keep
10 % as the noise level on the backscatter coefﬁcients,
and change the input pollen depolarization ratio values
to 0.1, 0.2, 0.3, 0.4, and 0.5. Under each assumption,
200 draws were performed to derive the uncertainty values, which are reported in Fig. 7b. Relative uncertainties
on the retrieved pollen depolarization ratio of 1.6 % to
2.8 % were found.
From the simulation results, small uncertainty and a good accuracy were found using this algorithm. Nevertheless, even
with the introduced noise levels, these simulations were still
performed under quasi-ideal conditions. For each simulated
group, six cases were used to provide a wide range of values
of χpollen (from ∼ 0.05 to ∼ 0.95), which leads to good constraints to ﬁnd a ﬁtting line for the regression relationship of
χpollen and η (Eq. 6) (e.g. Fig. 3). If only three cases (with a
pollen OD of 0.01, 0.02, and 0.05) were used for each group,
uncertainties 2 to 5 times bigger were found. It is hard to give
qualitative values for such an uncertainty study, but the wider
range of χpollen values that are in the data set, the better the
retrievals will be. The vertical resolution used here was 30 m
(as the raw resolution of our lidar); and increasing the vertical
resolution of the lidar would result in a smaller uncertainty
in the simulation.
4
4.1

Results
Pollen grain and intense pollination period

During the 4-month campaign, 20 pollen types were observed and identiﬁed from the samples collected with the
Burkard sampler, six from broadleaved trees, observed from
the end of April to mid-June; three from coniferous trees,
with a pollination period from mid-May to mid-June; and
11 from grass/weeds, observed mainly in July and August.
Among them, birch (Betula), pine (Pinus), spruce (Picea),
and nettle (Urtica) pollen were most abundant, contributing
to more than 90 % of the total pollen load, regarding number concentrations. The surrounding forest is mixed in terms
of the tree species, but the pollination periods of different
dominant pollen types are distinct, as can be seen from the
Burkard-observed number concentration of speciﬁc pollen
types shown in Fig. 8a.
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Microphotographs of pollen grains for the dominant pollen
types are shown in Fig. 8b (photos taken from https://www.
paldat.org, last access: 7 April 2020). Pine and spruce pollen
belong to the Pinaceae family, which pollinate profusely and
greatly contribute to the pollen counts. However, they are
rarely considered as being allergenic. Their pollen grains are
large due to their sacs or bladders, which make them easy to
identify. Among winged grains, the body is sub-spheroidal to
broadly ellipsoidal. The longest axis (sacci included) of Pinus sylvestris (Scots pine) pollen grains is 65–80 μm, while in
Picea abies (Norway spruce) the axis is longer, 90–110 μm
(Nilsson et al., 1977). Birch pollen can cause severe pollinosis and is recognized as one of the most important allergenic sources (D’Amato et al., 2007). Birch pollen grains
are sub-oblate to oblate. B. pubescens pollen grains are 18–
24 × 22–28 μm in size (Nilsson et al., 1977), and B. pendula
(Silver birch) pollen grains are more or less the same size
(personal communication with Sanna Pätsi from Aerobiology, University of Turku, 2020). Nettle is considered moderately allergenic, both in terms of skin tests and amount of
exposure to the pollen in the air. Nettle (Urtica dioica) pollen
grains are oblate spheroidal to spheroidal and are quite small,
with a size of 13–17 × 15–20 μm (Nilsson et al., 1977). Information on the dominant pollen types is reported in Table 3,
where the pollen season is deﬁned using the 95 % method
(Goldberg et al., 1988). The start of the season was deﬁned as
the date when 2.5 % of the seasonal cumulative pollen count
was trapped and the end of the season when the cumulative
pollen count reached 97.5 %.
Four intense pollination periods (IPPs) are deﬁned considering the pollen seasons and the daily mean pollen concentration values of these four dominant pollen types (Table 3). A
minimum value of 300 no. m−3 (for daily mean pollen concentration) was used as the threshold for the determination of
IPP-1 and IPP-3, whereas a smaller threshold of 20 no. m−3
was used for IPP-2 and IPP-4. In addition, the availability
of lidar measurements was considered for the IPP deﬁnition.
IPP-1 and -2 are selected within the birch pollen season. During IPP-1, almost only birch pollen is observed (97 % contribution to number concentration), while during IPP-2, spruce
pollen is additionally present in the air, with 14 % contribution. IPP-3 consists of two periods within the pine pollen season, separated by a few days with frequent low-level clouds
(below 1 km) or rain, causing the relatively low pine pollen
concentration between these two periods. IPP-4 is deﬁned
for the nettle pollen study for three separate short pollination
periods in July and August.
4.2
4.2.1

Optical properties of pollen layer
Pollen layer

A pollen layer in the lidar measurements is deﬁned as the
lowest observed layer. The layer boundaries are determined
using the gradient method (Bösenberg and Matthias, 2003;
https://doi.org/10.5194/acp-20-15323-2020
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Figure 6. Example of one group of six simulated proﬁles of (a) particle backscatter coefﬁcient at 532 nm, (b) particle linear depolarization
ratio at 532 nm, and (c) backscatter-related Ångström exponent between 355 and 532 nm. Proﬁles without noise are shown by dashed redlines,
and ones with noise are shown by black lines. Noise levels on backscatter at both 355 and 532 nm were set to 10 %. Simulated results under
six input pollen optical depth (OD) values of 0.002, 0.01, 0.02, 0.05, 0.1, and 1 (same as Fig. 1).
Table 3. (a) Dominant pollen types with their pollen season period, Latin name (taxa), and typical size. (b) Selected intense pollination
periods (IPPs) and the presented dominant pollen types during each IPP. See more descriptions in Sect. 4.1.
(a) Dominant pollen types
Pollen
type

Pollen season in 2016
(dd.mm–dd.mm)

Birch
Spruce
Pine
Nettle

29.04–26.05
13.05–14.06
23.05–13.06
27.06–14.08

Taxa
Betula
Picea
Pinus
Urtica

The longest axis size (μm)∗
22–28
90–110
65–80
15–20

(b) Selected intense pollination periods (IPPs)
IPP
IPP-1
IPP-2
IPP-3
IPP-4

Period time in 2016
(dd.mm–dd.mm)
05.05–09.05
12.05–16.05
23.05–25.05 & 28.05–03.06
01.07–03.07 & 14.07–18.07 & 24.07–04.08

Pollen types (percentage of number concentration)
Birch (97 %), other pollen (3 %)
Birch (82 %), spruce (14 %), other pollen (4 %)
Pine (95 %), other pollen (5 %)
Nettle (75 %), other pollen (25 %)

∗ Values from Nilsson et al. (1977).

Flamant et al., 1997; Mattis et al., 2008) based on the lidarderived backscatter coefﬁcient proﬁle at 532 nm wavelength.
A more detailed description of the layer deﬁnition method is
described in Bohlmann et al. (2019). In this study, 2 h timeaveraged lidar proﬁles are used to match the pollen sampler time resolution. The retrieved pollen layers are shown
in Fig. 9a. With an overlap correction applied in this study,
the lower limit for reliable backscatter proﬁles was about
600 m a.g.l. Statistical values of the pollen layer top height
above ground level for the four IPPs were 1.5±0.3, 1.3±0.3,
1.3 ± 0.4, and 1.2 ± 0.3 km, respectively (Fig. 9b). The lowest layer top height was found for the nettle pollen, belonging to herbaceous species. For the relatively larger spruce and

https://doi.org/10.5194/acp-20-15323-2020

pine pollen, the layer top heights were lower compared to the
smaller birch pollen.
4.2.2

Lidar-derived optical properties

Mean values of lidar-derived optical properties inside the detected pollen layers were retrieved (Table 4); these optical
values represent the atmosphere with the presence of pollen
(thus the mixture of pollen with other aerosols).
The lidar ratio (LR) at 532 nm and the LR at 355 nm
for pollen layers were retrieved using the standard Raman
method (Ansmann et al., 1990) during night-time measurements. The mean values are reported in Table 4, and box
plots of LR at 532 nm and ratio of LRs are shown in Fig. 10a
and b. Although the number of available proﬁles is limited,
Atmos. Chem. Phys., 20, 15323–15339, 2020
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Table 4. Lidar-derived optical values of pollen layer for the intense pollination periods (IPPs) (mean values ± standard derivation are given).
LR: lidar ratio, PDR: particle linear depolarization ratio, Å bsc: backscatter-related Ångström exponent.

IPP-1
IPP-2
IPP-3
IPP-4

Raman
cases

LR 355 nm
(sr)

LR 532 nm
(sr)

All
cases

PDR 532 nm

Å bsc
355–532 nm

10
7
13
15

54 ± 12
71 ± 10
66 ± 12
63 ± 14

61 ± 8
69 ± 4
63 ± 14
68 ± 11

37
15
46
45

0.08 ± 0.03
0.25 ± 0.06
0.14 ± 0.09
0.04 ± 0.01

1.57 ± 0.43
1.32 ± 0.61
1.38 ± 0.57
1.83 ± 0.43

Figure 7. Examples of estimated uncertainties (left y axis) and
relative uncertainties (right y axis) on retrieved pollen depolarization ratio (DRpollen ) at 532 nm against (a) the applied noise levels on backscatter coefﬁcient (Bsc), and (b) the initial input values
of DRpollen , using Monte Carlo method. The initial input value of
DRpollen is 0.35 for the example in (a). The noise level on backscatter coefﬁcient (Bsc) is 10 % for the example in (b).

our results indicate that pollen consists of medium- to highabsorbing particles with values from 55 to 70 sr for all pollen
types. For birch-dominant IPP-1 and nettle-dominant IPP-4,
the LR of pollen layers at 532 nm is slightly larger than the
LR at 355 nm. This behaviour is reversed for IPP-3 (pinedominant) and IPP-2 (mixture of birch and spruce). However,
no signiﬁcant wavelength dependence can be determined on
LR values accounting for the uncertainties.
The depolarization ratio was clearly enhanced when there
were pollen grains in the air, and even higher depolarization ratios were observed with the presence of the more nonspherical spruce and pine pollen. Lidar-derived PDR values
of detected pollen layers for the whole periods of each IPP
Atmos. Chem. Phys., 20, 15323–15339, 2020

Figure 8. (a) Pollen concentration (2 h average) measured by the
Burkard sampler at roof level. The main pollen types are shown
according to the colour code. Deﬁned intense pollination periods
(IPPs) are shown by lines on the top. (b) Microphotographs of
pollen grain: Urtica (nettle pollen), Betula pendula (birch pollen),
Pinus (pine pollen), Picea abies (spruce pollen). Source: PalDat
– a palynological database (https://www.paldat.org, last access:
7 April 2020).

are shown in Table 4 and Fig. 10c. This indicates that the
depolarization ratio is the most proper indicator for pollen
type. The extinction-related (not shown in this study) and
backscatter-related Ångström exponent were also retrieved
for pollen layers. The difference in the Ångström exponent
for IPPs is much less evident, as the box plot of backscatterrelated Ångström exponent between 355 and 532 nm shows
(Fig. 10d). The use of the Ångström exponent to characterize pollen is quite delicate, as its value depends a lot on
the background aerosol. Nevertheless, a clear tendency to
a smaller Ångström exponent with an increasing depolarization ratio can be found, as is reported in Bohlmann et
al. (2019). Thus under the same or similar background conditions, the Ångström exponent can be an indicator for pollen
type. Even though we assumed that pollen grains were evenly
distributed inside the pollen layer, a bigger pollen contribution in the aerosol mixture near the ground was observed.
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Figure 9. (a) Pollen layer deﬁnition for four intense pollination periods (IPPs). (b) Box plot of pollen layer top heights during each IPP. The
number of available proﬁles is given. Colours are related to the IPPs.

Figure 10. Box plots of (a) lidar ratio (LR) at 532 nm and (b) ratio of LR at 355 nm and LR at 532 nm during night-time measurements. Box plots of (c) particle linear depolarization ratio (PDR)
and (d) backscatter-related Ångström exponent between 355 and
532 nm during all-day measurements. Mean values of the detected
pollen layer for four IPPs are used. The horizontal line represents
the median, the boxes the 25 % and 75 % percentiles, the whiskers
the standard deviation, and the plus signs the outliers.

4.3

Estimation of optical properties for pure pollen
from lidar observations

So far, we have retrieved the optical properties of the pollen
layers, but the values for pure pollen are still unknown. In
this section, the novel methodology presented in Sect. 3 is
applied to the real lidar observations to estimate the optical
properties for pure pollen particles.
4.3.1

Pollen optical properties at 532 nm

The method given in the inverse model module was applied
to the real lidar observations in this section to retrieve the
depolarization ratio at 532 nm for pure pollen. We assume
that there are only pollen and non-depolarizing background
aerosols in the air, which is reasonable because of the clean
aerosol conditions at the measurement site.
https://doi.org/10.5194/acp-20-15323-2020

For the ﬁrst step, the depolarization ratio of pure pollen
(δx ) at 532 nm was assumed to be 0.2, 0.3, 0.4, or 0.5, and
the depolarization ratio of non-pollen particles (δbackground )
at 532 nm was assumed to be 0.03. Under each assumption,
we calculated the pollen backscatter coefﬁcient during all
IPPs and thus extract the related pollen backscatter contribution inside the pollen layer (χpollen (δx , 532)). Mean values of backscatter-related Ångström exponents between 355
and 532 nm inside the pollen layer were retrieved and denoted as Å(355, 532). The relationship of Å(355, 532) and
χpollen (δx , 532) of the pollen layers in each IPP was investigated using the parameter η (Eq. 6). The scatter plots using mean η and χpollen (δx , 532) under different values of assumed δx (0.2, 0.3, 0.4, or 0.5) for IPP-1 and IPP-3 are given
in the Supplement (Fig. S5 for IPP-1 and in Fig. S6 for IPP3).
Based on results from the ﬁrst step, in the second step,
more δx values between 0.2 and 0.3 for IPP-1 (between 0.3
and 0.4 for IPP-3) were used for the calculations. Linear
ﬁtting lines were generated for the η and χpollen (δx , 532)
(Eq. 8) under each assumed δx . For these ﬁtting lines,
the η value for χpollen (δx , 532) = 1 was retrieved, denoted
as ηpure (δx , 532) and reported in Fig. 11. ηpure presents
the η values when the pollen contribution in the observed
aerosol particle population is 100 %. Using these estimated
ηpure (δx , 532) and δx , linear ﬁts (shown by dotted lines in
Fig. 11) can be assessed with high correlations.
Further on, the δx value which results in a certain value
of ηpure (δx , 532) could be assumed as the depolarization
ratio value of pure pollen. Under the assumption that the
backscatter-related Ångström exponent of pure pollen (denoted as Åpollen ) between 355 and 532 nm is 0 (i.e. ηpure = 1),
depolarization ratios of 0.24 or 0.36 were found for IPP-1
or IPP-3, respectively, which are related to the pure birch
or pure pine pollen (Table 5). The scatter plots of mean
η and χpollen (δx , 532) are shown in Fig. 12: (a) for IPP-1
with a pollen depolarization ratio of 0.24 and (b) for IPP3 with a pollen depolarization ratio of 0.36. Good linear
regression relationships are found for both cases, and two
things should be highlighted: (1) Åpollen is 0 (i.e. ηpure = 1)
for 100 % pollen in the observed aerosol particle popula-
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Figure 11. Estimated ηpure against the related assumed pollen depolarization ratio δx at 532 nm for IPP-1 (in green) and IPP-3 (in
blue). Linear regression lines are drawn by dotted lines, with ﬁtting
equations shown. The correlation coefﬁcient (R 2 ) values are also
given. η is a parameter using backscatter-related Ångström exponents between 355 and 532 nm (Eq. 6), and ηpure is the estimated
η value for χpollen (δx ) = 1 (i.e. the pollen contribution in the observed aerosol particle population is 100 %) (Eq. 8). The ﬁnal results for pure pollen are shown by the black triangles. ηpure values of 0.82 and 1.22 (i.e. backscatter-related Ångström exponent of
−0.5 and 0.5) are shown by horizontal dotted red lines.

and 2.9 % for pine (Table 5). Note that the different initial input values of Åpollen may introduce important additional bias.
If we assume the true value of Åpollen is between −0.5 and 0.5
(i.e. values of ηpure from 0.82 to 1.22, shown by dotted red
lines in Fig. 11), depolarization ratios of 0.19 to 0.27 can be
found for birch pollen, and 0.26 to 0.44 can be found for pine
pollen. The optical properties of pure pollen are lacking in
the literature. Cao et al. (2010) measured the linear depolarization ratio of different pollen types in an aerosol chamber,
by disseminating 2 g of the selected pollen; they determined
a linear depolarization ratio at 532 nm for paper birch of 0.33
and for Virginia pine of 0.41. These values are higher than
what we retrieved in this study, but it has to be kept in mind
that these two experiments were conducted in quite different
environments and conditions.
The retrieval of depolarization ratios for pure spruce or
pure nettle pollen was not possible with this data set. During IPP-2, there was always a mixture of birch and spruce
pollen with a variable mixing rate; in addition, the number
of available measurements is limited. For nettle pollen, we
have observed relatively small depolarization ratio values,
together with a small variation, which makes the separation
more challenging.
4.3.2

tion (i.e. χpollen = 1); and (2) without pollen in the air (i.e.
χpollen = 0), the backscatter-related Ångström exponent of
non-pollen particles (Åbackground ) between 355 and 532 nm
can be calculated, resulting in values of 2.0 for IPP-1 and 1.9
for IPP-3 (i.e. η of 2.28 for IPP-1, 2.18 for IPP-3). There are
no values of the Ångström exponent for pure pollen in the
literature, but this assumption (Åpollen = 0) is almost realistic, as pollen grains are quite big and thus can be assumed to
be wavelength-independent of the backscatter at wavelengths
of 355 and 532 nm. For big particles such as dust, Mamouri
and Ansmann (2014) reported extinction-related Ångström
exponents between 440 and 675 nm, with values of −0.2 for
coarse dust and 0.25 for total dust.
An uncertainty study was investigated based on the
method described in Sect. 3.3 using a Monte Carlo approach. The overall relative uncertainties of the lidar-derived
backscatter coefﬁcients are of the order of 5 %–10 % (Baars
et al., 2012); we took 10 % here in the simulation. Initial
pollen depolarization ratio values were selected to be 0.24
for birch and 0.36 for pine for the uncertainty simulation;
initial backscatter-related Ångström exponents of non-pollen
particles between 355 and 532 nm were selected to be 2.0 and
1.9 for IPP-1 and IPP-3, respectively. Based on the lidar observations (Fig. 12), the simulated cases were selected so that
the χpollen values range from 2 % to 60 % for birch and 2 % to
90 % for pine. The initial input Åpollen in the direct model and
assumed Åˆ
in the inverse mode were both selected to be
pollen

0. Estimated uncertainties were found to be 2.4 % for birch
Atmos. Chem. Phys., 20, 15323–15339, 2020

Pollen optical properties at 1064 and 355 nm

A similar study was performed to investigate the relationship
between backscatter-related Ångström exponents between
532 and 1064 nm (Å(1064, 532)) and the pollen backscatter contribution at 532 nm; here we use another parameter η (Eq. 6), which is a function of Å(1064, 532), for the
total particle backscatter. From the earlier simulations, we
found out that the pollen backscatter contribution at 532 nm
(χpollen (532)) is proportional to the parameter η , considering
Eq. (5) using the wavelength pair of λ1 = 1064 and λ2 = 532.
The inverse model was applied for several assumed pollen
depolarization ratios at 532 nm (ranging from 0.2 to 0.6),
and no values of η = 1 (i.e. Å(1064, 532)pollen = 0) were
found (Figs. S5, S6, S7). This result may be due to the fact
that the laser beam at longer wavelengths would be more
sensitive to bigger particles (pollen). Thus, there is some
wavelength dependence on the backscattering between 532
and 1064 nm. The backscatter-related Ångström exponent of
non-pollen particles between 532 and 1064 nm, denoted as
Åbackground (532, 1064), can be calculated using Eq. (5) and
the ﬁtting equations in Figs. S5b and S6b, considering no
pollen in the air (i.e. χpollen =0). A Åbackground (532, 1064)
value of 1.0 or 1.1 (i.e. η = 0.50 or 0.46) was estimated
for IPP-1 or IPP-3, respectively. Considering the previously estimated depolarization ratio at 532 nm for pure birch
(pine) pollen of 0.24 (0.36), the related η was found to
be 0.58 (0.69), corresponding to the value of ∼ 0.8 (∼
0.5) for the backscatter-related Ångström exponent between
532 and 1064 nm. The extinction-related Ångström exponent is characterized mainly by the particle size, whereas
https://doi.org/10.5194/acp-20-15323-2020
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Table 5. Linear depolarization ratios for pure pollen. The assumption that the backscatter-related Ångström exponent between 355 and
532 nm for pollen (Åpollen ) should be 0 was applied for this study. The uncertainty on Åpollen was not taken into account for the standard
deviation shown here, which may introduce non-negligible additional bias. For example, under the assumption of Åpollen ± 0.5, the range of
depolarization ratio values is 0.19 to 0.27 for birch pollen and 0.26 to 0.44 for pine pollen. See more details in Sect. 4.3.
Pollen type

Depolarization ratio
at 532 nm

Depolarization ratio
at 355 nm

This study, Finland
(in the atmosphere)

Silver birch
Scots pine

0.24 ± 0.01
0.36 ± 0.01

0.17
0.30

Cao et al. (2010), Canada
(in an aerosol chamber)

Paper birch
Virginia pine

0.33 ± 0.004
0.41 ± 0.006

0.08 ± 0.008
0.20 ± 0.013

Figure 12. Mean values of the parameter η against pollen backscatter contribution at 532 nm (χpollen (δx , 532)) inside the pollen layers,
during IPP-1 (a) and IPP-3 (b). η is a parameter using the backscatter-related Ångström exponent between 355 and 532 nm (Eq. 6). The
pollen depolarization ratio δx at 532 nm is assumed to be 0.24 for (a) or 0.36 for (b). Linear regression lines are drawn by dotted lines,
with ﬁtting equation shown (Eqs. 5 or 8). The correlation coefﬁcient (R 2 ) is also given. The size denotes the total pollen concentrations
measured by the Burkard sampler at roof level; the colour represents the number concentration of the dominant pollen (a: birch, b: pine)
against the total pollen number concentration. Similar ﬁgures using different assumed values of pollen depolarization ratio can be found in
the Supplement (Figs. S5 and S6).

the backscatter-related Ångström exponent depends on both
the particle size and the refractive index (e.g. Amiridis et
al., 2009; Giannakaki et al., 2010). Veselovskii et al. (2015)
reported that the backscatter-related Ångström exponent between 355 and 532 nm is more sensitive to the refractive index, compare to the one between 532 and 1064 nm. In a study
of Asian dust, Hofer et al. (2020) showed a larger range of
values (−0.5 to 1.8) for the 355–532 nm backscatter-related
Ångström exponent compared to the 532–1064 nm one (0.1
to 1.4).
A depolarization ratio at 355 nm can also be estimated, as
pollen backscatter at both 355 and 532 nm should be the same
under the assumption that the backscatter-related Ångström
exponent between 355 and 532 nm for pure pollen is 0. The
pollen backscatter contribution at 355 nm (χpollen (355)) was
calculated using the lidar-derived particle backscatter coefﬁcient at 355 nm. The inverse model was applied here for
the backscatter-related Ångström exponent between 355 and
532 nm (Å(532, 355)) and pollen backscatter contribution at

https://doi.org/10.5194/acp-20-15323-2020

355 nm, using a third parameter η1 (as in Eq. 6, a function of Å(532, 355)), which is proportional to the pollen
backscatter contribution at 355 nm, considering Eq. (5) using the wavelength pair of λ1 = 532 and λ2 = 355. Here Å
is the backscatter-related Ångström exponent between 355
and 532 nm, for the total particle backscatter coefﬁcient. Under different values of assumed pollen depolarization ratio
at 355 nm (δx,355 ) from 0.1 to 0.4, linear correlations were
found for η1 and χpollen (δx,355 , 355) (Fig. S8). Values for
1
η pure (δx,355 )

for 100 % pollen backscatter contribution at
355 nm are reported in Fig. 13, against related δx,355 . Finally,
the pollen depolarization ratios of 0.17 and 0.30 at 355 nm
were found for IPP-1 (birch) and IPP-3 (pine), respectively
(Table 5). Cao et al. (2010) found smaller values, with a linear depolarization ratio at 355 nm of 0.08 for paper birch and
of 0.20 for Virginia pine.
The particle linear depolarization ratio at 355 nm can be
calculated by using the pollen depolarization ratio at 355 nm.
Mean values of depolarization ratio of pollen layers for IPP-1
Atmos. Chem. Phys., 20, 15323–15339, 2020
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larization values when pollen is present, which may be a key
parameter for pollen recognition and characterization. Thus,
depolarization ratios at different wavelengths are needed to
identify different pollen types.

5

(δ
) against the related assumed
Figure 13. Estimated η1
pure x,355
pollen depolarization ratio at 355 nm (δx,355 ) for IPP-1 (in green)
and IPP-3 (in blue). Linear regression lines are drawn by dotted
lines, with ﬁtting equations shown. The correlation coefﬁcient (R 2 )
values are also given. η1 is a parameter using the backscatter-related

Ångström exponent between 355 and 532 nm (Eq. 6), and η1

is

pure
the estimated η1 value for χpollen (δx,355 , 355) = 1. The ﬁnal results

for pure pollen are shown by the black triangles. Results are under the assumption that the backscatter-related Ångström exponent
between 355 and 532 nm for pure pollen is 0.

Figure 14. Box plots of estimated particle linear depolarization ratio (PDR) at 355 nm. Mean values of the detected pollen layer for all
IPPs are used. The horizontal line represent the median, the boxes
the 25 % and 75 % percentiles, the whiskers the standard deviation,
and the plus signs the outliers. Results are under the assumption
that the backscatter-related Ångström exponent between 355 and
532 nm for pure pollen is 0.

and IPP-3 were retrieved and are shown in Fig. 14. For both
periods, PDR values at 355 nm are relatively smaller than the
ones at 532 nm.
Uncertainty values for pollen depolarization ratios and
particle linear depolarization ratio at 355 nm are not given
in this paper, as these estimations were under the assumption
that the backscatter-related Ångström exponent between 355
and 532 nm for pure pollen is 0 and are based on previously
retrieved pollen depolarization ratios at 532 nm. More uncertainty sources should be considered for the uncertainty study,
and it is complicated to give qualitative values. Nevertheless, a wavelength dependence seems to be found for depoAtmos. Chem. Phys., 20, 15323–15339, 2020

Summary and conclusions

We have deﬁned lidar-derived properties for pure pollen
based on a 4-month pollen campaign, which was performed
during May to August 2016 at the Kuopio station in Eastern Finland. This station is part of the European Aerosol Research Lidar Network (EARLINET). Twenty types of pollen
were observed and identiﬁed by a Burkard sampler, among
which birch (Betula), pine (Pinus), spruce (Picea), and nettle
(Urtica) pollen were the most abundant, contributing more
than 90 % of the total pollen load, regarding number concentrations. Four intense pollination periods (IPPs) were deﬁned
considering the pollen seasons and the daily mean pollen
concentration values.
Mean values of lidar-derived optical properties in the
pollen layer were used to characterize pollen for each IPP. We
found that lidar ratio (LR) values range from 55 to 70 sr for
all pollen types, indicating that pollen consists of medium- to
high-absorbing particles. No signiﬁcant wavelength dependence could be determined on LR values using LRs at 355
and 532 nm, regarding the uncertainties. The wide range of
LRs suggests that the LR alone is not a suitable parameter
to discriminate between different pollen types. Nonetheless,
we showed that the depolarization ratio is the most proper
indicator for pollen and, further, the pollen type, as the depolarization ratio was enhanced when there was pollen in
the air, and an even higher depolarization ratio was observed
with the presence of the more non-spherical spruce and pine
pollen. The Ångström exponent could be used to classify
different pollen types only under the same or similar background conditions, as its value depends a lot on the background aerosols.
As the main results, we provide a novel method for the
characterization of pure pollen particles. We present an algorithm to estimate the depolarization values for pure pollen,
under the assumption that the backscatter-related Ångström
exponent between 355 and 532 nm should be zero for pure
pollen, as pollen grains are quite large and can be assumed to
be wavelength-independent at these two wavelengths. This
algorithm was ﬁrst tested and validated through a simulator of synthetic lidar proﬁles (including a direct model and
an inverse model module). Mathematically, the depolarization ratio for pure pollen can be calculated using the equations given in Sect. 3, if other variables are known or can be
assumed. We have developed a retrieval method to estimate
the pollen depolarization ratio, which was applied to the lidar observations. The depolarization ratio of pure pollen particles at 532 nm was assessed, resulting in 0.24 ± 0.01 and
0.36 ± 0.01 for birch and pine pollen, respectively. The unhttps://doi.org/10.5194/acp-20-15323-2020
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certainty on the assumed backscatter-related Ångström exponent of pure pollen will introduce non-negligible bias in
addition, as discussed in Sect. 4.3.1. Pollen optical properties at 1064 and 355 nm were also estimated based on the
retrieved pollen depolarization ratio at 532 nm. Pollen depolarization ratios of 0.17 and 0.30 at 355 nm were found
for birch and pine pollen, respectively. The depolarization
values show a wavelength dependence for pollen. This can
be the key parameter for pollen detection and characterization. Also, a wavelength dependence on the backscatter between 532 and 1064 nm was found, with the value
of the backscatter-related Ångström exponent of ∼ 0.8 (∼
0.5) for pure birch (pine) pollen between 532 and 1064 nm.
Based on simulations in this study, we found that depolarization ratios at 355 nm and 1064 nm provide valuable information for pollen study; thus more multi-wavelength lidar studies on the depolarization characterization of atmospheric pollen are necessary. The presented novel algorithm
and the estimated optical properties for pure pollen in this
study provide a good method for pollen characterization and
classiﬁcation. Currently, the CALIPSO (Cloud-Aerosol LIdar with Orthogonal Polarization) aerosol type classiﬁcation
scheme includes seven tropospheric aerosol types (Kim et al.,
2018; https://www-calipso.larc.nasa.gov/resources/calipso_
users_guide/data_summaries/vfm/index_v420.php, last access: 7 April 2020), in which pollen (or biogenic aerosols in
general) is excluded. Such ground-based lidar measurements
also provide the possibility of implementing a new aerosol
type in the CALIPSO classiﬁcation scheme, for example using the depolarization ratio at 532 nm. This method can also
be applied to other aerosol mixtures (e.g. dust and non-dust
aerosols) to retrieve the particle linear depolarization ratio
related to aerosol types, under the condition that the depolarization ratio of one aerosol type is the only unknown parameter, and other parameters are known or can be reasonably
well approximated. Note that the two constraints mentioned
in Sect. 3.1 should be considered: both the depolarization ratio and the backscatter-related Ångström exponent of the two
aerosol types should be different.
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Abstract. The depolarization ratio is a valuable parameter
for lidar-based aerosol categorization. Usually, the aerosol
particle depolarization ratio is determined at relatively short
wavelengths of 355 nm and/or 532 nm, but some multiwavelength studies including longer wavelengths indicate
strong spectral dependency. Here, we investigate the capabilities of Halo Photonics StreamLine Doppler lidars to retrieve
the particle linear depolarization ratio at the 1565 nm wavelength. We utilize collocated measurements with another lidar system, PollyXT at Limassol, Cyprus, and at Kuopio,
Finland, to compare the depolarization ratio observed by the
two systems. For mineral-dust-dominated cases we ﬁnd typically a slightly lower depolarization ratio at 1565 nm than at
355 and 532 nm. However, for dust mixed with other aerosol
we ﬁnd a higher depolarization ratio at 1565 nm. For polluted marine aerosol we ﬁnd a marginally lower depolarization ratio at 1565 nm compared to 355 and 532 nm. For mixed
spruce and birch pollen we ﬁnd a slightly higher depolarization ratio at 1565 nm compared to 532 nm. Overall, we conclude that Halo Doppler lidars can provide a particle linear
depolarization ratio at the 1565 nm wavelength at least in the
lowest 2–3 km above ground.

1

Introduction

Aerosols and their interactions with clouds remain the largest
source of uncertainty in the Earth’s radiative budget (IPCC,
2013). Remote sensing measurements with lidars enable continuous long-term observations of the vertical distribution
of aerosol particles and clouds in the atmosphere, providing
valuable information for improving our understanding of the
global climate system (e.g. Illingworth et al., 2015). Information on the vertical distribution of aerosols is highly important also for the aviation industry in case of hazardous
aerosol emissions from for example volcanic eruptions (Hirtl
et al., 2020).
Lidar measurements of aerosol optical properties at multiple wavelengths can be used to categorize elevated aerosol
layers into different types such as mineral dust, smoke, marine aerosol or volcanic ash (e.g. Baars et al., 2017; Papagiannopoulos et al., 2018). One of the most important parameters for such aerosol typing is the depolarization ratio, which
enables distinguishing spherical and non-spherical particles
from each other (e.g. Burton et al., 2012; Baars et al., 2017).
Furthermore, the depolarization ratio can be used to quantify
the contributions of different aerosol types to elevated layers
(Mamouri and Ansmann, 2017). It is essential also for esti-
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mating vertical proﬁles of cloud condensation nuclei (CCN)
and ice-nucleating particle (INP) concentrations from remote
sensing observations (Mamouri and Ansmann, 2016).
Currently, the particle linear depolarization ratio is most
commonly measured at relatively short wavelengths of 355
and/or 532 nm (e.g. Illingworth et al., 2015; Baars et al.,
2016), though some lidar systems are capable of depolarization ratio measurement at longer wavelengths of 710 and
1064 nm (e.g. Freudenthaler et al., 2009; Burton et al., 2012).
For instance, Burton et al. (2012) used the ratio of depolarization ratios at 1064 and 532 nm as part of their aerosol typing procedure. However, to our knowledge, the aerosol particle depolarization ratio has not been reported at wavelengths
longer than 1064 nm.
Previous studies on the spectral dependency of the depolarization ratio between 355 and 1064 nm have shown a steep
decrease in the depolarization ratio from 532 to 1064 nm for
elevated biomass burning aerosols (Burton et al., 2012, 2015;
Haarig et al., 2018; Hu et al., 2019). On the contrary, mineral
dust layers present an increasing depolarization ratio with increasing wavelength (Groß et al., 2011; Burton et al., 2015)
or a relatively weak maximum at 532 nm (Freudenthaler et
al., 2009; Burton et al., 2015; Haarig et al., 2017). For some
aerosol types, such as marine aerosol (Groß et al., 2011) and
volcanic ash (Groß et al., 2012), no spectral dependency was
observed. However, volcanic ash mixed with boundary layer
aerosol was observed with a clearly lower depolarization ratio at 355 nm than at 532 nm (Groß et al., 2012).
The spectral dependency of the depolarization ratio has
been attributed largely to the shape of the size distribution
of polarizing aerosol particles. In smoke layers, the depolarization signal is probably due to non-spherical soot aggregates, which are in the size range of 100 nm to hundreds of
nanometres and thus do not produce a large depolarization
ratio at 1064 nm (Burton et al., 2015; Haarig et al., 2018;
Hu et al., 2019). Recently, Gialitaki et al. (2020) modelled
smoke as near-spherical submicron particles and found good
agreement with the observed spectral dependency of the depolarization ratio. On the other hand, mineral dust contains
signiﬁcant amounts of coarse-mode particles (>1 μm in diameter), which can explain the large depolarization ratio also
observed at the 1064 nm wavelength (Freudenthaler et al.,
2009; Groß et al., 2011; Burton et al., 2015; Haarig et al.,
2017). In aged dust layers, the faster removal of supermicron
particles is thought to result in the depolarization ratio peaking at 532 nm (Freudenthaler et al., 2009; Groß et al., 2011;
Burton et al., 2015; Haarig et al., 2017). In other words, spectral analysis of the depolarization ratio could permit more indepth diagnosis of coarse-mode polarizing aerosol.
Halo StreamLine Doppler lidars are commercially available ﬁbre-optic systems that operate at a wavelength of
1565 nm and can be equipped with a cross-polar receiver
channel for measuring the depolarization ratio (Pearson et
al., 2009). Over the last few years these lidars have become
widely used in wind and turbulence studies (e.g. Päschke et
Atmos. Chem. Phys., 21, 5807–5820, 2021
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Figure 1. Locations of Vehmasmäki and Limassol measurement
sites.

al., 2015; Vakkari et al., 2015; Tuononen et al., 2017; Manninen et al., 2018). Additionally, depolarization ratio measurements by Halo lidars have been used to study cloud and
precipitation phase (e.g. Achtert et al., 2015).
Now, recently developed post-processing (Vakkari et al.,
2019) allows the utilization of signiﬁcantly weaker signals
from Halo Doppler lidars than previously. Therefore, the
main aim of this paper is to assess the capabilities of Halo
Doppler lidars in providing particle linear depolarization ratio measurements at the 1565 nm wavelength. To do so, we
utilize collocated Halo Doppler lidar and multiwavelength
Raman lidar PollyXT observations during two measurement
campaigns, where different polarizing aerosols were observed. Overall, the comparison indicates that Halo Doppler
lidars can add another wavelength at 1565 nm to studies on
the spectral dependency of the particle linear depolarization
ratio, at least in the lowest 2–3 km above ground.

2

Materials and methods

Here we use data from two measurement campaigns where
a Halo Photonics Doppler lidar and a PollyXT Raman lidar
were collocated: at Kuopio, Finland, from 9 to 16 May 2016
and at Limassol, Cyprus, from 21 April to 22 May 2017. The
campaigns represent quite different environments (Fig. 1)
and enable the comparison of the depolarization ratio at
1565 nm by the Halo instrument to the depolarization ratio at
355 and 532 nm from PollyXT for a range of aerosol types.
Furthermore, the campaigns were equipped with different devices of the Halo and PollyXT designs, and thus potential differences between instrument individuals can be investigated.
The Vehmasmäki site (62.738◦ N, 27.543◦ E; 190 m a.s.l.)
in Kuopio is a rural location surrounded by boreal forest (Bohlmann et al., 2019). The focus of the campaign in
https://doi.org/10.5194/acp-21-5807-2021
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May 2016 was to investigate the capability to characterize
the optical properties of airborne pollen with the multiwavelength Raman lidar PollyXT (Bohlmann et al., 2019). Here,
we utilize 1 week of collocated measurements to compare
Halo depolarization at 1565 nm to PollyXT during a spruce
and birch pollination episode.
Limassol (34.675◦ N, 33.043◦ E; 22 m a.s.l.) is located at
the southern shore of Cyprus in the eastern Mediterranean.
Measurements at Limassol were part of the Cyprus Clouds
Aerosol and Rain Experiment (CyCARE; Ansmann et al.,
2019) and were performed as a collaboration between the
Cyprus University of Technology (CUT), Limassol, and
the Leibniz Institute for Tropospheric Research (TROPOS),
Leipzig. During April–May, several Saharan dust episodes
were observed at Limassol in addition to the regional aerosol.

Table 1. Speciﬁcations of Halo Doppler lidars used in this study.

2.1

ance between signal strength and good enough time resolution for retrievals of turbulent properties.
Halo StreamLine lidars provide three parameters along the
beam direction: radial Doppler velocity, signal-to-noise ratio (SNR) and attenuated backscatter (β), which is calculated
from SNR taking into account the telescope focus. For a coherent Doppler lidar attenuated backscatter is obtained as

Halo Doppler lidar

Halo Photonics StreamLine lidars are commercially available 1565 nm pulsed Doppler lidars equipped with a heterodyne detector (Pearson et al., 2009). Halo StreamLine lidars emit linearly polarized light, and the optical path is constructed with ﬁbre-optic components, which can be equipped
with a cross-polar receiver channel. The cross-polar channel
is implemented through a ﬁbre-optic switch between the normal receiver path and path with a ﬁbre-optic polarizer. Thus,
the measurement of the co- and cross-polar signals is not simultaneous but consecutive in vertically pointing mode. For
instance, if the integration time per ray is set to 7 s, then copolar signal is collected for 7 s and then cross-polar signal is
collected during the next 7 s.
For research purposes, the most commonly used variants
of StreamLine lidars are StreamLine, StreamLine Pro and
StreamLine XR. The StreamLine and the more powerful
StreamLine XR lidars enable full hemispheric scanning. The
Streamline Pro is designed without moving parts on the outside, which limits the scanning to a cone of 20◦ from vertical.
All StreamLine variants can be used for depolarization ratio
measurements, but an important difference between XR and
other StreamLine versions is that the XR background noise
level cannot be determined as accurately in the near range as
for the non-XR versions (Vakkari et al., 2019). This difference is attributed to the more sensitive ampliﬁer used in the
StreamLine XR (Vakkari et al., 2019).
In this study we utilize vertically pointing measurements
only from two StreamLine Pro systems. The operating speciﬁcations of these systems are given in Table 1. StreamLine
lidars send and receive pulses through a single lens, which
avoids issues with overlap and leads to a minimum range
of 90 m due to impact of the outgoing pulse. At Vehmasmäki, we focused on boundary layer aerosol and set integration time per ray to 7 s and telescope focus to 2000 m. At
Limassol, we expected to encounter elevated aerosol layers
frequently and set the integration time per ray to 11.5 s and
telescope focus to inﬁnity. The integration time is set to balhttps://doi.org/10.5194/acp-21-5807-2021

Wavelength
Pulse repetition rate
Pulse energy
Pulse duration
Nyquist velocity
Sampling frequency
Velocity resolution
Points per range gate
Range resolution
Maximum range
Lens diameter
Lens divergence
Telescope

β(z) = A

SNR(z)
,
Tf (z)

1565 nm
15 kHz
20 μJ
0.2 μs
20 m s−1
50 MHz
0.038 m s−1
10
30 m
9600 m
8 cm
33 μrad
monostatic optic-ﬁbre coupled

(1)

where z is the range from the instrument, A incorporates
system-speciﬁc constants and Tf (z) is the telescope focus
function, which includes range correction (Frehlich and
Kavaya, 1991; Pentikäinen et al., 2020).
A background check to determine range-resolved background noise level is performed automatically once per hour.
The raw signal from atmospheric measurement is then divided by this noise level in the ﬁrmware and returned as SNR
(see Vakkari et al., 2019). We post-processed SNR according to Vakkari et al. (2019), which ensures that both co- and
cross-polar SNR have an unbiased noise level; i.e. SNR is 0
when there is no signal (cf. Manninen et al., 2016). Furthermore, the post-processing is essential to be able to further
reduce the instrumental noise ﬂoor by averaging the SNR
(Vakkari et al., 2019). After post-processing SNR, β is calculated with Eq. (1).
Halo depolarization ratio
We estimate the instrumental uncertainty in Halo StreamLine
SNR from the standard deviation of SNR in the cloud- and
aerosol-free part of the proﬁle. Given the long wavelength
and low pulse energy, no contribution from molecular scattering is observed in the signal. At 1565 nm the molecular
backscatter coefﬁcient is about 1.9 × 10−8 m−1 sr−1 at mean
sea level, using mean values for the atmospheric number density taken from the US Standard Atmosphere, 1976 (COESA
1976). The two-way atmospheric transmittance at 1565 nm is
still 0.9994 at 2 km altitude above a lidar situated at mean sea
Atmos. Chem. Phys., 21, 5807–5820, 2021
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Figure 2. Proﬁles at Limassol, Cyprus, on 2 May 2017 at
12:08 UTC. (a) Co- and cross-polar SNR. A liquid cloud at approx. 800 m a.g.l. results in full attenuation of signal. Below cloud
layer aerosol signal is visible. Above 1 km variability in SNR is due
to instrumental noise only. (b) The same as panel (a) but limited to
lowest 1 km a.g.l. (c) Ratio of cross-polar SNR to co-polar SNR up
to 1 km a.g.l. calculated from proﬁles in panel (a). Error bars represent uncertainty due to instrumental noise estimated from SNR at
>1 km a.g.l. in panel (a).

level. Hence, the measured depolarization ratio can be safely
assumed to represent the particle linear depolarization ratio.
In Fig. 2a, consecutive co- and cross-polar SNR proﬁles
are presented, where aerosol signal is observed up to 800 m
above ground level (a.g.l.) and a liquid cloud base is observed at 840 m a.g.l. In liquid cloud the signal attenuates
quickly, and above 1 km the proﬁles represent instrumental
noise only. We use the measurements above 1 km to calculate
standard deviations of co-polar SNR (σco ) and cross-polar
SNR (σcross ). In Fig. 2c, the raw depolarization ratio (δ ∗ )
is calculated simply as the ratio of cross-polar SNR to copolar SNR, and uncertainty is estimated from σco and σcross
by Gaussian error propagation.
The construction of Halo StreamLine lidars does not include a calibrator for depolarization channel, unlike PollyXT
lidars for instance (Engelmann et al., 2016). Furthermore, the
user cannot change the optical path to include a calibrator or
check the depolarizing effects of the individual components.
Therefore, we are limited to evaluating the Halo depolarization ratio at liquid cloud base.
Spherical cloud droplets do not polarize the directly
backscattered radiation, and thus non-zero δ ∗ at liquid cloud
base is an indication of incomplete extinction (or bleedthrough) in the lidar internal polarizer. However, measurement of δ ∗ at cloud base can be biased by signal saturation
or changes in cloud properties between co- and cross-polar
measurement. Furthermore, multiple scattering results in increasing depolarization signal inside a liquid cloud (e.g. Liou
and Schotland, 1971). This increase in in-cloud δ ∗ is clearly
seen in Fig. 2c: at cloud base δ ∗ is 0.0102, and at the next
gate 30 m deeper inside the cloud δ ∗ has increased to 0.0116.
The magnitude of the multiple scattering effect on depolarization ratio depends on both cloud and lidar properties
Atmos. Chem. Phys., 21, 5807–5820, 2021
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(e.g. Donovan et al., 2015). In Halo StreamLine lidars the instrument telescope design has a matched ﬁeld of view and divergence of 33 μrad (Table 1), and consequently the effect is
small: in Fig. 2c δ ∗ increases by 0.0014 in 30 m. For instance,
for the system modelled by Donovan et al. (2015) in-cloud
multiple scattering increases the depolarization ratio from 0
to 0.05 in approx. 50 m. Nevertheless, to minimize the effect
of multiple scattering we only consider δ ∗ at the cloud base
for the determination of the average bleed-through and use
measurements in several clouds.
For low-level clouds, we have observed saturation of the
co-polar signal in the more powerful StreamLine XR instruments. Signal saturation at liquid cloud base is readily identiﬁed as a non-linear relationship between co- and cross-polar
SNR. For the measurement cases analysed here, we did not
observe indications of saturation. Furthermore, we note that
δ ∗ at cloud base should be determined with as high a time
resolution as possible to ensure that both co- and cross-polar
measurements represent the same part of the cloud. In practice, integration time is kept constant during a measurement
campaign and was set as a compromise between temporal
resolution and signal strength. We mitigate the effect of poor
time resolution by choosing cases where cloud base remains
at the same altitude (within lidar resolution) for some tens of
minutes and thus one can assume temporal homogeneity. No
vertical smoothing is applied in calculating δ ∗ , as the signal
at cloud base is strong compared to the aerosol signal. Finally, it should be noted that, especially in higher latitudes, it
is not always trivial to ﬁnd purely liquid phase clouds. Typically, mixed-phase clouds can be distinguished by the depolarizing features of ice crystals. That is, in the histogram of
δ ∗ at cloud base a secondary peak with higher δ ∗ than liquid
clouds would occur, which was not the case for our study.
To characterize the Halo polarizer bleed-through, we determined the δ ∗ at liquid cloud base during both campaigns
(Fig. 3). During the campaign at Limassol, we determined
δ ∗ at cloud base on 25 April and on 2 May 2017. From the
distribution in Fig. 3a, the bleed-through is 0.011 ± 0.007
(mean ± standard deviation). At Vehmasmäki, we utilized
clouds on 13, 14 and 16 May 2016 as shown in Fig. 3b. At
Vehmasmäki, the estimated bleed-through is 0.016 ± 0.009
(mean ± standard deviation). The mean cloud base δ ∗ values observed for these two systems in Fig. 3 are well in line
with our experience with these and ﬁve other StreamLine and
StreamLine XR systems in Finland, where cloud base δ ∗ typically ranges from 0.01 to 0.02.
We attribute the spread in the distributions in Fig. 3 mostly
to variability of the clouds at the measurement sites and to the
fact that co- and cross-polar measurements are consecutive
and not simultaneous. Given that the cross-polar measurement channel is constructed with ﬁbre-optic technology, we
do not expect changes in the performance of the polarizer.
This is also our experience with Halo systems in Finland
since 2016, but we recommend to check the bleed-through
monthly or after an instrument is moved to a new location.
https://doi.org/10.5194/acp-21-5807-2021
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Figure 3. Ratio of cross-polar SNR to co-polar SNR at liquid cloud
base measured with Halo Doppler lidar. (a) Distribution of cloud
base δ ∗ at Limassol. (b) Distribution of cloud base δ ∗ at Vehmasmäki.

Considering the large natural variability of the depolarization
ratio (e.g. Illingworth et al., 2015; Baars et al., 2016) we ﬁnd
the spread of observations in Fig. 3 tolerable. The standard
deviation in Fig. 3 is included in the uncertainty calculation
of the Halo depolarization ratio.
We account for the observed bleed-through (B) in calculating Halo particle linear depolarization ratio (δ1565 ) as
δ=

SNRcross − B · SNRco
,
SNRco

(2)

2.3

where SNRco and SNRcross are the observed co- and crosspolar SNR, respectively. Uncertainty in SNRcross corrected
for bleed-through (i.e. numerator in Eq. 2) is estimated as


σcross,B


2
2
σ
σ
co
B
2
= σcross
+ (B · SNRco )2 ·
+
,
B 2 SNR2co

(3)

where σB is standard deviation of the distribution in Fig. 3.
Finally, uncertainty in δ1565 taking into account instrumental
noise and uncertainty in bleed-through is estimated as
σδ = |δ| 
2.2

at 532 nm (Bohlmann et al., 2019). Due to the biaxial construction of emission and detection units, complete overlap
is reached at 800–900 m a.g.l. (Engelmann, et al., 2016), and
thus only measurements >800 m a.g.l. are utilized for this
study (Bohlmann et al., 2019). The original spatial resolution is 30 m and temporal resolution 30 s for the Vehmasmäki
system (Bohlmann et al., 2019).
At Limassol, PollyXT operated the same receiver channels as the Vehmasmäki system had and additionally a crosspolar channel at 355 nm, together with a near-range telescope
with 355 and 532 nm receiver channels. The near-range channels enable retrieval of optical properties down to 150 m a.g.l.
(Engelmann et al., 2016). Raw spatial resolution is 7.5 m and
temporal resolution is 30 s.
During night-time, the Raman method (Ansmann et al.,
1992) is used to retrieve aerosol optical properties from
the raw signals. For daytime measurements, the method of
Klett (1981) can be utilized. Here, we present only measurements when the Raman method was applied. The calibration of the depolarization ratio was performed at both
Vehmasmäki and Limassol using the so-called 90◦ method
(Freudenthaler, 2016), and the relative uncertainty in the particle linear depolarization ratio was estimated to be 10 %.

2
σcross,B

(SNRcross − B · SNRco )2

+

2
σco

SNR2co

.

(4)

PollyXT

PollyXT is a multiwavelength Raman lidar capable of depolarization ratio measurement at one or two wavelengths
depending on instrument conﬁguration (Baars et al., 2016;
Engelmann et al., 2016). PollyXT emits simultaneously 355,
532 and 1064 nm wavelength pulses at a repetition frequency
of 20 Hz. All PollyXT lidars are built with the same design, but there are small differences in the number of receiver
channels equipped in each individual system. A detailed description of PollyXT design is given by Baars et al. (2016)
and Engelmann et al. (2016).
At Vehmasmäki, PollyXT was conﬁgured with elastic
backscatter channels (355, 532 and 1064 nm); Raman-shifted
channels at 387, 407 and 607 nm; and a cross-polar channel
https://doi.org/10.5194/acp-21-5807-2021

Auxiliary data

Air mass history was estimated with the Hybrid SingleParticle Lagrangian Integrated Trajectory model, HYSPLIT
(Stein et al., 2015). 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. Back trajectories of 96 h arriving at the elevation
of aerosol layers of interest were calculated.
3

Results

In this section we analyse observations of dust, marine and
pollen aerosols during the Limassol and Vehmasmäki campaigns, where said aerosol types were observed simultaneously with Halo and PollyXT lidars. Dust and marine
aerosols were observed during the Limassol campaign in the
eastern Mediterranean, and pollen was observed during the
Vehmasmäki campaign in a boreal forest region in Finland.
We conclude this section with an overall comparison of the
depolarization ratio measurements with the two instruments.
3.1
3.1.1

Elevated dust layers
Limassol 21 April 2017

Right at the beginning of Halo measurements at Limassol
on 21 April 2017, several elevated layers were observed as
seen in Fig. 4. Although Halo can observe elevated layers up
to 6 km a.g.l. on this day, the signal is too weak to retrieve
their depolarization ratio. This is clearly visible in the uncerAtmos. Chem. Phys., 21, 5807–5820, 2021
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Figure 4. Limassol 21 April 2017 measurements with Halo Doppler
lidar. (a) Time series of co-polar SNR at 300 s integration time.
(b) Time series of cross-polar SNR at 300 s integration time. (c) Uncertainty in the depolarization ratio. (d) Particle linear depolarization ratio ﬁltered with σδ <0.05.

tainty in the Halo depolarization ratio in Fig. 4c. At 300 s integration time (i.e. 10 min of alternating co- and cross-polar
measurement), the depolarization ratio can be determined up
to 1–1.5 km a.g.l. with σδ <0.05 on this day (Fig. 4d). The
depolarization ratio can be retrieved also for the relatively
strong elevated layer at 3 km a.g.l. during the morning hours
(Fig. 4d).
Increasing both temporal and spatial averaging enables
the utilization of some of the weaker signals. Figure 5
presents proﬁles of the Halo and PollyXT depolarization ratio, where both are averaged over 1.5 h (20:00–21:30 UTC)
and smoothed vertically with a 300 m running mean. In
the lowest layer <1 km a.g.l., practically no difference is
observed in the depolarization ratio at the different wavelengths. Back-trajectory calculations (Fig. 6) indicate this
layer to be mostly regional air from eastern Mediterranean,
and the relatively large lidar ratio is in the range of observations of smoke or smoke mixed with dust (e.g. Groß et
al., 2011; Baars et al., 2016). On the other hand, for the
layer from 1.5 km to 2 km a.g.l. a clear increase in δ with
increasing wavelength is observed. For this layer air mass
history indicates origins over northern Africa (Fig. 6), and
the lidar ratio (42 ± 4 at 355 nm, 47 ± 5 at 532 nm) is in the
range of dust (Ansmann et al., 2011). For this layer the mean
(± standard deviation) δ values at 355, 532 and 1565 nm are
0.19 ± 0.008, 0.23 ± 0.008 and 0.29 ± 0.008, respectively.
Above 2 km a.g.l., the uncertainty in δ at 1565 nm increases
rapidly and is not used for quantitative analysis here.
3.1.2

Limassol 27 April 2017

Stronger elevated aerosol layers were observed at Limassol
on 27 April 2017. On this day, the depolarization ratio can
be retrieved by Halo up to 3 km a.g.l. (Fig. 7). For an averaging period of 01:25–02:30 UTC, the depolarization ratio
Atmos. Chem. Phys., 21, 5807–5820, 2021

Figure 5. Averaged proﬁles at Limassol on 21 April 2017 at 20:00–
21:30 UTC. All proﬁles have been smoothed by a 300 m running
mean. (a) Backscatter by PollyXT (wavelengths 355–1064 nm) and
attenuated backscatter by Halo (1565 nm). (b) Particle linear depolarization ratio. Error bars represent measurement uncertainty.
(c) Lidar ratio. For PollyXT β355 , β532 , LR355 and LR532 , a nearrange telescope is used for data <900 m a.g.l.

Figure 6. Back trajectories of 96 h arriving at Limassol on
21 April 2017 at 21:00 UTC.

is retrieved for the elevated layer at 1600–2200 m a.g.l. For
this layer, the depolarization ratio at 1565 nm is 0.30 ± 0.005,
which is a little lower than for the shorter wavelengths:
0.36 ± 0.01 at 355 nm and 0.34 ± 0.002 at 532 nm, respectively. For this layer, the air mass history indicates southerly
origins.
On the same day (27 April 2017) at 19:00–20:00 UTC, the
depolarization ratio can be retrieved from the surface up to
2.6 km a.g.l. (Fig. 8). In the lowest 500 m, the depolarization
ratio at 1565 nm is clearly higher than at the shorter wavelengths, suggesting a mixture of larger mineral dust particles
with smaller particles of a lower depolarization ratio. For the
layer at 1500–2500 m a.g.l., practically no wavelength dependency is observed for the depolarization ratio, indicating that backscatter at all wavelengths is dominated by the
same aerosol. The layer-averaged depolarization ratios are
0.31 ± 0.006, 0.33 ± 0.005 and 0.32 ± 0.008 at 355, 532 and
1565 nm, respectively. The high depolarization ratio and lihttps://doi.org/10.5194/acp-21-5807-2021
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Figure 7. Limassol 27 April 2017 measurements with Halo Doppler
lidar. (a) Time series of co-polar SNR at 300 s integration time.
(b) Time series of cross-polar SNR at 300 s integration time. (c) Uncertainty in the depolarization ratio. (d) Particle linear depolarization ratio ﬁltered with σδ <0.05.

Figure 8. Averaged proﬁles at Limassol on 27 April 2017 at 19:00–
20:00 UTC. All proﬁles have been smoothed by a 300 m running
mean. (a) Backscatter by PollyXT (wavelengths 355–1064 nm) and
attenuated backscatter by Halo (1565 nm). (b) Particle linear depolarization ratio. Error bars represent measurement uncertainty.
(c) Lidar ratio. For PollyXT β355 and β532 , a near-range telescope
is used for data <900 m a.g.l.

dar ratio of 47 ± 5 at 355 nm (38 ± 3 at 532 nm) indicate almost pure dust (Ansmann et al., 2011; Baars et al., 2016).
Air mass history, on the other hand, indicates northerly or
north-westerly origins at both 2 km a.g.l. and at the surface
(Fig. 9).
3.2

Polluted marine aerosol

On 20 May 2017 at Limassol, a very low aerosol depolarization ratio is observed throughout the day as seen in
Fig. 10. During the morning and afternoon liquid clouds
are observed, but during the evening Raman retrievals with
PollyXT were possible. Figure 11 presents Halo depolarhttps://doi.org/10.5194/acp-21-5807-2021
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Figure 9. Back trajectories of 96 h arriving at Limassol on 27 April.
Back trajectories arriving at 19:00 and 02:00 UTC are included.

Figure 10. Limassol 20 May 2017 measurements with Halo
Doppler lidar. (a) Time series of co-polar SNR at 300 s integration
time. (b) Time series of cross-polar SNR at 300 s integration time.
(c) Uncertainty in the depolarization ratio. (d) Particle linear depolarization ratio ﬁltered with σδ <0.05.

ization ratio proﬁles averaged for the duration of the PollyXT retrieval at 19:54–21:30 UTC. For the surface layer
(up to 1 km a.g.l.), a small decrease in the depolarization
ratio with increasing wavelength is observed. The layeraveraged depolarization ratios are 0.03 ± 0.01, 0.015 ± 0.002
and 0.009 ± 0.003 at 355, 532 and 1565 nm, respectively.
The layer-averaged lidar ratio at 355 nm is 39 ± 4 sr, whereas
the lidar ratio at 532 nm is very noisy at 47 ± 35 sr. The low
depolarization ratio is typical of marine aerosol, smoke and
pollution (Groß et al., 2011; Illingworth et al., 2015). The
355 nm lidar ratio lies between the values reported for marine aerosol and smoke (Illingworth et al., 2015).
Above 1 km a.g.l., an optically thin aerosol layer is observed (Fig. 11). Halo indicates a higher depolarization ratio
for this layer than at the surface, but the signal is so weak
that the uncertainty in the depolarization ratio at 1565 nm
becomes very large (Fig. 11b). Back trajectories arriving
Atmos. Chem. Phys., 21, 5807–5820, 2021
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Figure 11. Averaged proﬁles at Limassol on 20 May 2017 at 19:55–
21:30 UTC. All proﬁles have been smoothed by a 300 m running
mean. (a) Backscatter by PollyXT (wavelengths 355–1064 nm) and
attenuated backscatter by Halo (1565 nm). (b) Particle linear depolarization ratio. Error bars represent measurement uncertainty.
(c) Lidar ratio. For PollyXT β355 , β532 , LR355 and LR532 , a nearrange telescope is used for data <900 m a.g.l.

Figure 12. Back trajectories of 96 h arriving at Limassol on
20 May 2017 at 21:00 UTC.

over Limassol at 21:00 UTC indicate different but mostly
northerly origins for the air mass at 500 m and at 2 km a.g.l.
(Fig. 12).
3.3

Pollen in boreal forest

On 15 May 2016, substantial amounts of spruce and birch
pollen were observed at Vehmasmäki with both an in situ
sampler and the PollyXT lidar (Bohlmann et al., 2019). The
presence of more polarizing spruce pollen (Bohlmann et al.,
2019) in the boundary layer is observed also with Halo lidar
as seen in Fig. 13d. However, the backscatter (Fig. 14a) is
low compared to the case studies presented for Limassol, and
the low signal results in signiﬁcant noise in the lidar ratio
(Fig. 14c).
Comparing the depolarization ratios measured with Halo
and PollyXT (Fig. 14b) shows a nearly constant depolarizaAtmos. Chem. Phys., 21, 5807–5820, 2021

Figure 13. Vehmasmäki 15 May 2016 measurements with Halo
Doppler lidar. (a) Time series of co-polar SNR at 350 s integration
time. (b) Time series of cross-polar SNR at 350 s integration time.
(c) Uncertainty in the depolarization ratio. (d) Particle linear depolarization ratio ﬁltered with σδ <0.05.

Figure 14. Averaged proﬁles at Vehmasmäki on 15 May 2016 at
19:00–21:00 UTC. All proﬁles have been smoothed by a 300 m running mean. (a) Backscatter by PollyXT (wavelengths 355–1064 nm)
and attenuated backscatter by Halo (1565 nm). (b) Particle linear
depolarization ratio. Error bars represent measurement uncertainty.
(c) Lidar ratio.

tion ratio at 1565 nm, while the depolarization ratio at 532 nm
decreases with height. At 1565 nm, the Halo signal is probably dominated by pollen grains, which are tens of micrometres in diameter. At the 355 and 532 nm wavelengths, the
backscatter is increasing with height (Fig. 14a), and thus the
decreasing depolarization ratio at 532 nm may reﬂect an increasing fraction of signal from non-pollen aerosol with increasing height. For the layer from 800 m to 1 km a.g.l. in
Fig. 14, the mean depolarization ratios are 0.236 ± 0.009 and
0.269 ± 0.005 at 532 and 1565 nm, respectively.

https://doi.org/10.5194/acp-21-5807-2021
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Figure 15. Comparison of particle linear depolarization ratio at different wavelengths. Observations represent 30 m vertical resolution
and have been smoothed by a 300 m running mean. To reduce scatter, a stricter uncertainty threshold is applied, and only data for
σδ <0.01 (at the 1565 nm wavelength) are included. The mean is
calculated at intervals of 0.025 on the x axis, and error bars indicate standard deviation. (a) Depolarization ratio at 1565 nm (Halo)
vs. depolarization ratio at 532 nm (PollyXT) at Limassol. (b) Depolarization ratio at 1565 nm vs. depolarization ratio at 355 nm (PollyXT) at Limassol. (c) Depolarization ratio at 532 nm vs. depolarization ratio at 355 nm at Limassol. (d) Depolarization ratio at
1565 nm vs. depolarization ratio at 532 nm at Vehmasmäki.

3.4

Overview of depolarization ratio wavelength
dependency

An overall comparison of the depolarization ratio at different
wavelengths for the Limassol and Vehmasmäki campaigns is
presented in Fig. 15, where the Halo vertical resolution of
30 m has been smoothed with a 300 m running mean. The
original time resolution observations by Halo have been averaged to match the temporal resolution of PollyXT Raman
retrievals (ranging from 45 min to 2 h).
In Fig. 15a, three regions can be observed in the scatterplot. For δ532 <0.05, δ1565 matches very closely with the
shorter wavelength. For δ532 ranging from 0.05 to 0.25, δ1565
is systematically larger than δ532 . For δ532 >0.3, δ1565 is
lower than the depolarization ratio at the shorter wavelength.
A very similar pattern is present in Fig. 15b: for δ355 <0.05,
δ1565 matches δ355 closely; for δ355 ranging from 0.05 to
0.25, δ1565 is larger than δ355 ; and for δ355 >0.3, δ1565 is lower
than δ355 . Similar regions appear even when comparing the
two shorter wavelengths (Fig. 15c): for δ355 <0.05, δ532 is
lower than δ355 ; for δ355 ranging from 0.1 to 0.3, the depolarization ratio is on average equal on both wavelengths; and
for δ355 >0.3, δ532 is lower than δ355 .
Figure 15a–c also show similar correlations between the
depolarization ratios at different wavelengths. Therefore,
bearing in mind the similar patterns in all three scatterplots in
Fig. 15a–c, we consider the scatter to originate mainly from
the atmospheric aerosol properties rather than in instrumental
https://doi.org/10.5194/acp-21-5807-2021
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effects. For instance, any bias in the estimated bleed-through
in the Halo polarizer would show up as bias in Fig. 15a and
b. However, such bias is not present in the cases when δ355
and/or δ532 are low.
Considering the sources at Limassol during the campaign,
the higher δ1565 for intermediate depolarization ratios ranging from 0.1 to 0.25 likely represents mixtures of dust with
other aerosol types. A mixture of coarse, polarizing dust
with less polarizing and smaller aerosol would result in the
observed spectral dependency of the depolarization ratio.
For aged-dust-dominated cases, lower depolarization ratios
at longer wavelength could be due to the faster removal of
coarse particles compared to submicron aerosol (e.g. Burton et al., 2015). In any case, the observed wavelength dependency in Fig. 15a–c for large δ suggests that, for dustdominated cases, smaller particle sizes have, on average, a
higher depolarization ratio at Limassol.
Another type of polarizing aerosol, i.e. pollen, was observed with a collocated Halo and PollyXT at Vehmasmäki
(Bohlmann et al., 2019). Comparatively low signal levels, together with 800 m minimum range for the PollyXT system at
Vehmasmäki (Bohlmann et al., 2019), reduce the amount of
data available for comparison of Halo and PollyXT depolarization ratio during the campaign (Fig. 15d). During this
campaign, the depolarization ratio at 1565 nm is a little larger
than at 532 nm, but the difference is small compared to the
scatter observed at Limassol.
A further look into the distribution and spectral dependency of the depolarization ratio at Limassol is presented in
Fig. 16. In Fig. 16a and b, the 2D histograms of the depolarization ratio show that both the 532 and 1565 nm wavelengths present a bi-modal distribution below 1 km a.g.l. In
other words, there are also less polarizing aerosols frequently
present in the lowest 1 km in addition to dust and dusty mixtures with a depolarization ratio >0.2. However, above about
1.5–2 km a.g.l., almost all retrievals indicate dust or dusty
mixtures. Note that the vertical extent of the data is limited
by the sensitivity of the Halo instrument, as Fig. 16a and b
are limited to cases when both wavelengths are available.
In Fig. 16c and d, the ratio of depolarization ratios at 1565
and 532 nm exhibits a clear height dependency. Above about
1.5 km a.g.l., the majority of the observations present a lower
depolarization ratio at 1565 nm than at 532 nm, while below
1.5 km a.g.l. the depolarization ratio is higher at the longer
wavelength. In previous studies (Freudenthaler et al., 2009;
Groß et al., 2011; Burton et al., 2015; Haarig et al., 2017), a
lower depolarization ratio at longer wavelengths has been attributed to faster removal of coarse-mode dust. However, our
observations indicate the presence of a small coarse-mode,
probably mineral, dust for sub-1.5 km aerosols most of the
time at Limassol.
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Figure 16. 2D histograms of the particle linear depolarization ratio
and height at Limassol using 30 m vertical resolution smoothed by a
300 m running mean. Only data for σδ <0.01 (at the 1565 nm wavelength) are included. (a) Depolarization ratio at 532 nm. (b) Depolarization ratio at 1565 nm. (c) Ratio of depolarization ratios at 1565
and 532 nm. (d) Same as panel (c) but scaled with number of observations at each height.

4

Discussion

The majority of aerosol depolarization ratio measurements
have been carried out at relatively short wavelengths (355
and 532 nm) with only a few previous studies investigating
the spectral dependency including 710 nm (Freudenthaler et
al., 2009; Groß et al., 2011) and/or 1064 nm (Freudenthaler
et al., 2009; Burton et al., 2012, 2015; Haarig et al., 2017,
2018; Hu et al., 2019). In this study we have for the ﬁrst time
determined aerosol particle depolarization ratios at a wavelength of 1565 nm.
From an instrumental point of view, the Halo Doppler lidar depolarization ratio seems to be of comparable quality to
the PollyXT depolarization ratio when the aerosol signal is
strong. However, Halo has a much less powerful laser than
PollyXT, which signiﬁcantly limits the range of usable signal. On the other hand, Halo Doppler lidars are capable of
independent operation for months and are therefore suitable
for operational use in meteorological measurement networks.
The integration time and range gate length are adjustable
in Halo ﬁrmware, and prolonging these parameters would
increase the sensitivity of the system. However, high spatial and temporal resolution are preferable for utilizing the
Doppler capabilities of Halo lidars. Inspecting the internal polarizer performance at liquid cloud base also requires
a higher resolution. Overall, the conﬁguration of a Halo
Doppler lidar needs to be considered individually for the
aims of each measurement campaign.
The spectral dependency that we observed for the 355,
532 and 1565 nm particle linear depolarization ratio agrees
reasonably well with previous spectral analyses for similar
aerosol types as seen in Table 2 and Fig. 17. For the mineral dust depolarization ratio, both decreasing and increasing
Atmos. Chem. Phys., 21, 5807–5820, 2021
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Figure 17. Particle linear depolarization ratio as a function of wavelength for dust observations in Table 2. Additionally, spectral dependency modelled with MOPSMAP based on the OPAC database
for desert dust (Koepke et al., 2015; Gasteiger and Wiegner, 2018)
and AERONET inversion by Toledano et al. (2019) are included.

trends with increasing wavelength have been observed previously (Table 2). This is the case for our observations at
Limassol as well, though on average δ1565 tends to be a little
lower than δ532 (Fig. 16). Probably, the spectral dependency
of the mineral dust depolarization ratio depends on both the
age of the dust and the origin of the dust. The spectral dependency of the depolarization ratio modelled with MOPSMAP
(Gasteiger and Wiegner, 2018) for desert dust aerosol from
the OPAC database (Koepke et al., 2015) agrees reasonably
well with the Saharan dust case on 21 April 2017 in this study
(Fig. 17). On the other hand, the sun-photometer-based retrieval by Toledano et al. (2019) for long-range transported
Saharan dust over Barbados indicates a slightly lower depolarization ratio of 0.19 at 1640 nm compared to this study at
1565 nm (Fig. 17). The lower depolarization ratio at 1640 nm
over Barbados is reasonable considering the much longer
transport compared to this study.
Wavelength-dependent changes in the mineral dust depolarization ratio are small compared to elevated smoke layers, which can help to distinguish between these two aerosol
types (Burton et al., 2012). For elevated smoke, a strong
decrease in the depolarization ratio has been reported from
>0.20 at short wavelengths to δ<0.05 at 1064 nm (Burton et
al., 2015; Haarig et al., 2018; Hu et al., 2019). Thus, adding
a depolarization ratio measurement at 1565 nm can provide
added value to the commonly used measurements at the 355
and 532 nm wavelengths.
For marine aerosols, the depolarization ratio is small and
has practically no spectral dependency (Groß et al., 2011),
which is what we observed at Limassol. For the mixture of
spruce and birch pollen at Vehmasmäki, the differences in the
depolarization ratio at 532 and 1565 nm are small.
5

Conclusions

In this paper we report for the ﬁrst time remote sensing measurements of the atmospheric aerosol particle linear depolarhttps://doi.org/10.5194/acp-21-5807-2021
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Table 2. Spectral dependency of depolarization ratio for dust, marine aerosol and pollen.
Depolarization ratio
Time and origin
This study, Limassol

355 nm

532 nm

710 nm

1064 nm

21 Apr 2017 20:00–21:30;
Saharan dust

0.19 ± 0.008

0.23 ± 0.008

0.29 ± 0.008

27 Apr 2017 01:25–02:33;
dust (Egypt)

0.36 ± 0.01

0.34 ± 0.002

0.30 ± 0.005

27 Apr 2017 at 19:00–
20:00;
dust (Turkey)

0.31 ± 0.006

0.33 ± 0.005

0.32 ± 0.008

Haarig et al. (2017)

Barbados 2013, 2014;
Saharan dust

0.252 ± 0.030

0.280 ± 0.020

0.225 ± 0.022

Burton et al. (2015)

US 2014; Saharan dust

0.209 ± 0.015

0.304 ± 0.005

0.270 ± 0.005

Mexico Chihuahua 2013;
local dust

0.225 ± 0.041

0.373 ± 0.014

0.383 ± 0.006

Groß et al. (2011)

Cabo Verde 2008;
Saharan dust

0.24–0.27

0.29–0.31

0.36–0.40

Freudenthaler et al. (2009)

Morocco 2006;
Saharan dust

0.24–0.28

0.31 ± 0.03

0.26–0.30

This study, Limassol

20 May 2017 at 19:55–
21:30;
polluted marine

0.03 ± 0.01

0.015 ± 0.002

Groß et al. (2011)

Cabo Verde 2008; marine

0.02 ± 0.01

0.02 ± 0.02

This study, Vehmasmäki

15 May 2016 19:00–21:00;
spruce and birch pollen

ization ratio at a wavelength of 1565 nm. Using observations
at liquid cloud base we have been able to characterize the
Halo Doppler lidar polarizer bleed-through with sufﬁcient
accuracy to obtain useful depolarization ratio measurements;
uncertainty in the bleed-through is propagated to the depolarization ratio measurement. A comparison of two different
Halo Doppler lidar systems with two PollyXT systems during collocated measurements at Limassol, Cyprus, and Kuopio – Vehmasmäki, Finland, shows good agreement between
the lidar systems. The agreement between the instruments
is remarkably good considering the large wavelength difference: the PollyXT depolarization ratio is retrieved at 355
and/or 532 nm. However, given the much lower laser energy
in Halo Doppler lidars, it is not surprising that the vertical
extent of the usable depolarization ratio is much lower than
for PollyXT.
For relatively fresh mineral dust, we ﬁnd particle linear depolarization ratios at 1565 nm ranging from 0.29 to
0.32, which is in good agreement with previous observations, including measurements at the 710 and 1064 nm wavelengths (Freudenthaler et al., 2009; Groß et al., 2011; Burton et al., 2015; Haarig et al., 2017). For polluted marine
aerosol we observed a very low depolarization ratio of 0.009

https://doi.org/10.5194/acp-21-5807-2021

0.236 ± 0.009

1565 nm

0.27 ± 0.04
0.009 ± 0.003

0.269 ± 0.005

at 1565 nm with a small decrease with increasing wavelength. The spruce and birch pollen depolarization ratio has
been characterized only recently at 532 nm (Bohlmann et al.,
2019). Our measurements indicate a slightly higher depolarization ratio of 0.27 at 1565 nm compared to 0.24 at 532 nm.
Overall, our results indicate that Halo Doppler lidars can add
another wavelength at 1565 nm to studies on the spectral dependency of the particle linear depolarization ratio, at least
in the lowest 2–3 km above ground.
For aerosol typing, adding a particle linear depolarization
ratio at 1565 nm to shorter wavelengths can help to distinguish biomass burning aerosols from dust, as a much stronger
spectral dependency has been observed for elevated biomass
burning aerosols than for dust (e.g. Haarig et al., 2017, 2018;
Hu et al., 2019). In case there is prior knowledge of prevailing aerosols, such as transport of volcanic ash, even standalone particle linear depolarization ratio measurements with
Halo Doppler lidars can probably provide useful information
for aerosol typing.

Data availability. Processed lidar data are available upon request
from the authors. Level 0 PollyXT observations are available
at https://polly.tropos.de/ (Polly NET, 2020, last access: 18 Au-
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gust 2020). Trajectory model HYSPLIT and GDAS meteorological data are available at https://www.ready.noaa.gov/HYSPLIT.php
(ARL, 2020, last access: 18 August 2020).
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Abstract. Lidar observations during the pollen season 2019
at the European Aerosol Research Lidar Network (EARLINET) station in Kuopio, Finland, were analyzed in order to
optically characterize atmospheric pollen. Pollen concentration and type information were obtained by a Hirst-type volumetric air sampler. Previous studies showed the detectability
of non-spherical pollen using depolarization ratio measurements. We present lidar depolarization ratio measurements
at three wavelengths of atmospheric pollen in ambient conditions. In addition to the depolarization ratio detected with
the multiwavelength Raman polarization lidar PollyXT at 355
and 532 nm, depolarization measurements of a co-located
Halo Doppler lidar at 1565 nm were utilized. During a 4 d
period of high birch (Betula) and spruce (Picea abies) pollen
concentrations, unusually high depolarization ratios were observed within the boundary layer. Detected layers were investigated regarding the share of spruce pollen to the total
pollen number concentration. Daily mean linear particle depolarization ratios of the pollen layers on the day with the
highest spruce pollen share are 0.10 ± 0.02, 0.38 ± 0.23 and
0.29 ± 0.10 at 355, 532 and 1565 nm, respectively, whereas
on days with lower spruce pollen share, depolarization ratios
are lower with less wavelength dependence. This spectral dependence of the depolarization ratios could be indicative of
big, non-spherical spruce pollen. The depolarization ratio of
pollen particles was investigated by applying a newly devel-

oped method and assuming a backscatter-related Ångström
exponent of zero. Depolarization ratios of 0.44 and 0.16 at
532 and 355 nm for the birch and spruce pollen mixture were
determined.

1

Introduction

Pollen is an essential part of plant reproduction as it stores
and transports genetic information of the plant. Because of
the immobility of plants, pollen grains need to be transferred by other means, for example, wind or animals. Most
grasses (Poaceae), conifers and around 10 %–20 % of ﬂowering plants are wind pollinated (Ackerman, 2000). Typical sizes of anemophilous pollen grains range from 20 to
60 μm (Shukla et al., 1998), but also large pollen grains like
pine (Pinus) or spruce (Picea) pollen with diameters around
100 μm are transported by wind. Because anemophilous
plants produce pollen in very large numbers, they are almost omnipresent in the environment. Thus, it is not surprising that pollen has various effects on climate and human
health. Millions of people suffer from pollen-triggered allergies and the number is expected to rise due to the changing
climate (Schmidt, 2016). Increasing temperatures and higher
CO2 concentrations favor plant growth and pollen production. In regions with sufﬁcient water resources, the grow-
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ing seasons are therefore expected to become longer and the
spatial distribution of allergenic species can be expected to
change (Ziska and Beggs, 2012).
Pollen can be lifted up to several kilometers by turbulent mixing within the boundary layer. Airborne measurements such as during the Cooperative Convective Precipitation Experiment (CCOPE) near Miles City, Montana (USA),
revealed the presence of pollen up to 4 km above ground
with a considerable amount of pollen still observed at 2 km
(Mandrioli et al., 1984). Once reached the top of the boundary layer, pollen can be transported by wind over thousands
of kilometers (Rousseau et al., 2008; Skjøth et al., 2007;
Szczepanek et al., 2017). Dispersed in the atmosphere, it
can affect the climate. By acting as ice-nucleating particles,
pollen promotes the formation of clouds (von Blohn et al.,
2005; Diehl et al., 2001, 2002). Furthermore, pollen grains
can rupture and lead to a high number of smaller particles.
Those pollen fragments are efﬁcient cloud condensation nuclei (Steiner et al., 2015; Wozniak et al., 2018).
Considering the relevance of pollen for climate and environment and the increasing importance as health hazard, it is
of high importance to study the pollen distribution and transport mechanism in the atmosphere. To further improve pollen
transport and forecast models, validation measurements are
needed. Previously, we have shown that in the absence of
other non-spherical particles, light detection and ranging (lidar) measurements and especially the particle depolarization
ratio can be used to track pollen grains in the atmosphere
(Bohlmann et al., 2019). We also estimated the depolarization ratio at 532 nm for pure birch (Betula) and pine pollen
under certain assumptions as 0.24 ± 0.01 and 0.36 ± 0.01, respectively (Shang et al., 2020). However, due to the measurement setup in our earlier studies, the lowest layers of
the atmosphere (below 800 m), which naturally contain most
of the airborne pollen, could not be investigated. In this
study, we extend our dataset by operating an upgraded version of our multiwavelength Raman lidar (PollyXT ) with four
near-range channels at the same measurement site in Kuopio
(Vehmasmäki), Finland. The improved lidar setup allowed
measurements down to around 350 m above ground level.
Furthermore, the new system measures the depolarization ratio also at 355 nm, while depolarization measurements were
limited to 532 nm in the previous campaign. To further improve the investigation of pollen depolarization properties,
we assessed the depolarization measurements of a co-located
Halo Doppler lidar, which provides information at 1565 nm
(Vakkari et al., 2021). The measurement of the depolarization ratio at multiple wavelengths allows us to investigate its
wavelength dependence. This could enable the distinction of
pollen from other depolarizing aerosols, as the depolarization ratio at single wavelengths can be similar for different
aerosol types.
Instrumentation and methods are presented in Sect. 2.
The observation period is introduced in Sect. 3. Therein, we
present a case study and comparison of different pollen conAtmos. Chem. Phys., 21, 7083–7097, 2021

ditions during the period under study. Supporting measurement data, a statistical analysis, the discussion of the wavelength dependence and an estimation of pollen depolarization
values are also given in same section.

2

Instrumentation and methods

Our measurement campaign was performed from 23 April to
28 August 2019 at the rural forest site in Vehmasmäki (Kuopio), Finland (62◦ 44 N, 27◦ 33 E; 190 m above sea level).
Vehmasmäki is surrounded by broadleaved and coniferous
forest. Dominant tree species include Silver birch (Betula
pendula), Norway spruce (Picea abies) and Scots pine (Pinus
sylvestris). The measurement site is permanently equipped
with a Raman polarization lidar, a Halo Doppler lidar, multiple in situ instruments as well as standard meteorological
instruments located on top of a measurement container. Furthermore, a 318 m tall mast provides measurements of temperature, relative humidity and wind at various levels from
ground up to 300 m. During our measurement campaign, a
Hirst-type spore trap was deployed on top of the container to
measure the pollen concentration. In the following subsections, the instruments and pollen detection are introduced,
and the layer detection method is explained.
2.1

PollyXT and processing of lidar observations

The multiwavelength Raman polarization lidar PollyXT -FMI
(Engelmann et al., 2016) is a fully automated lidar instrument, which emits at three wavelengths (355, 532 and
1064 nm), and is able to detect at two rotational–vibrational
Raman channels (387 and 607 nm) and one water vapor detection channel at 407 nm in addition to the elastic
backscatter channels at the emission wavelengths. The crosspolarized signal can be detected at 355 and 532 nm, which
allows the determination of the linear volume depolarization
ratio (VDR) and linear particle depolarization ratio (PDR)
at those two wavelengths. In addition to the far-ﬁeld channels, PollyXT includes a near-ﬁeld unit with detection channels at 355, 387, 532 and 607 nm. The combination of nearand far-ﬁeld channels allows the observation of continuous
proﬁles down to about 120 m, the height of complete overlap of the near-ﬁeld receiver. The initial vertical resolution
of the acquired data is 7.5 m and the temporal resolution is
30 s. Further details on the instrument setup, principle and
error propagation can be found in Engelmann et al. (2016).
Near-real-time quicklooks are publicly accessible at the PollyNET website (http://picasso.tropos.de/, last access: 17 December 2020), which visualizes the measurements of all lidars belonging to PollyNET network (Baars et al., 2016).
The lidar data were analyzed using the Klett–Fernald
method (Fernald, 1984; Klett, 1981) whenever the weather
conditions were adequate (i.e., no low clouds or rain) and the
signal quality was sufﬁcient for deriving high-quality prohttps://doi.org/10.5194/acp-21-7083-2021
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ﬁles. A constant lidar ratio of 60 sr was used to derive proﬁles of backscatter and extinction coefﬁcients. The lidar ratio
is based on measurements retrieved during nighttime using
the Raman method (Ansmann et al., 1990) and the results
for birch–spruce mixtures of our previous study (Bohlmann
et al., 2019). Optical products retrieved from far- and nearﬁeld channels were merged to obtain the best possible proﬁles throughout the whole troposphere, enabling us to determine reliable proﬁles close to the ground. However, this is
not the case for the 355 nm channel. Due to an overlap issue on the 355 nm far-range channel, reliable proﬁles at this
wavelength were limited to 900 m above ground. The problem also affected the calculation of the depolarization ratio
at 355 nm, which therefore could not be retrieved close to
ground. To obtain high-quality depolarization measurements,
calibration measurements are automatically performed three
times a day using the 90◦ method (Freudenthaler, 2016;
Freudenthaler et al., 2009). A calibration constant (Vλ *) determined from two subsequent measurements with a difference of exactly 90◦ is used to calibrate the volume depolarization ratio. During the presented time period, quite stable calibration constants V ∗ of 1.85 ×10−1 ± 4.01 ×10−3 at
355 nm and 6.90 ×10−3 ± 6.29 ×10−5 at 532 nm were determined and applied to calibrate depolarization measurements. The proﬁles were temporally averaged in 2 h intervals to match with the time resolution of the pollen samples. Aerosol layers within the lowest 4 km of the atmosphere were detected using an automatic layer detection algorithm. The layer detection is based on the gradient of
the backscattered signal at 1064 nm. The local maximum
of the ﬁrst derivative is considered to be the layer bottom,
while the height of the local minimum of the ﬁrst derivative
corresponds to the layer top (Belegante et al., 2014). Less
smoothed proﬁles with a vertical smoothing range of 127 m
were used to determine the correct geometrical layer boundaries without losing layer depth. Higher smoothing with a
vertical range of 367 m, in turn, was applied to calculate reasonable optical properties within the layer. Intensive optical
properties (lidar ratios, linear particle depolarization ratios
and Ångström exponents), commonly used for lidar-based
aerosol characterization, were calculated for the automatically detected layers. Especially, the linear depolarization ratio and backscatter-related Ångström exponents (BÅE) are
considered in this study. The linear depolarization ratio describes the change of the polarization state of the backscattered light. The strength of depolarization depends on the
non-sphericity of the backscattering particles and the particle
size relative to the wavelength (Sassen, 2005). The depolarization ratio increases with non-sphericity and can therefore
be used to characterize the particle shape. The Ångström exponents describe the wavelength dependence of the scattering/extinction and relate to the particle size.

https://doi.org/10.5194/acp-21-7083-2021
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Halo Doppler lidar

In addition to the PollyXT lidar, a Halo Photonics StreamLine
Pro Doppler lidar (Pearson et al., 2009) is operated permanently at our measurement site. This lidar operates at a wavelength of 1565 nm with a pulse repetition rate of 15 kHz and
a pulse energy of 20 μJ. The minimum range of the instrument is 90 m and the range resolution is 30 m; other operating speciﬁcations can be found in Vakkari et al. (2021). This
Halo Doppler lidar is equipped with a cross-polar receiver
channel, which enables consecutive measurement of co- and
cross-polar signals in vertically pointing mode and thus the
retrieval of the depolarization ratio at 1565 nm. In this study,
an integration time of 7 s was used; i.e., the co-polar signal is
collected for 7 s followed by the cross-polar signal collected
during the next 7 s. In addition to vertically pointing measurement, a conical scan lasting 2.5 min was scheduled every
15 min to retrieve the horizontal wind proﬁle.
The Halo Doppler lidar signal-to-noise ratio was postprocessed according to Vakkari et al. (2019) and the depolarization ratio was processed according to Vakkari et
al. (2021). The design of Halo Doppler lidars does not include a depolarization calibration unit nor does it allow us to
add one. Therefore, depolarization measurements can only
be calibrated using the depolarization ratio at liquid cloud
base. As liquid cloud droplets do not polarize the backscattered light, non-zero depolarization ratios at cloud base indicate incomplete extinction, called bleed-through, in the internal polarizer (Vakkari et al., 2021). The bleed-through in
the Halo internal polarizer was estimated from liquid cloud
base observed at 1200–1400 m a.g.l. on 14 June at 00:30–
03:30 UTC as 0.013 ± 0.006. This estimate is very close to
the estimate of 0.016 ± 0.009 from measurements with same
instrument in 2016 (Vakkari et al., 2021). The depolarization ratio was corrected for the bleed-through according to
Vakkari et al. (2021). The retrieved depolarization ratio can
be considered as the linear particle depolarization ratio, since
the contribution of molecular scattering at this long wavelength and low pulse energy is neglectable (Vakkari et al.,
2021).
Vertical wind speed from the co-polar vertically pointing
measurements and horizontal wind proﬁle from the conical scans were used to calculate the turbulent kinetic energy
(TKE) dissipation rate following O’Connor et al. (2010).
2.3

Pollen observations

The pollen information was obtained using a Hirst-type
volumetric air sampler located on top of the measurement
container, 4 m above ground. The sampler collects particles down to a size of 3.7 μm (Muilenberg, 2003) onto an
adhesive-coated tape which is manually analyzed afterwards.
With this type of sampler, it is possible to determine pollen
types and concentrations with 2 h time resolution. A more
Atmos. Chem. Phys., 21, 7083–7097, 2021
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Figure 1. Pollen micrographs from 18 May 2019 (a) and 19 May 2019 (b) at 09:00–11:00 UTC. Examples of birch and spruce pollen grains
are marked with green and red arrows, respectively (source: Biodiversity Unit of the University of Turku, Sanna Pätsi).

detailed description of the sampling principle can be found
in Bohlmann et al. (2019) and Hirst (1952).
During our campaign, 18 different pollen types have been
identiﬁed with the Hirst-type air sampler. The most abundant pollen types are birch (Betula), pine (Pinus) and spruce
(Picea), which make up 93 % of the total annual pollen count
in 2019. Birch pollen grains are almost spherical, around 20–
30 μm in diameter and have three pores on their surface. The
surface pattern is rather smooth (Blackmore et al., 2003).
Pine and spruce pollen belong to the Pinaceae family. Their
pollen grains are large and non-spherical. They possess two
air bladders which assist those pollen grains to be dispersed
by wind despite their large size. The diameter of pine pollen
grains on their longest axis is around 65–80 μm, while spruce
pollen is considered very large for anemophilous pollen, with
a diameter around 90–110 μm on the longest axis (Nilsson et
al., 1977). The surface of the pollen corpus of spruce pollen is
wrinkled and wavy (Grímsson and Zetter, 2011; Shen et al.,
2020). Figure 1 shows examples of micrographs during our
measurement period. Examples of birch and spruce pollen
grains are marked with green and red arrows, respectively.
The different size dimension of birch and spruce pollen is
clearly visible.
2.4

In situ measurements

Various in situ aerosol instruments were exploited for characterizing the overall aerosol load in the air at the site. An
optical particle sizer (OPS; TSI Inc., model 3330) provided
particle number concentration and size distribution in the size
range of 0.3–10 μm, which were used to calculate the volume
size distribution (by assuming spherical shape for the particles). A Synchronized Hybrid Ambient Real-time Particulate Monitor (SHARP; Thermo Fisher Scientiﬁc Inc., model
5030) and an aethalometer (Magee Scientiﬁc, model AE31) provided continuous total particle mass and black carbon
(BC) concentration, respectively. The instruments resided in
the container and sampled through vertical stainless-steel
lines with total air inlets. Meteorological conditions, such
as temperature, relative humidity and wind speed and diAtmos. Chem. Phys., 21, 7083–7097, 2021

rection, may have effects on pollen concentration and distribution in the atmosphere. At Vehmasmäki, these meteorological parameters are measured at several heights between
2 and 300 m on the co-located mast. The lowest height for
wind speed and direction is 26 m, which is around the average canopy height at this site.
3

Results and discussion

During our 4-month campaign in 2019, several periods of
high pollen concentrations have been observed. One particular intense event with unusually high depolarization ratios
and high pollen concentration will act as an example period
for this study. An overview of this intense period is given in
Fig. 2. From 16 to 19 May 2019, high bi-hourly concentrations of birch pollen, reaching up to 9000 grains m−3 , were
detected. The share of spruce pollen to the total pollen number concentration increased from 0.2 % on 16 May to 22 %
on 19 May. Other pollen types only accounted for 0.8 % of
the total pollen concentration during the period (Fig. 2a) and
thus can be neglected.
The time–height display of PollyXT and Halo Doppler lidar observations is shown in Fig. 2b–d and e, respectively.
During daytime, a high aerosol load was observed within
the ﬁrst 2 km considering the strong range-corrected signal at
1064 nm (Fig. 2b). Also the VDR at 532 nm and the Halo particle depolarization ratio at 1565 nm show strongly enhanced
values and are increasing towards 19 May (Fig. 2d, e). At
355 nm, however, the VDR does not show signiﬁcant features except a faint increase up to 2 km on 19 May. This can
be explained by the strong inﬂuence of molecular scattering
on the VDR at 355 nm and the consequently smaller effect
of particles compared to larger wavelengths. Faint elevated
layers between 3 and 5 km were observed on all 4 d especially during night. Those layers seem to be weakly depolarizing. Backward trajectories (not shown here) indicate that
during all 4 d, the air masses arriving at different heights from
500 m to 5 km were advected from northwest and passed
over northern Scandinavia and the Norwegian Sea; i.e., they
https://doi.org/10.5194/acp-21-7083-2021
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Figure 2. Overview of the 16–20 May 2019 period. Pollen concentration detect by Hirst-type spore trap at 4 m height (a), range-corrected
signal at 1064 nm (b), linear volume depolarization ratio at 355 (c) and 532 nm (d) by PollyXT Raman polarization lidar, Halo Doppler lidar
depolarization ratio at 1565 nm (e) and automatic layer detection (f).

did not pass over dust-inﬂuenced or highly polluted areas.
Thus, it can be assumed that the studied air masses were not
inﬂuenced by depolarizing dust. The depolarizing elevated
aerosol layers between 3 and 5 km are likely pollen lifted by
turbulence or long-range-transported pollen as other sources
of depolarizing aerosols are missing along the trajectory.
3.1

Case study with highly depolarizing aerosol

Here, 19 May is of special interest. Lidar measurements
show a strongly increased backscatter coefﬁcient at 1064 nm
and increased volume depolarization ratios especially at 532
and 1565 nm (Fig. 2). The depolarization ratios at these
wavelengths are exceptionally high compared to commonly
observed depolarization ratios for non-spherical particles.
However, measurements with the same measurement settings prior to the intense pollen period show usual values.
We therefore consider our depolarization ratio measurements
trustworthy.
https://doi.org/10.5194/acp-21-7083-2021

In Fig. 3, 19 May is presented separately, showing the
range-corrected signal at 1064 nm (Fig. 3a) and the volume
depolarization ratio at 532 nm (Fig. 3b). The period from
11:00 to 13:00 UTC (shown within white bars) was selected
to present time-averaged lidar proﬁles (Fig. 3c–e). For processing the lidar measurements, a lidar ratio of 60 sr was applied as it was determined for birch and spruce mixtures in
our previous study (Bohlmann et al., 2019). Relative humidity and temperature proﬁles according to GDAS1 (Global
Data Assimilation System) data are shown in Fig. 3f. According to proﬁles of the backscatter signal and relative humidity, the top of the boundary layer is at around 2.5 km.
Above 8 km, cirrus clouds have been detected, which show
typical depolarization values for cirrus clouds of around 0.4
at 355 and 532 nm (Chen et al., 2002; Sassen and Zhu,
2009; Voudouri et al., 2020). Within the boundary layer, the
backscatter coefﬁcient at 532 nm is larger than at 355 nm,
resulting in a negative backscatter-related Ångström expo-
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tration of pollen decreases with height, i.e., increasing distance to the pollen source, and the inﬂuence of background
aerosol increases. The longer Halo wavelength is more sensitive to larger particles (pollen) and less sensitive to smaller
particles (background aerosol), and thus the depolarization
ratio does not decrease with height in contrast to the PDR
at 355 and 532 nm. The different sensitivity to background
aerosol could also explain the difference of the PDR at 355
and 532 nm. Later in this study, in Sect. 3.6, we will use a
method described by Shang et al. (2020) to separate the inﬂuence of background and the pollen on measured optical
properties.
3.2

Figure 3. Case study on 19 May 2019. Range-corrected lidar signal at 1064 nm (a) and volume depolarization ratio at 532 nm (b).
Time-averaged proﬁles of backscatter coefﬁcients (c), backscatterrelated Ångström exponents (d) and depolarization ratios (e) of
the selected time period, 11:00–13:00 UTC (white lines), are given.
Proﬁles of temperature and relative humidity from GDAS1 data at
12:00 UTC (f).

nent (BÅE) at 355/532 nm of −0.64 ± 0.45. Cases of negative Ångström exponents have previously been observed for
dust particles (Bohlmann et al., 2018; Rittmeister et al., 2017;
Tsekeri et al., 2017; Veselovskii et al., 2016) and are likely
caused by speciﬁc chemical compositions causing a spectral variation of the imaginary part of the refractive index
(Veselovskii et al., 2016). The BÅE at 532/1064 nm, however, is positive (0.97 ± 0.41) and comparable with values of
dust smoke mixtures (Kanitz et al., 2014; Tesche et al., 2011).
The negative BÅE at 355/532 nm, while having a positive
BÅE at 532/1064 nm, could be characteristic of pollen.
VDR and PDR values within the boundary layer are high.
Mean PDRs are 0.06 ± 0.02, 0.46 ± 0.22 and 0.35 ± 0.07 at
355, 532 and 1565 nm, respectively. Very high depolarization ratios of aerosol particles have been detected with lidar
before. Ansmann et al. (2009) measured depolarization ratios of 0.5–1 at 710 nm during the Saharan Mineral Dust Experiment (SAMUM). Those high depolarization ratios were
caused by large dust, silt-sized and sand particles (> 10 μm)
which were lifted by convective plumes and dust devils. In
our observations, the depolarization ratios at 355 and 532 nm
show a decline with height, while the Halo PDR at 1565 nm
is almost constant throughout the whole boundary layer. Values of PDR, as well as BÅE, always represent a mixture of
pollen and background aerosol. We assume that the concenAtmos. Chem. Phys., 21, 7083–7097, 2021

Case studies with different pollen concentrations

Figure 4 shows proﬁles of the PollyXT backscatter coefﬁcients and linear particle depolarization ratio at 355 and
532 nm as well as the attenuated backscatter and PDR at
1565 nm by the Halo Doppler lidar for a selected 2 h time
period on each day representing different pollen conditions.
The bar chart illustrates the pollen concentration obtained
from the Hirst-type pollen trap during the time period each
day. Green color represents the birch pollen concentration,
while red represents the spruce pollen concentration. On
19 May, the total pollen concentration and the share of spruce
pollen were the highest. On 16 and 17 May, however, no
spruce pollen was detected. A strong backscattering signal
was detected up to 2.5 km on 19 May, whereas on the other
days the signal was weaker, and according to the strong decrease of the backscatter signal, the boundary layer height
was lower. Most noticeable is the increase of the PDR at 532
and 1565 nm on the day with the highest spruce pollen share
and total pollen concentration, while the PDR at 355 nm is
around the same on all days and clearly lower than at the
longer wavelengths.
The increased depolarization on 19 May is likely related
to the large amount of highly non-spherical and large spruce
pollen on this day compared to the other days. In Fig. 1, micrographs of the pollen observations on 18 and 19 May from
09:00 to 11:00 UTC are shown. Birch and spruce pollen was
observed on both days, but the amount of both birch and
spruce pollen was clearly higher on 19 May. This may have
resulted in the higher depolarization observed on this day.
Certainly, other factors, such as ambient weather conditions
or the fragmentation of pollen grains, could have contributed
to this observation as well. Those effects will be investigated
in the following section.
3.3

Findings from supporting data

Pollen release and distribution is heavily inﬂuenced by the
ambient weather conditions. Higher temperature and wind
speed positively affect the pollen concentration, while the
relative humidity and pollen concentration are negative related (Bartková-Ščevková, 2003; Noh et al., 2013). Under
https://doi.org/10.5194/acp-21-7083-2021
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Figure 4. Case studies from each day between 09:00 and 11:00 UTC. Backscatter coefﬁcient and particle depolarization ratio at 355 and
532 nm by PollyXT (a–d) and the attenuated backscatter and particle depolarization ratio at 1565 nm by Halo (e–f). The bar chart shows the
pollen concentration during the 2 h period each day, with green representing birch and red representing spruce pollen.

certain meteorological conditions, e.g., humidity changes
and turbulent disturbances, pollen grains can rupture to
smaller fragments (Hughes et al., 2020; Miguel et al., 2006;
Taylor et al., 2002, 2004). The pollen fragments are not
recorded as pollen or counted and therefore do not contribute
to the pollen count using microscopic analysis. However, the
fragments can persist much longer in the atmosphere than
intact pollen due to their smaller size and lower falling velocity. The small pollen fragments can act efﬁciently as icenucleating particles (von Blohn et al., 2005; Diehl et al.,
2001, 2002) and penetrate deeper into the respiratory system
than intact pollen where they can trigger severe allergenic reactions and asthma. Furthermore, small, non-spherical pollen
fragments could cause a higher depolarization ratio.
Figure 5 gives an overview of the meteorological conditions during the studied period. The temperature and relative
humidity at 2 m (Fig. 5b) and wind speed, wind direction and
gust wind at 26 m (Fig. 5c) above ground are shown in addition to the pollen concentration (Fig. 5a). The diurnal cycles
of temperature and relative humidity are clearly visible with
a maximal relative humidity during the night and maximal
temperature shortly after noon. Wind measurements show
only a weak diurnal change with a slightly lower wind speed
in the evening hours. On 19 May, the wind speed increased
rapidly before noon, and a more distinct diurnal cycle compared to the other days is apparent. At the same time, the temperature was higher and the relative humidity slightly lower
than on the preceding days, which could explain the higher
pollen concentration on this day. The local wind direction
changed from northwest on 16 May to southeast on 19 May.
Gust winds predominately follow the trend of the mean wind
speed, although on 17 May, the stronger gust winds at around
19:00 UTC could explain the high amount of birch pollen at
this time.

https://doi.org/10.5194/acp-21-7083-2021

Turbulent movements within the boundary layer can affect the dispersal of airborne pollen, and pollen grains can be
lifted vertically to heights where they are detectable with lidar. Moreover, turbulent conditions could cause pollen grains
to rupture upon impact with solid surfaces or other aerosols
(Visez et al., 2015). The TKE dissipation rate obtained from
the Halo Doppler lidar is shown in Fig. 5d. However, no signiﬁcant difference between the 4 d was found to indicate a
higher occurrence of pollen fragments and further explain the
higher depolarization ratio on the last day. The higher detection height on 19 May is caused by a higher aerosol load and
therefore higher signal-to-noise ratio on that day.
In situ measurements have been checked to characterize
the ground-level aerosol conditions at our measurement site.
The particle number concentration at ground level was higher
on 18 and 19 May than on 16 and 17 May (Fig. 6a). The
evolution of the volume size distribution (Fig. 6b) shows
an increase in the concentration of 3–10 μm particles, which
could be fragments of birch or spruce pollen. The increase in
the coarse particle fraction was veriﬁed with the total mass
concentration (data not shown). The BC concentration (not
shown) was low (around 0.1–0.2 μg m−3 ) throughout the period, except for a short peak on 18 May at 18:00 UTC (also
visible in the OPS data; Fig. 6a); thus, no smoke contribution
in the boundary layer is expected.
Our results indicate that the inﬂuence of pollen fragments
is uncertain as the amount of pollen fragments is not recorded
by the Hirst-type pollen sampler, and in situ, meteorological
and Halo turbulence measurements do not suggest apparent
reasons for a pronounced fragmentation of pollen grains in
the atmosphere. However, pollen fragments could cause depolarization in the lidar signal and also partly explain the
wavelength dependence of the PDR. Therefore, the impact
of pollen fragments needs to be explored in future studies.

Atmos. Chem. Phys., 21, 7083–7097, 2021
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Figure 5. Overview of pollen concentration by Hirst-type spore trap (a), air temperature and relative humidity at 2 m mast height (b), wind
speed, wind direction and wind gust at 26 m mast height including wind direction shown by color (c) and turbulent kinetic energy (TKE)
dissipation rate (d) by Halo Doppler lidar.

Figure 6. Time series of particle number concentration (a) and volume size distribution in the range 0.3–10 μm (b) by optical particle
sizer (OPS) using a 10 min time average.

3.4

Lidar-derived optical parameters

To investigate the relationship between lidar-derived optical
parameters and the pollen observations and to deﬁne characteristic values for speciﬁc pollen conditions, we determined
mean values in the detected layers shown in Fig. 2f. We here
focus on the lowest detected layer as it can be assumed to
contain most of the local pollen concentration. A total of 47
pollen layers has been detected in the 2 h averaged dataset of
the 4 d period. Mean values of the lidar-derived optical properties are presented in Figs. 7 and 8. Color represents the
share of spruce pollen of the total pollen number concentration detected by the Hirst-type spore trap. Size of the markers
Atmos. Chem. Phys., 21, 7083–7097, 2021

represents the total 2 h pollen concentration. Daily mean values are shown with black markers; error bars represent the
standard deviation. The lower limit for reliable proﬁles was
about 350 m after combining near- and far-ﬁeld channels and
vertical smoothing, whereas a higher layer bottom limit of
900 m was applied on the proﬁles of PDR at 355 nm (Fig. 7a)
and the Ångström exponent at 532/1064 nm (Fig. 8b) due to
the overlap problems at 355 nm and the higher full overlap
height at 1064 nm, respectively.
In Fig. 7, the particle depolarization ratios at all three
wavelengths are compared. Two groups depending on the
spruce pollen share are apparent in the comparison of PDR
at 532 against 355 nm (Fig. 7a) and PDR at 532 against
1565 nm (Fig. 7b). Cases with a high share of spruce pollen
and high total pollen concentration tend to show the highest
PDR values ranging between 0.4 and 0.9 at 532 nm, while
the PDR for cases with a lower share of spruce pollen is below 0.4. The PDR at 355 nm is below 0.17 for all cases, and
no correlation with the spruce pollen share is apparent. The
relationship between the PDR at 1565 and 532 nm is nearly
linear when the spruce share is low (Fig. 7b). With increasing spruce pollen share, the PDR at 532 nm exceeds the PDR
at 1565 nm. This wavelength dependency of the PDR with
increasing spruce pollen share could be characteristic of this
large and non-spherical pollen type and provide a means for
classifying conifer pollen.
Figure 8 shows the backscatter-related Ångström exponents at 355/532 nm and 532/1064 nm against the PDR at
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Figure 7. Particle depolarization ratio (PDR) as measured with
PollyXT at 355 vs. the PDR at 532 nm (a) and Halo PDR at 1565 nm
vs. Polly PDR at 532 nm (b). Color represents the share of the
spruce pollen concentration to the total pollen count; size denotes
the total pollen concentration. Black markers present daily mean
values and their standard deviation.

532 nm. The tendency towards smaller Ångström exponents
with increasing depolarization ratio indicates the increasing impact of larger and non-spherical particles such as
spruce pollen. Similar behavior has already been reported in
Bohlmann et al. (2019) and Shang et al. (2020). For cases
with a high amount of large, non-spherical spruce pollen,
e.g., with > 15 % share of the total pollen number concentration, the BÅE at 355/532 nm is negative. Previously, negative Ångström exponents have only been reported for dust
close to the dust source region where very large dust particles are present (Hofer et al., 2020; Rittmeister et al., 2017;
Veselovskii et al., 2016). This feature, however, could also be
characteristic of aerosol conditions with the presence of very
large pollen grains.
Table 1 summarizes the daily mean values shown in Figs. 7
and 8 with black markers. Mean values are given for different
layer bottom heights as proﬁles could only be retrieved down
to 900 m at 355 and 1064 nm. Noteworthy is the spectral dependence of the depolarization ratio, which is also illustrated
in Fig. 9.
The daily mean backscatter-related Ångström exponent is
clearly different on the spruce-dominated day. While it is
around 0.9–1.3 at 355/532 nm and 1.18–1.52 at 532/1064 nm
on the days with low spruce pollen share, BÅEs are clearly
smaller at both wavelength pairs on the spruce-dominated
day, suggesting the presence of larger particles. The negahttps://doi.org/10.5194/acp-21-7083-2021
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Figure 8. Backscatter-related Ångström exponent (BÅE) at
355/532 nm (a) and 532/1064 nm (b) vs. the PDR at 532 nm. Color
represents the share of the spruce pollen concentration to the total pollen count; size denotes the total pollen concentration. Black
markers present daily mean values and their standard deviation.

tive BÅE at 355/532 nm might be characteristic of large, nonspherical spruce pollen grains since it has only been observed
on days with a high spruce pollen concentration. It must be
noted that the Ångström exponent also depends on the background aerosols and its use to characterize pollen needs to be
considered carefully. However, under the same background
conditions, the Ångström exponent can be an indicator for
the pollen type. As the considered time period is rather short
and no far-range transported aerosol sources were observed,
the background conditions can be assumed stable during the
period. The change of the Ångström exponent can therefore
be attributed to the presence of pollen.
3.5

Spectral dependence of the linear depolarization
ratio

Figure 9 shows the daily mean linear particle depolarization ratios detected with PollyXT (at 355 and 532 nm) and
the Halo Doppler lidar (at 1565 nm). The PDR at 355 nm is
around 0.1 on all 4 d. Of special interest is the strong spectral
dependency of the PDR observed on 19 May. A higher depolarization ratio was observed at 532 than at 1565 nm. On the
preceding days, however, the depolarization ratios at 532 and
1565 nm are only slightly higher than at 355 nm and almost
equal. As shown in Table 1, the amount of observed spruce
pollen was increasing each day and contributed to almost
22 % of the total number concentration on 19 May. Longer
Atmos. Chem. Phys., 21, 7083–7097, 2021
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Table 1. Daily mean values of pollen concentrations and lidar-derived optical parameters of the pollen layers. The total pollen (spruce pollen)
concentrations are measured by the Hirst-type volumetric air sampler. Layer heights are determined using the gradient method. Daily mean
values and standard deviation of lidar-derived optical parameters in the pollen layers using a layer bottom height of 900 m (a) and 350 m (b).
Date in 2019 (dd.mm)
Daily mean total (spruce) pollen concentration [m−3 ]
Layer top height (km)

16.05

17.05

18.05

19.05

3653 (8)

3157 (63)

1727 (132)

3553 (776)

1.47 ± 0.42

1.41 ± 0.23

1.01 ± 0.08

1.23 ± 0.41

0.08 ± 0.03
0.10 ± 0.03
0.07 ± 0.06
1.19 ± 0.41
1.20 ± 0.29
0.44 ± 0.15
0.27 ± 0.08

0.09 ± 0.03
0.16 ± 0.10
0.16 ± 0.14
0.92 ± 0.39
1.18 ± 0.74
0.38 ± 0.09
0.26 ± 0.06

0.11 ± 0.03
0.15 ± 0.07
0.16 ± 0.12
1.22 ± 0.80
1.52 ± 0.49
0.48 ± 0.14
0.33 ± 0.17

0.10 ± 0.02
0.38 ± 0.23
0.29 ± 0.10
−0.18 ± 0.96
1.08 ± 0.46
0.99 ± 0.47
1.27 ± 0.86

0.14 ± 0.03
0.13 ± 0.06
1.29 ± 0.52
0.44 ± 0.12
0.26 ± 0.07

0.20 ± 0.11
0.19 ± 0.10
0.92 ± 0.36
0.40 ± 0.06
0.28 ± 0.05

0.22 ± 0.11
0.21 ± 0.10
0.90 ± 0.68
0.62 ± 0.16
0.47 ± 0.23

0.46 ± 0.26
0.30 ± 0.09
−0.10 ± 0.92
1.01 ± 0.44
1.26 ± 0.85

(a)
PDR 355
PDR 532
PDR 1565
BÅE 355/532
BÅE 532/1064
Backscatter coefﬁcient 355 [Mm−1 sr−1 ]
Backscatter coefﬁcient 532 [Mm−1 sr−1 ]
(b)
PDR 532
PDR 1565
BÅE 355/532
Backscatter coefﬁcient 355 [Mm−1 sr−1 ]
Backscatter coefﬁcient 532 [Mm−1 sr−1 ]

Figure 9. Spectral dependence of the mean particle depolarization
ratio for each day. Additionally, mean linear depolarization ratio of
pine and birch pollen determined in laboratory measurements by
Cao et al. (2010) are shown. Error bars represent the standard deviation.

wavelengths are more sensitive to larger particles and less inﬂuenced by Rayleigh scattering (Ansmann et al., 2009). The
strong spectral dependency on 19 May can therefore be explained by the high amount of non-spherical spruce pollen on
that day. Another explanation for the observed wavelength
dependence could be the surface structure of pollen. Patterns on the outer wall of the pollen, the exine, can vary
enormously in their appearance, but within the same species
patterns are usually similar (Wang and Dobritsa, 2018). The
Atmos. Chem. Phys., 21, 7083–7097, 2021

non-smooth pattern on spruce pollen grains could additionally cause a depolarization of the backscattered light.
A spectral dependence of the linear depolarization ratio
of pollen has already been reported by Cao et al. (2010),
who measured the depolarization ratio for different pollen
types, such as birch and pine, in controlled laboratory experiments. For birch pollen, Cao et al. (2010) reported a
PDR of 0.08 ± 0.01, 0.33 ± 0.00 and 0.30 ± 0.01 at 355, 532
and 1570 nm, respectively. No measurements have been conducted for spruce pollen. However, the authors state values
for pine which belong to the same family as spruce and
have smaller but in shape comparable pollen grains. According to Cao et al. (2010), depolarization ratios for pine
pollen are 0.20 ± 0.01, 0.41 ± 0.01 and 0.28 ± 0.01 at 355,
532 and 1570 nm, respectively. The laboratory-derived depolarization ratios by Cao et al. (2010) are shown for comparison in Fig. 9. Empty markers represent the lidar depolarization ratios for paper birch (Betula papyrifera) and Virginia
pine (Pinus virginiana). Especially the spectral dependence
for pine pollen is very similar to our observations on the
spruce-dominated day, having the peak at 532 nm. It should
be kept in mind that the laboratory measurements were performed in an aerosol chamber and that they represent the depolarization ratio of the pure and dry pollen. Furthermore,
pollen from different species was used compared to what
we detected at our measurement site. Different values were
therefore expected. However, the fact that we detected similar wavelength dependence in ambient conditions to that in
the laboratory measurements suggests that the wavelength
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Figure 10. Frequency distribution of backscatter-related Ångström
exponent at 355/532 nm of the pollen layers detected during the
studied period. The related η value, as used in Shang et al. (2020), is
given on the second x axis. The BÅE threshold of −0.4 to remove
“extreme cases” is marked by the dashed vertical line.

dependence with maxima at 532 nm might be characteristic of pollen especially for large and non-spherical conifer
pollen types.
The spectral dependence of the PDR has previously been
reported for different aerosol types. Haarig et al. (2018) and
Hu et al. (2019) observed a completely different spectral dependence of the PDR for stratospheric smoke. The PDR is
strongly decreasing with increasing wavelength caused by
the dominance of small particles (< 0.5 μm). A similar spectral dependence of the PDR with the peak PDR at 532 nm and
decreasing towards 355 and 1064 nm, however, was reported
by Haarig et al. (2017) and Burton et al. (2015) for transported Saharan dust. As for pollen, the optical properties of
dust are dominated by large particles (> 1 μm) as well. However, depolarization ratios at 355 nm are clearly smaller for
pollen than for dust, while the PDR at longer wavelengths is
higher, which allows the distinction of pollen and aged dust.
3.6

Estimation of the pollen depolarization ratio values

To estimate the depolarization ratio values for pure pollen,
a newly developed method by Shang et al. (2020) was applied to the lidar measurements. Mathematically, there is a
power-law relationship between the total backscatter-related
Ångström exponent and the pollen backscatter contribution (the ratio of pollen backscatter coefﬁcient and the total particle backscatter coefﬁcient). The depolarization ratio
at 532 nm of pure pollen was investigated using the BÅE at
355/532 nm. Our results of this intense pollen event show two
groups of data depending on the spruce pollen share: (i) a
quite good power-law relationship is found for cases with a
low share of spruce pollen; (ii) the BÅE at 355/532 nm is almost constant with increasing PDR for cases with a higher
share of spruce pollen. These two groups can also be identiﬁed as the two modes in the frequency distribution of BÅE
values at 355/532 nm presented in Fig. 10. The ﬁrst mode of
https://doi.org/10.5194/acp-21-7083-2021

Figure 11. Assumed pollen backscatter-related Ångström exponent at 355/532 nm against the related pollen depolarization ratio at
532 nm for the studied period after removing cases below the BÅE
threshold of −0.4. The pollen depolarization ratio is the calculated
depolarization ratio value for a pollen backscatter contribution of 1
at assumed pollen BÅE.

values around −0.9, denoted as “extreme cases”, is related
to PDR larger than 0.25, mostly for the data on the last day
(high spruce share). For these cases, the BÅE is almost constant throughout the boundary layer, whereas the depolarization ratio is decreasing with height. This reveals the limitation of Ångström exponent at lidar wavelengths of 355 and
532 nm for the detection of big pollen particles since the BÅE
normally decreases with increasing share of pollen particles,
i.e., increasing PDR.
A threshold of −0.4 was applied to remove those “extreme
cases” before applying the algorithm of Shang et al. (2020).
A depolarization ratio of 0.03 at both 355 and 532 nm was
used for non-pollen particles, which is a mean value for
pollen-free periods at our measurement site. After the iteration, we found the relationship between the pollen BÅE at
355/532 nm and the pollen depolarization ratio at 532 nm
presented in Fig. 11. This relationship is representing the
mixture of birch and spruce pollen, with low spruce pollen
share after the selection of the threshold. Our previous studies (Bohlmann et al., 2019; Shang et al., 2020) indicate that
pollen consists of medium- to high-absorbing particles with
lidar ratio values from 55 to 70 sr at both 355 and 532 nm
for birch and spruce pollen, without signiﬁcant wavelength
dependence. The pollen grains are quite big and thus can be
assumed to be wavelength independent on the backscatter at
wavelengths of 355 and 532 nm. Under the assumption that
the backscatter-related Ångström exponent at 355/532 nm
should be zero for pollen, the pollen depolarization ratio was
found to be 0.44 for the mixture of birch and spruce pollen
observed during this intensive period of high pollen concentrations. The spruce pollen share to the total pollen number
Atmos. Chem. Phys., 21, 7083–7097, 2021
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concentration of the birch–spruce pollen mixture ranges between 0 % and 35 % for the estimated pollen depolarization
value. The depolarization at 355 nm was calculated using
the pollen backscatter contribution at 355 nm and the BÅE
at 355/532 nm. Assuming a BÅE of zero, a pollen depolarization ratio of 0.16 at 355 nm was found for the birch
and spruce mixture. In order to retrieve the pollen depolarization ratio of the “extreme cases”, we used the BÅE at
532/1064 nm, as longer lidar wavelengths might be beneﬁcial
for cases with a high share of very large particles. However,
our dataset of corresponding cases is too limited to lead to
a meaningful conclusion. More cases with high spruce concentration are needed.

4

Conclusion

During the pollen campaign in 2019 at the European Aerosol
Research Lidar Network (EARLINET) station in Vehmasmäki (Kuopio), Finland, we were able to expand the dataset
of birch and spruce pollen observations with improved lidarbased measurements down to around 350 m. In previous
studies, measurements were restricted by a high overlap
height which limited usable proﬁles to data above 800 m.
The majority of strongly depolarizing spruce pollen, however, is assumed to be close to the pollen source near ground
level. Thus, when conducting pollen measurements with lidar, the lower limit of usable lidar data should be as low as
possible. In our study, we utilized depolarization measurements of a co-located Halo Doppler lidar to add a third depolarization wavelength. Very high depolarization ratios have
been detected during a 4 d period of birch and spruce pollen
with an increasing amount of spruce pollen towards the end.
In situ aerosol measurements and meteorological data have
been considered to characterize the overall aerosol load in
the air and the air masses at the site. Ruptured pollen could
affect the observed depolarization ratio, as the smaller fragments of ruptured pollen are highly non-spherical. We detected a slightly higher number of particles in the diameter
range from 3–10 μm on the day with high depolarization,
which could be partly caused by pollen fragments. However,
more research on the impact of pollen fragments is needed
and the amount of pollen fragments should be recorded in
future studies. Also the possible impact of the pollen surface
structure on the measured depolarization ratios needs to be
investigated, as the rough surface of certain pollen types can
cause higher depolarization ratios.
The investigation of lidar-retrieved optical properties in
detected pollen layers revealed a wavelength dependence of
the depolarization ratio especially in the presence of spruce
pollen. On a day with a spruce pollen share of the total
pollen number concentration of about 22 %, high PDR values of 0.46 ± 0.26 and 0.30 ± 0.09 were detected at 532
and 1565 nm, respectively, in pollen layers down to around
350 m. The PDR at 355 nm could only be detected down to
Atmos. Chem. Phys., 21, 7083–7097, 2021

900 m. In those layers, mean PDR values were 0.10 ± 0.02,
0.38 ± 0.23 and 0.29 ± 0.10 at 355, 532 and 1565 nm, respectively. The wavelength dependency could be explained
with the higher sensitivity of the longer lidar wavelengths
to big pollen particles (∼ 100 μm) and characteristic surface
pattern of such pollen. This wavelength dependence could
be characteristic of large, non-spherical spruce pollen. Furthermore, negative backscatter-related Ångström exponents
have been detected when the spruce pollen share was high.
Negative Ångström exponents have previously been detected
for dust but could also be a characteristic feature of spruce
pollen. A novel method introduced by Shang et al. (2020)
was applied to the measurement data, and pollen depolarization ratio values of 0.44 at 532 nm and 0.16 at 355 nm
were determined for the birch–spruce pollen mixture. Furthermore, a limitation of the Ångström exponent at the lidar
wavelengths of 355/532 nm for the characterization of very
large pollen particles like spruce was found.
To determine values of pure pollen, more cases with
high concentrations of only one pollen type are necessary.
We found characteristic values for atmospheric conditions
in the presence of spruce pollen, but at our measurement
site spruce pollen almost always occurred simultaneously
with other pollen types. This complicates the investigation
of pollen type characteristics, as optical properties vary depending on different mixtures of backscattering aerosol. Furthermore, pollen fragments and the pollen surface structure
need to be considered when investigating pollen properties
with lidar because non-spherical fragments and pollen-typespeciﬁc surface structures possibly affect the detected depolarization ratio as well. Nevertheless, our study shows the
spectral dependence of the depolarization ratio for pollen, especially spruce, in the atmosphere.

Data availability. Lidar data are available upon request from the
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