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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 sim-
ulator and then applied to the lidar observations during a 4-
month pollen campaign from May to August 2016 at the Eu-
ropean Aerosol Research Lidar Network (EARLINET) sta-
tion 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 (Be-
tula), 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). Li-
dar 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 depo-
larization ratio (with mean values of 0.25 or 0.14) was ob-
served with the presence of the more non-spherical spruce
or pine pollen. Under the assumption that the backscatter-
related Angstrém 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 0.2440.01 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 Angstrém 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 wave-
length 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 environ-
ment. 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 (Bous-
quet 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 concentra-
tions 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:
/loteros.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 com-
plex procedures for complete classification and identifica-
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tion, and the results are not publicly available online. Be-
sides, 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 char-
acterization. Several studies on the long-distance transport of
pollen (Rousseau et al., 2008; Skjgth 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 mea-
surements can detect the presence of pollen grains in the at-
mosphere and that non-spherical pollen grains can generate
strong depolarization (we found a mean depolarization ra-
tio of 0.26 for the birch—spruce pollen mixture). Therefore,
it is possible to observe airborne pollen grains in the atmo-
sphere 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 ra-
tio and Angstrdm exponent) provide the possibility of iden-
tifying different pollen types (e.g. birch and spruce pollen).
However, the optical properties of pure pollen are still miss-
ing 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 Angstrdm exponent and the lidar ra-
tio, 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 characteriz-
ing the optical properties of pure pollen particles, based on a
4-month campaign. In Sect. 2, we introduce the pollen cam-
paign and the instruments. In Sect. 3, we present the method-
ology and describe a novel algorithm to estimate the depo-
larization ratio value for pure pollen. This algorithm is tested
and validated through a simulator. In Sect. 4, we report the re-
sults: 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 Vehmas-
miki (62°44’'N, 27°33’E; elevation of 190m 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
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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 recog-
nized 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 in-
clude 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 typi-
cally 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 Euro-
pean countries, relatively clean background atmospheric con-
ditions in Finland favour pollen detection and further separa-
tion of contributions of pollen backscattering from total scat-
tering by using lidars, since there are fewer other particles,
particularly dust, which would complicate the analysis.

The Kuopio station is operated by the Finnish Meteorolog-
ical Institute, and it has been equipped with a ground-based
multi-wavelength Raman polarization lidar Polly*T (Engel-
mann et al., 2016), Doppler lidar, and in situ instruments
next to a 318 m tall mast (for the meteorological observa-
tions) since autumn 2012 (Hirsikko et al., 2014). PollyXT
has three emission wavelengths (355, 532, and 1064 nm)
and seven detection channels (including three emitted wave-
length 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 30s. During daytime,
the Klett-Fernald method (Fernald, 1984; Klett, 1981) is ap-
plied using the elastic signals to retrieve the extinction coeffi-
cient, which describes the combined effect of particle absorp-
tion and scattering, and the backscatter coefficient, which
describes particle backscattering at a 180° scattering angle.
During night-time, profiles of extinction and backscatter co-
efficients at 355 and 532nm 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 composi-
tion. The cross-polarization and total polarization channels
of the PollyXT allow the retrieval of the volume linear de-
polarization ratio (VDR) and particle linear depolarization
ratio (PDR) at 532 nm, which provide information on the
shape of the scattering particles. Multi-wavelength measure-
ments (355, 532, and 1064 nm) enable the determination of
Angstrém 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 ;\ngstrijm exponent
values greater than 2 indicate small particles associated with
combustion byproducts, whereas Angstrdm exponent values
less than 1 indicate large particles like sea salt and dust.
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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 concen-
tration microscopically with a 2 h time resolution. More de-
tailed 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 al-
gorithm to estimate the depolarization ratio value for pure
pollen particles. This algorithm is first tested through a simu-
lator (Sect. 3) using the synthetic lidar data and then applied
to the real lidar observations (Sect. 4.3). The simulator in-
cludes 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: A1 =355nm and A, =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 back-
ground (non-depolarizing) aerosols, are considered in this
simulation. The optical and physical parameters used in the
direct calculation are presented in Table 1; these parame-
ters are named “initial values” for the simulation. The val-
ues are based on our lidar measurements (Bohlmann et al.,
2019) or literature (e.g. Illingworth et al., 2015). The back-
ground here refers to non-depolarizing background aerosols
(non-pollen particles), which can be polluted continental or
biomass burning aerosols. The depolarization ratios of non-
pollen particles (Spackground) at both 355 and 532 nm are se-
lected 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 (Spolien)
at 532nm 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 I:Angstrém exponent (Aopouen) of 0. The
backscatter-related Angstrom exponent of non-pollen parti-
cles (/ibackground) 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 (depolar-
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izing one) should be higher than the depolarization ratio of
background aerosol (non-depolarizing one); and (ii) the val-
ues of backscatter-related Angstrom exponent for pollen and
non-pollen particles should be different. In addition, the con-
clusion of the simulation section is not dependent on the as-
sumed profile shape or height; and the initial values are not
critical for presenting the overall approach.

The extinction coefficient profiles of these two aerosol lay-
ers are assumed to follow a Gaussian distribution. The op-
tical depth (OD) of the input background aerosol layer is
fixed to be 0.1 in this simulation. In order to simulate differ-
ent 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 back-
ground 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 backscat-
ter coefficient, lidar ratio, and Angstrém exponent of the
total particles are simulated (e.g. Fig. S2b). The Angstrém
exponent describes the wavelength dependence on aerosol
optical properties (Angstrém, 1964). The backscatter-related
Angstrém exponent between two wavelengths of A; and XA,
(denoted as A) can be expressed as Eq. (2).

ﬂparticle A,2)= ﬂpollen A, 2)+ ,Bbackground A, 2) (1

By (11.2)
In (ﬂx()»z,z))

In (%)
The index x = pollen, background, or particle denotes the
backscatter-related Angstrom exponent of pollen, back-
ground, or total particles.

Vertical profiles of the particle linear depolarization ratio

(PDR; denoted as dparticle) can be also calculated following
Eq. (3) (the detailed calculation is given in the Supplement).

AX ()‘*11 )"23 Z) = - (2)

ﬂpollen '(Spullen ,Bbackgmund '5backgmund

5 ' _ Spolten+1 Jbackground +1 (3)
particle = Bpollen Bbackground
8p01]en+l 6buckgr0und+l

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 532nm, PDRs at 532nm, and backscatter-
related Angstrém exponents between 355 and 532 nm sim-
ulated for these six cases (shown in Fig. 1) will be used later
as input for the inverse model.

The pollen backscatter contribution, denoted as xpolien
(Eq. 4), is defined as the ratio of pollen backscatter coef-
ficient (Bponen) to the total particle backscatter coefficient
(Bparticle)- Note that the use of “particle” here is to distinguish
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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, A bsc:
backscatter-related Angstrom exponent. A Gaussian distribution is applied for each layer, with the layer centre and half width given.

Aerosol type LR 355nm LR532nm DR (@) DR (5) A bsc Layer half width
(sr) (sr) 355nm  532nm  355-532nm  centre (Gauss.)
Pollen 65 65 0.35 0.35 0 0.5km 1 km
Background 50 50 0.03 0.03 2 15km 3km
(a) (c)
5 5
——O0D =0.002
pollen
—ob,_,,, =0.01
4 —_ob =002 4
pollen |
E‘ I 0Dpollen =0.05 ‘
= 3 —— 0D =0. 3
- pollen
o oD =
© pollen
:E’ 2l 2
I
1 1
0 0
(i 5 10 15 200 0.1 0.2 0.3 0 05 1 1.5 2 25

Particle bsc.coef. 5§32 [Mm'1sr'1]

Particle depol.ratio 532

Angstrém exp. bsc 355-532

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 Angstrom exponent between 355 and 532 nm. Simulated results under different input pollen optical depth

(OD) values are shown by colour.

from “molecular”.
ﬂpollen (A, 2)
lgpaxticle A, 2)

We investigate here the relationship of the backscatter-related
Angstrom exponent of total particles (Apamcle) and pollen
backscatter contribution (xpolen) at different wavelengths
(the detailed calculation is given in the Supplement), result-
ing a power law relationship:

Al Aparticle (A1,12)
(?»2 ) N
A —Apotten(11.12) A —Abackground (A1.12)
(G) () )

A 1 _Abackground (A1,22)
* Xpollen (A2) + (E) . 5)

The wavelength pairs (A1,X;) are selected as (355,532),
(532,355), or (1064,532) in this study. In order to simplify
the calculation, we introduce two parameters, n and n’, as
a function of the backscatter-related Angstrﬁm exponent be-
tween 355 and 532 nm or between 532 and 1064 nm, for the
total particle backscatter coefficients:

Xpollen A, 2)= “4)

532
r_ (1064
= ( 532
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( 355 ) —Aparticte (355,532)

) —Aparticte (1064,532) (6)

The linear relationships resulting from the pairs of parame-
ters n or n” and Xpollen at different wavelengths are reported
in Table 2. For example, the pollen backscatter contribution
at 532 nm (Xpollen(532)) is inversely proportional to the pa-
rameter 1. Using the previous six simulated cases, a perfect
linear relationship is found to fit the 1 versus xpolien(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 ap-
plied 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

- sbackground)(l + 8pollen)
- 5backgr0und) 1+ aparticle) ’

(‘Sparticle

)

ﬂpollen = ,szu'ticle
(8pollen

The only remaining unknown to solve the Eq. (7) is the
depolarization ratio for pure pollen (8polien). Next we use
previously simulated Bparticle and dparticle and the assumed
Sbackground- From now on, 532 nm will be the default wave-
length (if not otherwise specified). The wavelength pair
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Table 2. The linear relationships resulting from the pairs of parameters ﬂ(z‘iparticle) and xpollen at different wavelengths are reported.

Wavelength Pollen Backscatter-related Parameter of A(A1,1,) Formulae
pair (A1, A2) backscatter Angstrom exponent  linearly correlating
(nm) contribution  A(Aq, A7) with Xpollen
at Ay
. 355 ~Aparticle (355.532)
2 =35520=532  Xpollen(532)  Apariicte 355.532) 7 n= (@)
. ~Aparticle (355,532)
M=53232=355  Xpollen355)  Aparticte (532,355) 1 =)
. —Aparicle (532,1064)
A =1064,70 =532 Xpollen (532 Aparticte (1064,532) 1 w = (08
2.4 between 0.03 and 1), denoted as &, in the simulator. The
2ol | related pollen backscatter contribution (xpolten(532)) inside
_ . the pollen layer can be retrieved using Eqs. (4) and (7). As
%_ 2+ 1 its value depends on the assumed pollen depolarization ratio
é L8l | (8y), it can be expresse(l as Xpollen(8x, 532).
g The relationship of A(355,532) and xpolten(dx, 532) was
% 1.6f 1 investigated using the parameter 1 (Egs. 5 and 6). Examples
o Mg of scatter plots using mean values of 7 and xpolten (dx, 532) in
" 1.40 1 ;
= EL\ the pollen layer for cases under the assumptions of §; = 0.1,
1.2t . 0.2, 0.3, 0.4 and 0.5 are shown in Fig. 3. For these relation-
; ‘ ‘ ‘ ‘ ships, perfect linear fits (linear regression relationship) can
0 0.2 0.4 0.6 0.8 1 be found and plotted as dotted lines in Fig. 3, following the
‘ ‘  Xponent532) ‘ ‘ simplified equation from Egs. (5) and (6):
0.002 0.01 0.02 0.05 0.1 1
Proen 532 0 (Xpotien(8x> 532)) = a1 - Xpoten (8> 532) + ap. ®)
Figure 2. Scatter plot wusing the parameter n=

(355/532) —A(B355.532) gnd pollen backscatter contribution (Xpolien)
at 532nm for six simulated cases, of which the input values of
pollen optical depth (ODpoien) at 532nm 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 (0-1km) are used for xpolten and n. They
line up perfectly following Eq. (5).

(A1, A2) is selected as (355,532) in this section. Mean val-
ues of optical properties inside the pollen layer are consid-
ered in this study; it is also possible to use values of each bin
of the synthetic profile which will lead to the same conclu-
sion. Mean values of backscatter-related Angstrom exponent
between 355 and 532 nm inside the pollen layer, denoted as
1&(355, 532), can be easily retrieved.

Mathematically, the depolarization ratio for pure pollen
can be calculated using Egs. (4), (5), and (7), as other vari-
ables are known or can be assumed. Nevertheless, we de-
veloped 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 dif-
ferent values of the unknown z&pouen- 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

The fitting coefficient (a1, ap) values to determine the esti-
mated parameter n are defined as in Eq. (5). Until this step
of the inverse model, no assumption on the Apollen was made;
thus a; varies for different assumed values of §,. But ag is
constant as the fibackground is known. Theoretically, for each
linear fit equation, xpolien(8x,3532) values can range from
0 to 1, with 0 meaning no pollen and 1 meaning 100 %
pollen in the observed aerosol particle population. There-
fore, for each assumed ., the n value for xpolien(dx,532) =1
can be defined as the value for pure pollen and denoted as
Mpure (3. 532).

In Sect. 3.1, the initial value of the backscatter-related
Angstrbm exponent of pure pollen (denoted as /iponen) be-
tween 355 and 532 nm is 0, which results in an initial value
of 1 for the parameter 7. In this simulation, we assumed that

the same value (I&pollen = 0) should be retrieved; the goal was
thus to find the value of 1 for npue. From previous results
shown in Fig. 3, we can see that a §, value between 0.3 and
0.4 may result in npyre = 1 (the black triangle in Fig. 3).
Hence, in the second step, more §, values in that range
(0.3-0.4) were used in the simulation, and one can retrieve
the relative value of 7pure(0x, 532) for each case. These val-
ues are presented in Fig. 4. The relationship between &, and
Npure (8x, 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 lidar-
measured profiles, two or more values of §, 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 z‘ipouen =0, a pollen de-
polarization ratio of 0.35 was found, resulting in 7pure = 1
(shown by the black triangle in Fig. 4). This result is exactly
the same as the initial value of the direct model, which vali-
dates 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 §, 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), un-
der 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 Angstrém 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 di-
rect 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 p(gllen depolarization ratio (Spouoen and
the backscatter-related Angstrom exponent for pollen Apolien)
were selected as different initial values for different uncer-
tainty studies, which are clarified in each paragraph. The out-
put of each direct model simulation was then used as the in-
put 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). dyolien of 0.04
has been tested, and the correct value was successfully re-
trieved. Note that for this case, the assumed values of §,
should be selected as lower values (e.g. from 0.03). The more
values of &, that are used in the inverse model, the better pre-
cision 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 §, (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 backscatter-
related Angstrém exponent of pure pollen between 355 and

532 nm to be used in the inverse model (denotoed as Apouen)
is 0, which was the same as the initial value (Apolien) of the
direct model. But in reality, such information is not always
available. Under different initial values of Apollens there will
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the ideal value: when xpolten is 1, 7 should be 1 A =0).
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Figure 4. Estimated parameter npure against the related assumed
pollen depolarization ratio dx at 532nm. npure is the 1(Xpollen)
value for the pure pollen (100 % pollen in the observed aerosol
particle population, xpollen = 1), where 7 is a parameter using the
backscatter-related Angstrom 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 (R2)
value is also given. The final result of 0.35 for pure pollen is found,
resulting in npure = 1 (i.e. Apoiien = 0) (by the black triange).
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(1064,532) in this study.

be a bias on the estimated values of pollen depolarization ra-

tio if the assumed value is different (i.e. Apollen #= Apollen)' For
example, if the initial value Apolien is 0.25 (i.€. Ppure = 1.11),

but we keep the assumption of Apollen =0 in the inverse
model, the estimated pollen depolarization ratio is found to
be 0.39 with a bias of 0.04 (show in Fig. S3). The uncer-
tainty due to the difference between the initial value of Apollen

and assumed Apollen was simulated (shown in Fig. S4), where

fiponen is always %ssumed to be 0 in the inverse model. For
initial values of Aponen = 30.5 (i.e. bias of 0.5 on the as-
sumed value of 0), relative uncertainties were assessed to be
~ 30 %. This uncertainty due to the difference of initial val-
ues of fipouen and Abackground was also in\{’estigated. Th? larger
the difference between the two values (Apackground — Apollen)s
the smaller the uncertainty. For instance, if we use 3 (instead
of 2) as the initial value of Abackgmund, 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 val-
ues given in Table 1) are used again in this simulation, but

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

noises are additionally added, considering normal statistical
distributions, which are introduced by a normal random gen-
erator (Fig. S1). The PDR and A are calculated from parti-
cle backscatter coefficients, so we only need to apply differ-
ent noise levels to the particle backscatter coefficients in the
direct model, and related PDR and A with noise can be re-
trieved. To simplify the problem, the initial noise levels for
both backscatter coefficients at 355 and 532 nm were consid-
ered under the same assumptions. We defined “one group”
as one draw of six simulated backscatter profiles with a cer-
tain 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 depolar-
ization ratio. In the case of taking 10 % as the noise level
on the backscatter coefficients, one group of six simu-
lated 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 depolar-
ization 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



15330

of 0.351 £0.009; thus an uncertainty of 0.009 (rela-
tive 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 gen-
erator, and 200 draws were performed for each statisti-
cal 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 de-
polarization 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 val-
ues, 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 ac-
curacy 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 Xpollen (from ~ 0.05 to ~ 0.95), which leads to good con-
straints to find a fitting line for the regression relationship of
Xpollen and 7 (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 xpollen 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 Results
4.1 Pollen grain and intense pollination period

During the 4-month campaign, 20 pollen types were ob-
served 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 num-
ber 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.

Atmos. Chem. Phys., 20, 15323-15339, 2020

X. Shang et al.: Optical characterization of pure pollen types

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 Pi-
nus sylvestris (Scots pine) pollen grains is 65-80 um, while in
Picea abies (Norway spruce) the axis is longer, 90-110 um
(Nilsson et al., 1977). Birch pollen can cause severe polli-
nosis and is recognized as one of the most important aller-
genic sources (D’Amato et al., 2007). Birch pollen grains
are sub-oblate to oblate. B. pubescens pollen grains are 18—
24 x 22-28 um in size (Nilsson et al., 1977), and B. pendula
(Silver birch) pollen grains are more or less the same size
(personal communication with Sanna Pitsi from Aerobiol-
ogy, University of Turku, 2020). Nettle is considered mod-
erately 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 x 15-20 um (Nilsson et al., 1977). Infor-
mation 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 consid-
ering the pollen seasons and the daily mean pollen concentra-
tion values of these four dominant pollen types (Table 3). A
minimum value of 300 no.m™3 (for daily mean pollen con-
centration) 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. Dur-
ing IPP-1, almost only birch pollen is observed (97 % contri-
bution to number concentration), while during IPP-2, spruce
pollen is additionally present in the air, with 14 % contribu-
tion. IPP-3 consists of two periods within the pine pollen sea-
son, separated by a few days with frequent low-level clouds
(below 1km) 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 Optical properties of pollen layer
4.2.1 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 (Bosenberg and Matthias, 2003;
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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 Angstrém 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 Pollen season in 2016  Taxa The longest axis size (um)*
type (dd.mm-dd.mm)

Birch 29.04-26.05  Betula 22-28
Spruce 13.05-14.06  Picea 90-110
Pine 23.05-13.06  Pinus 65-80
Nettle 27.06-14.08  Urtica 15-20

(b) Selected intense pollination periods (IPPs)

PP Period time in 2016  Pollen types (percentage of number concentration)
(dd.mm-dd.mm)

IPP-1 05.05-09.05  Birch (97 %), other pollen (3 %)

IPP-2 12.05-16.05  Birch (82 %), spruce (14 %), other pollen (4 %)

IPP-3 23.05-25.05 & 28.05-03.06  Pine (95 %), other pollen (5 %)

IPP-4 01.07-03.07 & 14.07-18.07 & 24.07-04.08  Nettle (75 %), other pollen (25 %)

* Values from Nilsson et al. (1977).

Flamant et al., 1997; Mattis et al., 2008) based on the lidar-
derived 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 time-
averaged lidar profiles are used to match the pollen sam-
pler 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 ma.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 low-
est layer top height was found for the nettle pollen, belong-
ing to herbaceous species. For the relatively larger spruce and
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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 de-
tected 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 532nm and the LR at 355nm
for pollen layers were retrieved using the standard Raman
method (Ansmann et al., 1990) during night-time measure-
ments. 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, A bsc: backscatter-related Angstrom exponent.

Raman LR 355nm LR 532nm All  PDR 532nm A bsc
cases (sr) (sr) cases 355-532 nm
IPP-1 10 54+12 61+8 37 0.08 +0.03 1.574+0.43
1IPP-2 7 7110 69+t4 15 0.254+0.06 1.324+0.61
IPP-3 13 66+ 12 63+ 14 46 0.144+0.09 1.38 +£0.57
1PP-4 15 63+ 14 68+11 45 0.0440.01 1.834+0.43
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Figure 7. Examples of estimated uncertainties (left y axis) and
relative uncertainties (right y axis) on retrieved pollen depolariza-
tion ratio (DRpojlen) at 532nm against (a) the applied noise lev-
els on backscatter coefficient (Bsc), and (b) the initial input values
of DRpojlen, using Monte Carlo method. The initial input value of
DRyolten is 0.35 for the example in (a). The noise level on backscat-
ter coefficient (Bsc) is 10 % for the example in (b).

our results indicate that pollen consists of medium- to high-
absorbing 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 355nm. This behaviour is reversed for IPP-3 (pine-
dominant) 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 depolariza-
tion ratios were observed with the presence of the more non-
spherical 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

Betula <

Urtica

Figure 8. (a) Pollen concentration (2h 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 Angstrém exponent were also retrieved
for pollen layers. The difference in the Angstrdm exponent
for IPPs is much less evident, as the box plot of backscatter-
related Angstrom exponent between 355 and 532 nm shows
(Fig. 10d). The use of the ;\ngstrijm exponent to charac-
terize pollen is quite delicate, as its value depends a lot on
the background aerosol. Nevertheless, a clear tendency to
a smaller Angstrom exponent with an increasing depolar-
ization ratio can be found, as is reported in Bohlmann et
al. (2019). Thus under the same or similar background condi-
tions, the Angstrém 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 contribu-
tion in the aerosol mixture near the ground was observed.

https://doi.org/10.5194/acp-20-15323-2020
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Figure 10. Box plots of (a) lidar ratio (LR) at 532 nm and (b) ra-
tio of LR at 355nm and LR at 532 nm during night-time measure-
ments. Box plots of (¢) particle linear depolarization ratio (PDR)
and (d) backscatter-related Angstrdm 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
(8x) at 532 nm was assumed to be 0.2, 0.3, 0.4, or 0.5, and
the depolarization ratio of non-pollen particles (Spackground)
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 contri-
bution inside the pollen laoyer (Xpollen(8x,532)). Mean val-
ues of backscatter-related Angstrém exponents between 355
and 532 nm inside the pollen layer were retrieved and de-
noted as A(355,532). The relationship of A(355,532) and
Xpollen (8x, 532) of the pollen layers in each IPP was inves-
tigated using the parameter n (Eq. 6). The scatter plots us-
ing mean 1 and Xpolien(8x, 532) under different values of as-
sumed &, (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 IPP-
3).

Based on results from the first step, in the second step,
more 8, 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 n and Xpolien(dx, 532)
(Eq. 8) under each assumed §,. For these fitting lines,
the 1 value for ypollen(8x,332) =1 was retrieved, denoted
as Npure (Ox,3532) and reported in Fig. 11. npue presents
the n values when the pollen contribution in the observed
aerosol particle population is 100 %. Using these estimated
Npure (8x, 532) and &y, linear fits (shown by dotted lines in
Fig. 11) can be assessed with high correlations.

Further on, the §, value which results in a certain value
of Npure (8x,532) could be assumed as the depolarization
ratio value of pure pollen. Under the assumption that the
backscatter-related Angstrom exponent of pure pollen (de-
noted as Aopollen) between 355 and 532 nm is 0 (i.e. fpure = 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
n and Xpolien(8x,532) are shown in Fig. 12: (a) for IPP-1
with a pollen depolarization ratio of 0.24 and (b) for IPP-
3 with a pollen depolarization ratio of 0.36. Good linear
regression relationships are found for both cases, and two
things should be highlighted: (1) fiponen is 0 (i.e. npure = 1)
for 100 % pollen in the observed aerosol particle popula-
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Figure 11. Estimated npure against the related assumed pollen de-
polarization ratio 8y at 532nm 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 (Rz) values are also
given. n is a parameter using backscatter-related Angstrém expo-
nents between 355 and 532 nm (Eg. 6), and npure is the estimated
n value for Xpollen(dx) =1 (i.e. the pollen contribution in the ob-
served aerosol particle population is 100 %) (Eq. 8). The final re-
sults for pure pollen are shown by the black triangles. npure val-
ues of 0.82 and 1.22 (i.e. backscatter-related Angstrém exponent of
—0.5 and 0.5) are shown by horizontal dotted red lines.

tion (i.e. Xpollen = 1); and (2) withoug pollen in the air (i.e.
Xpollen = 0), the backsocatter-related Angstrom exponent of
non-pollen particles (Apackground) 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. n of 2.28 for IPP-1, 2.18 for IPP-3). There are
no values of the Angstrom exponent for pure pollen in the
literature, but this assumption (fipouen =0) is almost realis-
tic, 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 Angstrém
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 ap-
proach. 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 Angstrém 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 ob-
servations (Fig. 12), the simulated cases were selected so that
the xpollen Values range from 2 ‘7g to 60 % for birch and 2 % to
90 % for pine. The initial input Apoien in the direct model and

assumed z‘ipouen in the inverse mode were both selected to be
0. Estimated uncertainties were found to be 2.4 % for birch
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and 2.9 % for pine (Table 5). Note that the different initial in-
put values of Apollen may intro@)uce important additional bias.
If we assume the true value of Apojen is between —0.5 and 0.5
(i.e. values of npure 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 depolar-
ization 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. Dur-
ing 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 Pollen optical properties at 1064 and 355 nm

A similar study was performed to investigate the relationship
between backscatter-related Angstrom exponents between
532 and 1064 nm (A(1064,532)) and the pollen backscat-
ter contribution at 532nm; here we use another parame-
ter n’ (Eq. 6), which is a function of A(1064, 532), for the
total particle backscatter. From the earlier simulations, we
found out that the pollen backscatter contribution at 532 nm
(Xpotlen(532)) is proportional to the parameter n’, considering
Eq. (5) using the wavelength pair of A1 = 1064 and X, = 532.

The inverse model was applied for several assumed pollen
depolarization ratios at 532nm (ranging from 0.2 to 0.6),
and no values of ' =1 (ie. fi(1064, 532)polten = 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 Angstrom exponent of
non-pollen particles between 532 and 1064 nm, denoted as
Abaekgmund(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. Xpollen =0). A fibackground(S?)Z, 1064)
value of 1.0 or 1.1 (i.e. n” =0.50 or 0.46) was estimated
for IPP-1 or IPP-3, respectively. Considering the previ-
ously estimated depolarization ratio at 532 nm for pure birch
(pine) pollen of 0.24 (0.36), the related ' was found to
be 0.58 (0.69), corresponding to the value of ~0.8 (~
0.5) for the backscatter-related Angstrém exponent between
532 and 1064 nm. The extinction-related Angstrom expo-
nent is characterized mainly by the particle size, whereas
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Table 5. Linear depolarization ratios for pure pollen. The assumption that the backscatter-related Angstrom exponent between 355 and
532 nm for pollen (Apollen) should be 0 was applied for this study. The uncertainty on /ipollen was not taken into account for the standard
deviation shown here, which may introduce non-negligible additional bias. For example, under the assumption of I‘ipollen +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  Depolarization ratio

at 532 nm at 355nm

This study, Finland Silver birch 0.24 £0.01 0.17
(in the atmosphere) Scots pine 0.36 £0.01 0.30
Cao et al. (2010), Canada  Paper birch 0.33+0.004 0.08 +0.008
(in an aerosol chamber) Virginia pine 0.41 £0.006 0.20£0.013

num.conc.
Birch / all pollen
1

num.conc.

(a) Assumed pollen depol.ratio (t‘»x) at 532nm: 0.24 Pine / all pollen

(b) Assumed pollen depol.ratio (6)() at 532nm: 0.36
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Figure 12. Mean values of the parameter 7 against pollen backscatter contribution at 532nm (xpolien(3x, 532)) inside the pollen layers,
during IPP-1 (a) and IPP-3 (b). n is a parameter using the backscatter-related Angstrém exponent between 355 and 532 nm (Eq. 6). The
pollen depolarization ratio §, at 532nm 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 (Egs. 5 or 8). The correlation coefficient (R?) 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 Angstrém 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 Angstrém exponent be-
tween 355 and 532 nm is more sensitive to the refractive in-
dex, 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
Angstr(jm 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 Angstrom
exponent between 355 and 532 nm for pure pollen is 0. The
pollen backscatter contribution at 355 nm (Xpolten(355)) was
calculated using the lidar-derived particle backscatter coef-
ficient at 355 nm. The inverse model was applied here for
the backscatter-related Angstrém exponent between 355 and
532 nm (A(532,355)) and pollen backscatter contribution at
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355nm, using a third parameter % (as in Eq. 6, a func-

tion of A(532,355)), which is proportional to the pollen
backscatter contribution at 355 nm, considering Eq. (5) us-
ing the wavelength pair of A; = 532 and A, = 355. Here A
is the backscatter-related Angstrdm exponent between 355
and 532 nm, for the total particle backscatter coefficient. Un-
der different values of assumed pollen depolarization ratio
at 355nm (8x 355) from 0.1 to 0.4, linear correlations were
found for % and Xpollen(9x,355, 355) (Fig. S8). Values for

%pure(8x355) for 100 % pollen backscatter contribution at

355 nm are reported in Fig. 13, against related 8, 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 lin-
ear 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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Figure 13. Estimated %pure(éx,355) against the related assumed

pollen depolarization ratio at 355nm (8 355) 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%)
values are also given. % is a parameter using the backscatter-related

Angstrbm exponent between 355 and 532 nm (Eq. 6), and %Pure is

the estimated % value for xpollen(dx,355, 355) = 1. The final results
for pure pollen are shown by the black triangles. Results are un-
der the assumption that the backscatter-related Angstrdm exponent
between 355 and 532 nm for pure pollen is O.

0.2

PDR 355
o
&

0.1+
il L
0

IPP-1 IPP-3

Figure 14. Box plots of estimated particle linear depolarization ra-
tio (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 Angstrdm 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 x&ngstrém exponent between 355
and 532 nm for pure pollen is 0 and are based on previously
retrieved pollen depolarization ratios at 532 nm. More uncer-
tainty sources should be considered for the uncertainty study,
and it is complicated to give qualitative values. Neverthe-
less, a wavelength dependence seems to be found for depo-
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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 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 East-
ern Finland. This station is part of the European Aerosol Re-
search 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 concen-
trations. 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 depen-
dence 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 de-
polarization 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 Angstrém exponent could be used to classify
different pollen types only under the same or similar back-
ground conditions, as its value depends a lot on the back-
ground aerosols.

As the main results, we provide a novel method for the
characterization of pure pollen particles. We present an algo-
rithm to estimate the depolarization values for pure pollen,
under the assumption that the backscatter-related Angstrém
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 simula-
tor of synthetic lidar profiles (including a direct model and
an inverse model module). Mathematically, the depolariza-
tion ratio for pure pollen can be calculated using the equa-
tions 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 li-
dar observations. The depolarization ratio of pure pollen par-
ticles at 532 nm was assessed, resulting in 0.24 +0.01 and
0.36 £0.01 for birch and pine pollen, respectively. The un-
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certainty on the assumed backscatter-related Angstrém ex-
ponent of pure pollen will introduce non-negligible bias in
addition, as discussed in Sect. 4.3.1. Pollen optical proper-
ties at 1064 and 355 nm were also estimated based on the
retrieved pollen depolarization ratio at 532 nm. Pollen de-
polarization 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 character-
ization. Also, a wavelength dependence on the backscat-
ter between 532 and 1064 nm was found, with the value
of the backscatter-related Angstrom 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 depolar-
ization ratios at 355nm and 1064 nm provide valuable in-
formation for pollen study; thus more multi-wavelength li-
dar studies on the depolarization characterization of atmo-
spheric 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 LI-
dar 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 ac-
cess: 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 us-
ing 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 depolar-
ization ratio of one aerosol type is the only unknown param-
eter, 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 ra-
tio and the backscatter-related Angstrom exponent of the two
aerosol types should be different.
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