Response to Referees — General modifications

We would like to thank all reviewers for carefully reading the manuscript and providing useful
suggestions to improve the paper. Following the comments from 3 reviewers, we made the following
modifications (in red) in general for the manuscript:

1. Presentation of the method and the structure of manuscript
We have simplified the presentation of method, and separated the presentation of the methodology from
the presentation of the results. The structure of revised manuscript will be:
1 Introduction
2 Site and instruments
3 Methodology — a synthetic simulator
3.1 Direct model — generation of synthetic optical profiles
3.2 Inverse model — retrieval of depolarization ratio
3.3 Uncertainty study
4 Results
4.1 Pollen grain and intense pollination period
4.2 Optical properties of pollen layer
4.2.1 Pollen layer
4.2.2 Lidar-derived optical properties
4.3 Estimation of optical properties for pure pollen from lidar observations
4.3.1 Pollen optical properties at 532 nm
4.3.2 Pollen optical properties at 1064 nm and 355 nm
5 Summary and conclusions

L3

The number of figures and tables are changed correspondingly.

2. Manuscript title

We have changed the title, because the title was a bit misleading as the reader might expect observations
from an aircraft. We have also removed “in Finland” as the presented method can also be applied to
other sites. The new title is:
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Optical characterization of pure pollen types using a multi-wavelength Raman polarization lidar

L3

3. Equations, abbreviation and data format
We have changed PBD t0 yp,q11en for the whole manuscript.

We have modified the equations in section 3 (Methodology — a synthetic simulator) to make the
presentation clearer.

We also added 2 sections of equation calculations in the supplement for:
1 Particle linear depolarization ratio calculation (Eq.3 in the manuscript)
2 Relationship of Ajarticte @Nd Xpotten (EQ.5 in the manuscript)

We changed the format of depolarization ratio value from xx% to 0.xx for the whole manuscript.



Response to Referee #1

Thank you for carefully reading the manuscript and providing useful suggestions to improve the paper.
The replies to the referee comments are given below. The referee comments are highlighted in blue with
our responses in black. The sentences in the manuscript are in Italic, with the modifications in the
revised manuscript in red.

The authors describe a methodology to infer the particle linear depolarisation ratio (PLDR) of
different types of airborne pollen in their pure state, i.e. unmixed with ambient aerosols. Due to
the size and irregular shape of pollen, it can be expected that their PLDR is larger than that of
most aerosol types though likely smaller that that of mineral dust. Knowing the PLDR of
undiluted aerosol types is important as it allows for separating, in the presented cases, the
contribution of pollen to pollen-containing aerosol mixtures.

I am not quite sure that the authors are actually presenting simulations or modelling in their
discussion of a simulator. It all seems quite analytical.

We are presenting a simulation in this paper. In the simulator section, we applied the algorithm to the
synthetic lidar data. This part will be clarified in the revised version.

In the revised manuscript, Page 6 lines 4-6 will be:

This algorithm is first tested through a simulator (Sect. 3.3.2) using the synthetic lidar data, and then
applied to the real lidar observations (Sect. 3.4). The simulator includes a direct model and an inverse
model modules (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.

To my understanding, the shape of the extinction coefficient profiles for pollen and the
background aerosol is defined as given in Table 3. The magnitude of the extinction coefficient of
both species is then determined by the respective optical thickness which is also set. Backscatter
coefficients are obtained using the set lidar ratio and the Angstrom exponent is derived trough
mixing the set values of the two aerosol types.

Yes, this is the way we simulate the extinction and backscattering coefficients.

Itis totally unclear, though, how the authors arrive at the mixed PLDR profiles presented in Figs.
4 and S2b. PLDR values for both types are also set in Table 3 but the mixing rule is not linear
such as summing up the backscatter or extinction coefficients. Is this when simulations come into
play? If so, what is done to get the PLDR profiles? It might be that the authors have used Eqg. (6)
which is given in Section 3.3.2 to obtain PLDR profiles of the pollen-background-aerosol mixture.
If so, the entire simulator would be circular as identical calculations would be done in both
directions. This would explain the perfectly linear relationships presented in Figs. 5, 6, and 7. |
am afraid | cannot assess the scientific quality of this work before the authors clarify the
description of the simulator, particularly with respect to the points made above.

We will clarify the PDR calculation in the revised version. The calculation is as following:

We follow the detailed calculations in Tesche et al. 20009.
The particle depolarization ratio (Sparticie) is expressed as Equation 4 in the manuscript:
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The index x=pollen or background denotes the contribution of pollen or background particles,
respectively. We can use the following relationships mathematically:

ﬁg;/ = ﬁ% +81, (S2)
x = j (83)
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We replace equations S3 and S4 in equation 4, the particle depolarization ratio can be then calculated
using the particle backscatter coefficients (Bpoiien aNd Bpackgrouna) and the depolarization ratios of

both particle types (6po11en aNd Spackground):
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These equations and descriptions will be added in the supplement for the revised version.
In the revised manuscript, Page 6 lines 24-26 will be:

Next, pollen layer and background layer are summed up, and then the vertical profiles of aerosol
backscatter coefficient, particle-depolarization—ratio; lidar ratio and Angstrém exponent of the total
aerosols are simulated (e.g., Fig. S2b); Vertical profiles of particle depolarization ratio can be also
calculated following eq.S5 in the supplement (the detailed calculation is also given). Theoretically,
these parameters can be derived directly from lidar observations.

Further comments

* The title is a bit misleading as the reader might expect observations from an aircraft. I’d suggest
a clearer title such as "Optical characterisation of airborne pollen from lidar measurements in
Finland™

Thank you for the suggestion, we will change the title as:

Optical characterization of pure pollen types using a multi-wavelength Raman polarization lidar.

We have also removed “in Finland” as the presented method can also be applied to other sites.

* The part about CALIPSO in the Introduction (page 2, lines 21-28) should be omitted. It is not
needed as there is no later reference on how to apply the new results of this work to improve the
CALIPSO aerosol typing.

We agree. We will remove the related information in the introduction for the revised version.

* page 3, lines 3-13 are more suitable in the introduction
We agree that these sentences can also be placed in the introduction, but we think these sentences are
more suitable for the description of our campaign site. So we decide to keep them in the section 2.

* I’d suggest a change of the structure of the paper: 1. Introduction, 2. Site and instruments, 3.
Lidar simulator, 4. Results. Such a structure allows for a clear separation of instruments, methods,
and findings. In addition, the lidar parameters should already be introduced in the description of
the lidar. This way, the reader knows what’s available for the theoretical studies in the next
section.

Thank you for the suggestion, we were considering the suggested structure, which is also good. Still we
decided to keep the current structure as we find it logical for the purpose.



In the section 3 Methodology and results, we present first the results from Burkard sampler (Sect. 3.1),
based on which we define the intense pollination periods. Secondly, we present the optical properties
of the pollen layer (Sect. 3.2). Which are a quasi-straightforward results and can be easily retrieved
from lidar observations. Thirdly, we present the optical properties of pure pollen (Sect. 3.3 and 3.4),
first by the synthetic simulation then applied to the lidar measurements. In this third part, we introduce
the algorithm along with the assumptions.

The optical properties retrieved from lidar were presented in section 2, page 3 lines 16-24.
We will add more descriptions in section 2 as (page 3 lines 16-24):

Polly*™ has three emission wavelengths (355, 532 and 1064 nm) and seven detection channels
(including three emitted wavelengths channels, three inelastic Raman-shifted wavelengths channels
(387, 407 and 607 nm) and the cross-polarization channel at 532 nm). During daytime, the Klett-
Fernald method (Fernald, 1984; Klett, 1981) is applied using the elastic signhals to retrieve the
extinction coefficient which describes the combined effect of particle absorption and scattering, and the
backscatter coefficient which describes particle backscattering at 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 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- and total- polarization channels of the Polly*™ allow the retrieval of the volume
depolarization ratio (VDR) and linear particle depolarization ratio (PDR) at 532 nm, which provide
information on the shape of the scattering particles. Multi-wavelength measurements (355 nm, 532 nm
and 1064 nm) enable the determination of Angstrém exponents between each wavelength pairs, which
are related to the particle nature, mostly the size. The operated lidar system has an initial spatial
resolution of 30 m and a temporal resolution of 30 s.

* Are there any objective criteria for determining the exact times of the different intensive
pollination periods? | am thinking of a certain threshold of the extinction coefficient at a certain
height or similar quantifiable criteria.

In this study, we mainly considered the pollen concentration measured by Burkard, the daily mean
pollen concentrations were used as a constraint. We will add this information in the revised version as
(page 4 lines 24-25):

Four intense pollination periods (IPPs) are defined considering beth the pollen seasons and the daily
mean pollen concentration values of these 4 dominant pollen types (Table 1). A minimum value of
300 no. m™ were applied for birch and pine pollen for IPP-1 and IPP-3, whereas a smaller value of
20 no. m™ were applied for spruce and nettle pollen for IPP-2 and IPP-4. In addition, the availability
of avaHable lidar measurements were considered for the IPP definition.

This method is good enough for our measurement site, and can be used for the other sites under the
condition that there is no other depolarization particles. For some sites, more criterions would be needed
to define a good pollination period, for example using back-trajectory or in situ measurements to avoid
dust effect periods/layers. In this study, we considered the 1% aerosol layer near ground using the layer
definition method.

* It would be good to get some information on how often pollen are observed at such high altitudes
and how they get up there in the first place.

That’s a very good point. And it is included in our future work plan. In our other campaigns, we used
the drone measurements for such study. But this part is not in the scope of the presented study.



We have explained the long distance transport of pollen in our previous paper (last paragraph of section
4.1 in Bohlmann et al. 2019), and we will add the sentence in the revised version as (Page 2, line 9):

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 kilometers and be
dispersed by wind over thousands of kilometers.

* The abbreviation PBC is not ideal as it is often used to denote the particle backscatter coefficient.
I’d suggest to rename this into some ratio with a different variable.

Thank you for point this out! We agree, and we will change this PBC to x,,yen for the whole
manuscript (including figures).

For example in Page 6 lines 29-31:

Pollen backscatter contribution {PBC) inside the pollen layer from heights z1 to z2 (in this simulation
21 =10, z2 = 1 km), denoted as y,,jien, is defined as the ratio of pollen backscatter coefficient (Bpolien)
and the total particle backscatter coefficient (Bparticie). Note that the use of “particle” here is to
distinguish from “molecular”.
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* There is no mentioning of the assumed shape of the pollen and background aerosol profiles in
the uncertainty study. Is there any justification for selecting this shape? How general are they? Is
the same pollen profile assumed in the inverse model?

There is no assumption of profiles for the inverse model, as it uses the output of direct model as its
input.

We used the same shape of profiles as presented in section 3.3.1. In the section 3.3.3 (page 8, Line 25),
we mentioned “using the parameters of previous simulated 6 cases (Sect. 3.3.1)”.

We agree that it was not very clear. We will clarify this in the revised version as (Page 8 line 25):

The uncertainty study of this method is investigated in this section-using-the-parameters-of-previous

simulated-6-cases{Sect—3:3-1). The input parameters of the direct model are defined in 3.3.1, with
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 &, and the backscatter-

related Angstrém exponent for pollen Kpouen) were selected as different values for different uncertainty
studies, which are clarified in each paragraph. The output of each direct model simulation were then
used as the input of the inverse model.

Also in Page 9 line 10 will be modified as:

The parameters for the 6 cases simulated earlier previous-simulated-6-cases (as defined in Sect.3.3.1,
with values given in Table 3) are used again used in this simulation

* Why is the pollen layer set to extend from 0 to 1 km when the measurements (1) only start at
600 m or so and (2) show pollen all the way to 2 km height?’

This is the simulation of synthetic lidar data, the results don’t change if the assumed layer heights
change. In the simulation we assumed a pollen concentration with a layer center of 0.5km and half width
of 1km. This is why we defined the pollen layer as 0-1 km. Theoretically, we can change the input
values of the direct model as whichever reasonable values; in the given example, we just simulate one
case. It is also possible to simulate a case with pollen concentration from 600m to ~2km, as the ones



from the real measurement pollen layer. But the conclusion of the simulation section would remain the
same.

We will clarify this in the revised version as (Page 6, line 17):

In addition, the conclusion of the simulation section is not depended on the assumed profile shape or
height.

* It would also be good to get an idea of typical values of total and pollen-related optical thickness
at your site to assess the choice of values in your method. Is a pollen optical depth of unity even
possible?

This is a good point, and we are working on it. We are collecting more data, so as to provide more
statistic values.



Response to Referee #1

For referee comment no.2 (RC3: ‘clarification’)

Thank you for carefully reading the manuscript and providing useful suggestions to improve the paper.
The replies to the referee comments are given below. The referee comments are highlighted in blue,
and numbering with Cn. Our responses are in black. The sentences in the manuscript are between the
quotation marks, with the modifications in the revised manuscript in red.

C1 Thank you for your quick reply to my Referee comment. | now have a better picture of what
you are doing. | also believe that your presentation is unnecessarily convoluted. The
manuscript should be simplified in the presentation of the method as well as with regard to
the used language and parameters. For instance, it would be much easier to follow your
reasoning if you were to use the Angtrém exponent A in your method rather than the
unphysical parametersn, ', n”’, and fj. | had to continuously go back and forth to remind
myself what all those parameters represent. I also don’t agree with your reference to
simulations, a direct model, and an indirect model. What your present is a purely analytical
treatment of synthetic and measured lidar profiles.

Thank you for the suggestion. We have simplified the presentation of the method, and separated the
presentation of the methodology from the presentation of the results (following suggestion C5). We add
descriptions after the “direct model” and “inverse model” as following to clarify the manuscript.

The structure of revised manuscript has been changed as:
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1 Introduction
2 Site and instruments
3 Methodology — a synthetic simulator

3.1 Direct model — generation of synthetic optical profiles
3.2 Inverse model — retrieval of depolarization ratio
3.3 Uncertainty study

4 Results

4.1 Pollen grain and intense pollination period

4.2 Optical properties of pollen layer
4.2.1 Pollen layer
4.2.2 Lidar-derived optical properties

4.3 Estimation of optical properties for pure pollen from lidar observations
4.3.1 Pollen optical properties at 532 nm
4.3.2 Pollen optical properties at 1064 nm and 355 nm

5 Summary and conclusions

2

However, we use the parameter 1 (a function of Angtrém exponent) because this parameter and the
pollen backscatter contribution have a linear relationship. As there is a power law relationship between
the Angtrém exponent and the pollen backscatter contribution, introducing the parameter n simplifies
the calculation.

This was not clearly stated in the manuscript and is improved in the revised version of the manuscript.
The related equation is added in the revised manuscript and detailed calculations are added in the
supplement. The methodology section is modified to make it easier to follow. In the revised version we
include a Table (Table 2) to clearly present the parameters . We only keep 2 parameters j, nj’ in the

revised manuscript, because n"’(in the original version) is equal to 1/, so% is used for the description
of depolarization ratio at 355 nm.



So in the section 3.1 of revised version, we have:

(3

Pollen backscatter contribution, denoted as xqnen (EQ.4), is defined as the ratio of pollen backscatter
coefficient (Spoiien) and the total particle backscatter coefficient (Sparticie). NOte that the use of “particle”
here is to distinguish from “molecular”.

Bpollen(24.2)
Xpollen(}" z) = m .

We investigate here the relationship of the backscatter-related Angstrém exponent of total particles
(/f’\particle) and pollen backscatter contribution (xponen) at different wavelengths (the detailed
calculation is given in the supplement), resulting a power law relationship:

-A article (A1,42) -A o en(l A2) -A ackgroun (11,42) -A ackgroun (A1,22)
jt—: particl 12:% poll 12_% backg dlz))(pollen(/lz)—k;—: backg d\A1,12
The wavelength pairs (14, 1,) 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 " as a function of the
backscatter-related Angstrom exponent between 355 and 532 nm or between 532 and 1064 nm, for
the total particle backscatter coefficients:

532
, 1064\ ~Aparticie (1064,532)
= (%)
The pairs of parameter n or n’ and ypopen at different wavelengths resulting linear relationships are
reported in Table 2. For example, the pollen backscatter contribution at 532 nm (xpoien(532)) is
inversely proportional to the parameter 1. Using the previous 6 simulated cases, a perfect linear
relationship is found to fit the n versus xponen(532) (Fig.2).

(355)_Aparticle (355,532)

(6)

Table 2. The pairs of the parameter q(Apamde) and xporien at different wavelengths resulting linear relationships
are reported.

Pollen
Wavelength backscatter Backscatter-related ~ Parameter of A(/h_, 1),
pair(,,4,) PR Angstrom exponent linearly correlating Formulate
contribution A .
[nm] ()111 )12) with Xpollen
at 1,
2A,=355 o ~Aparticle (355,532)
a=532  Apoten(532)  Aparicie (355,532) n n= (%52)
1,=532 2 1 1 2 ~Aparticte (355,532)
gee  Xpollen(355)  Apanae (532,355) - 1_ <5i )
2= n n  \355
1,=1064 o , —Aparticle (532,1064)
ap=532  Aponen(332)  Apanicie (1064,532) n = (1503624)
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In the section 3.2 of revised version, we modified as:

13

The only remaining unknown to solve the Eq.7 is the depolarization ratio for pure pollen (8p11en)-
Next we use previously simulated Bparticie @nd particle, @nd the assumed Spacrground- From now
on, 532 nm will be the default wavelength (if not otherwise specified). The wavelength pair (14, 1,)
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 Angstrom exponent between
355 and 532 nm inside the pollen layer, denoted as A(355,532), can be easily retrieved.

2

In the section 4.3.2 of revised version, for study at 1064 nm, we modified as:
Similar study was performed to investigate the relationship between backscatter-related Angstrom
exponent between 532 and 1064 nm (A(1064,532)) and pollen backscatter contribution at 532 nm,



ER]

here we use another parameter n)’ (Eq.6), which is a function of A(1064,532), for the total particle
backscattering. From the earlier simulations, we found out that the pollen backscatter contribution at
532 nm (¥po1ien (532)) is proportional to the parameter n’, considering the Eq.5 using the wavelength
pair of 1;,=1064 and 1,=532.

In the section 4.3.2 of revised version, for study at 355 nm, we modified as:
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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 355 nm, using a third parameter i (asin

Eq.6, a function of A(532,355)), which is proportional to the pollen backscatter contribution at 355
nm, considering the Eq.5 using the wavelength pair of ;=532 and 1,=355.

Here is a description of your method as | understand it:

You are defining a set of synthetic lidar profiled for pollen and background aerosol using the
set profile shape and the parameters in Table 3. These profiles are then combined to obtain a
profile for the mixture of the two. You use Eqg. (S5), which is the same as Eq. (13) in Tesche et
al. (2009), to get the particle linear depolarisation ratio of the mixture. Your Eq. (S5) is
transformed to Eqg. (6) / Eq. (14) in Tesche et al. (2009) by substituting Bpotien = Btotat —
Brackgrouna- YOU Now have full knowledge of the system and can calculate the pollen ratio
X = Bpotien/Btotar- Finally, you show that the relationship between A and y can also be

analytically described to find the value of A related to y = 1. Per definition in Table 3, A is
zero for y =1 in your synthetic data.

Comments:

C2 ¢ I understand that your choice of parameters in Table 3 is not critical for presenting the

overall approach. Nevertheless, it would be nice to get an idea of why those specific values
have been selected. In particular, | find the background Angtrém exponent of 3 quite large.

* Note that I am using the Angtrom exponent in my description as I find it much easier to
follow the steps using a parameter that bears physical meaning.

You are right, the choice of parameters in Table 3 (Table 1 in the revised version) is not critical for
presenting the method. There are descriptions on the choices of parameters in the 1% paragraph in section
3.3.1 of the old version of manuscript. We have made some modifications in the revised version to
make it more clear.

We have also changed the assumption value for non-pollen particle Angtrém exponent as 2 (instead of

3) in the revised version. This value of 2 is more realistic. Thank you for pointing this out.
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We add information in section 3.1 as:

The values are based on our lidar measurements (Bohlmann et al., 2019) or literature (e.g. lllingworth
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 ratio at
both 355 and 532 nm of non-pollen particle (6packground) are selected as 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 ratio at 532 nm of pure pollen particle (6po11en)
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 Angstrom exponent (jf\pouen) of 0. The backscatter-related



Angstrom exponent between 355 and 532 nm of non-pollen particle (Abackgmund) is assumed to be

2, regarding the previous studies over Arctic regions (e.g. Schmeisser et al., 2018; Tomasi et al.,
2012).

2

We have also modified in the first paragraph of section 3.1 as:
The optical and physical parameters used in the direct calculation are presented in Table 1; these
parameters are named as “initial values” for the simulation.

In addition, the conclusion of the simulation section is not depended on the assumed profile shape or
height; and the initial values are not critical for presenting the overall approach.

ER]

C3 *You probably don’t even need to include the vertical integration of y(z). If you use the profile
of y(z) from your synthetic data, they will still line up perfectly. In the application to real-life
measurements, you might also want to leave out the vertical integral as this would require
initial knowledge of the pollen layer extend in the measurements. | have a feeling that values
of x(z) outside the pollen layer will be easy to recognise and screen out in the display of A over
X

We agree, and change the equation as Eq.4 in our reply to the comment C1. We also add description on
this in section 3.2 of revised version as:
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 synthetic profile which will lead to the same conclusion.
For synthetic simulation it is the same, but for a real measurement, the use of pollen layer is preferable.
We decide to keep the use of the mean values of pollen layer in this study, because it can increase the
signal to noise ratio (SNR), and also eliminate the impact of other possible lofted aerosol.

Next steps in the methodology:

C4 Now that you know everything about your model aerosol, you basically turn around and use
the same set of equations in the other direction with §,;i¢n as the unknown parameter. |
would expect an inverse model to be completely independent from the earlier calculations.
Instead, your just re-shuffle the equations used before, vary the input value of 6,45, and
iterate until you have found the value of 8,4s1¢n for which A =0at y =1.1It’s as simple as that
but it took me quite a while to get there based on your description. I’d therefore encourage
you to simplify the presentation of your methodology.

Thank you for the suggestion. We have simplified the presentation of methodology. In the section 3.2

of revised version, we changed the flow chart as following and modified the text as:
Mathematically, the depolarization ratio for pure pollen can be calculated using Egs.4,5,7, as other
variables are known or can be assumed. Nevertheless, we developed a retrieval method for this
inverse model, so that it can be easier applied to the real lidar measurements, especially for
investigating the depolarization ratio with different values of the unknown Apollen- 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 between 0.03 to 1), denoted as &,, in the simulator. Related pollen
backscatter contribution (yponen(532)) inside the pollen layer, can be retrieved using Egs.4 and 7.
As its value depends on the assumed pollen depolarization ratio (6, ), it can be expressed as

Xpollen (6x,532).
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The relationship of A(355,532) and Xpolien (8x, 532) was investigated using the parameter n (Egs.5
and 6. Examples of scatter plots using mean values of n and xpo11en (8x, 532) in the pollen layer for
cases under the assumptions of §,=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 the Fig.3, following the simplified equation from Egs.5 and 6:

rI(J(pollen (Sx: 532) ) = 'Xpollen(ax' 532) + ao (8)
The fitting coefficient (a,, ay) values to determine the estimated 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 a, is constant as the Abackgmund is known. Theoretically, for
each linear fit equation, xpo1en (8x, 532) values can range from 0 to 1, with O meaning no pollen and

1 meaning 100 % pollen in the observed aerosol particle population. Therefore, for each assumed 4§,
the n value for yponen(8x, 532)=1 can be defined as the value for the pure pollen, and denote as

rlpure (5xt 532)-

In Sect. 3.1, the initial value of the backscatter-related Angstrom exponent between 355 and 532 nm
of pure pollen (denoted as Aporen) is 0, which results in an initial value of 1 for the parameter 1. In
this simulation, we assumed that the same value (Xponen=0) should be retrieved; the goal was thus
to find the value of 1 for n,,... From previous results shown in Fig.3, we can see a &, between 0.3
to 0.4 may result in a np, =1 (the black triangle in Fig.3).

Hence, in the second step, more &, values between that range (0.3 — 0.4) were used in the simulation,
and one can retrieve the relative value of np e (x, 532) for each case. These values are presented
in Fig.4. The relationship between &, and ny,re (6, 532) is not perfectly linear, but for these data
inside the considered range, a good linear fit can be found with high 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.

Aparticle,bsc (Al! }\2 ) B]Jﬁl‘tiClE (AZ) 5pﬂl‘tide (AZ)

Figure 5. Flow chart of the inverse model for the retrieval of depolarization ratio value for pure pollen. The orange
boxes are for the measured parameters (or simulated output from the direct model), blue boxes for the
assumptions/manual input and the green boxes for the estimations/calculations. Detail description is in Sect. 3.2.
The wavelength pair (44, 4,) is selected as (355,532), (532,355), or (1064,532) in this study.



Now some more comments regarding the manuscript:

C5 « | again strongly encourage you to separate the presentation of the methodology from the
presentation of the results. This is customary in scientific writing and allows the reader not
only to better follow your reasoning but also to separate more general relations from your
specific results.

We agree, and change the structure as in reply to the comment C1.

C6 I am quite sceptical about Section 3.4.2. You have defined no profile of Bioss and no Asss-1064
in your synthetic data set. How could you know how to interpret your findings when applying
this extended approach to real-life data? Your retrieval of dpoien @t 355 nm is basically
analogous to that at 532 nm. In fact, the choice of values in Table 3 indicates that profiles at
355 and 532 nm should be identical. Why not use the same method at 355 and 532 nm? This
should already be discussed in the theory section.

A1 _Aparticle (A1,42)

As in our reply to the comment C1, there is a linear relationship (Eq.5) between = and
2

Xpollen(lz)-

1064-)_Aparticle (532,1064)

For 1064 nm study, we use 1,=1064 and 1,=532, son' = (53—2 With ¥potien(532)

as parameters for the linear relationship. Thus using the pollen backscatter contribution at 532 nm
(Xpoten(532) ), we estimate the backscatter-related Angstrom exponent between 532 and 1064

M Aparticle (532,1064).

For 355 nm study, we need to USe xponen(355) instead of xpo11en(532), thus the wavelength pair
should be A4,=532 and A,=355 instead of 1,=355 and 1,=532, then the parameter should be % instead of

1. In our previous version of manuscript we used a 3rd parameter n’’, but we changed it to % for the
revised manuscript.

More details are given in our reply to the comment C1.
In addition, in the revised version of supplement, we have added a section for the detailed calculation
for Eq.5:

2  Relationship of Aparticle and Xpolten (EQ.5 in the manuscript)

Two aerosol populations, pollen (depolarizing) and background (non-depolarizing) aerosols are considered.
The backscatter coefficient of the total particles is the sum of backscatter coefficient of both pollen and
background aerosols:

.Bparticle (Al) = .Bpollen (Al) + Bbackground (/11) (573-)
ﬁparticle 1) = ﬁpollen 42) + Bbackground(/lz) (S7b)
Similar as Eq.2 in the manuscript, the backscatter-related Angstrém exponent (A) can also be expressed in this
equation:
A_l_Ax(AerZ) _ Bx(1) (s8)
Az Bx(A2)

The index x=pollen, background or particle denotes the backscatter-related Angstrém exponent of pollen,
background or total particles.

We replace the top part of right side of Eq.S8 with x= particle with Eq.S7. And further use expression of
.Bpollen (’12) and .Bbackground (AZ) to replace the .Bpollen(ll) and ,Bbackground(ll) in Eq-S7aa based on Eq-S8-
Thus we have:

-A (11,42) -A (11,42)
A pollen'/1,42 A background 4142
Al_Aparticle(llvlz) _ i *Bpollenuz)"'ﬁ

Z ﬁparticle(lz)
After replacing Byackground (42) With Eq.S7b, the equation can be expressed as:

*Bbackground(’lz)

(S9)



R Al_Apollen(Al"‘tZ) A1 _Abackground(ll"‘tZ) A1 _Abackground(}“l"lz)
}Ll_Aparticle(/ll/lz) o I *Bpollen(/lz)"'z *Bparticle(12)

2 (S10)
/12 ﬁparticle(lz)

Using the definition of pollen backscatter contribution (Eq.4 in the manuscript), a linear relationship between
Z.l_Aparticle(/ll/lz)

and ¥ponen (42) can be retrieved for the wavelength pair (4,,1,):

A2

Al_Aparticle(/h‘/lz) Al_Apollen(ALAz) 11_AbaCkgT0Uﬂd()‘1')‘2) 11_Abackground(ll'lz)

2 “\% L Xpolien (A2) + 2 (Slia)
2 2 2 2

A similar formulate is found for the wavelength pair (1, 1;) when considering xpolien (41):

AZ_Aparticleu-lnﬂ-Z) AZ_Apollen(alvaz) AZ_Abackground(Alvaz) )LZ_Abackground(/lbllz)

M x4 % Xpotten(A1) + 32 (S11b)
1 1 1 1

C7 » While the information on pollen type and concentration in Figures 11, S4, S5, and S8 is
certainly good to have, it is not needed in those plots. Instead, they distract from the intended
message. As stated above, I’d expect that the display would work just the same using all values
of x(z). The ones outside the pollen layer should be easy to identify as (strong?) deviations
from the desired relationship. Using the integrated parameter with the actual measurements
might reduce signal noise. However, it requires knowledge of the base and top of the pollen
layer as you don’t want to include values of y(z) outside of this layer in your integration.

We think these figure show data from real measurements, so it is good to present. Please also check our
reply to the comment C3 for the reason of using pollen layer.

We have removed the fig.11 (in the original version of manuscript), and add a fig.12 (in the revised
version). These 2 figures are similar, but in the new fig.12 we have applied the retrieved pollen
depolarization ratio value, i.e. 0.24 instead of 0.2 for fig.12(a), 0.36 instead of 0.4 for fig.12(b).

C8 * You might want to state that this method can also be applied to other aerosol mixtures to
retrieve the particle linear depolarisation ratio related to aerosol types that are dominated by
coarse particles (A355=532 = 0 needs to be fulfilled), as long as the particle linear
depolarisation ratio of the second aerosol types is known or can be reasonably well
approximated. An obvious application would be the retrieval of the particle linear
depolarisation ratio related to undiluted mineral dust from different source regions. The lidar
measurements for such a retrieval could be performed further away from the source regions,
which translates into a strong reduction of logistical effort.

Thank you for the suggestion. We had mentioned such application in the end of section 3.3.2 of old
version of manuscript, and we have modified it in Sect. 3.2 of the revised version:
This method can also be applied to 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 Angstrém exponent of the two aerosol types are different.
We have also added such information in the conclusion. At the end of the conclusion of the revised
version, we have added:
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 constrains mentioned in Sect.3.1
should be considered: both the depolarization ratio and the backscatter-related Angstrém exponent
of the two aerosol types should be different.

E3]



Response to Referee #2

Thank you for carefully reading the manuscript and providing useful suggestions to improve the paper.
The replies to the referee comments are given below. The referee comments are highlighted in blue with
our responses in black.

This paper studied the optical properties of pollen using multi-wavelength Raman Lidar. Like
dust particles, it was the first to suggest a method of classifying pollen from atmospheric aerosols
and calculating the optical depth, lidar ratio, and depolarization polarization of pure pollen only.
This method can be applied only under conditions where there are no dust particles in the
atmosphere, but it is considered to be a very important study because it is a method that can
calculate information on the distribution and concentration of pollen with a spatial distribution
using remote sensing technology. It is judged that the thesis is well structured and explained in
detail the new method and process. It is considered acceptable to publish the paper as it is.
Authors thank the reviewer for the positive comments.

However, as a suggestion, in this paper, the study results were calculated by applying the method
proposed in this study only for the two observation periods (IPP-1 and IPP-3) among four periods
of Birch and Pine pollen. How about showing the results by applying this method for the period
of IPP-2 and IPP-4? In this case, not only Birth and Pine, but also other types of pollen or a
mixture of various types, couldn’t we derive meaningful research results?

We agree that such investigation of other types of pollen or a mixture of various types are very important.
In our investigation, we also applied the method for IPP-2 and IPP-4, but no good results were found.
This is explained in the manuscript (Page 11 lines 14-17):

The retrieval of depolarization ratios for pure spruce or pure nettle pollen was not possible with this
dataset. During IPP-2, there was always a mixture of birch and spruce pollen with variable mixing
ratio; 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.

We are working on this and we are collecting more data to be able to reveal the properties for different
pure pollen types.



Response to Referee #3

Thank you for carefully reading the manuscript and providing useful suggestions to improve the paper.
The replies to the referee comments are given below. The referee comments are highlighted in blue with
our responses in black. The sentences in the manuscript are between the quotation marks, with the
modifications in the revised manuscript in red.

The authors present multi-wavelength Raman polarization lidar measurements of pollen layers
in Finland combined with a Burkard pollen sampler. Active remote sensing measurements of
pollen are rarely found in literature. Therefore, the present manuscript enriches our knowledge
about the optical properties of abundant pollen types such as birch and pine pollen. Northern
Europe (Finland) is a good location for such a study as it is less affected by other depolarizing
aerosol particles such as mineral dust. Additionally, the authors present a novel approach to
derive the depolarization ratio of pure pollen layers. Although it is related to some uncertainties,
itis a big step forward compared to just presenting the layer mean values. | support the idea that
measurements of the depolarization ratio at various wavelengths should be enforced in future
pollen-related studies. Polarization lidars may in future support pollen forecasts and help citizens
with pollen allergy thanks to the characterization of pure pollen types by these authors. The
quality of the figures and tables is high.

Finally, I recommend publication after minor revisions.

Major remarks:

1. You use a value of 3 for the backscatter-related Angstrém exponent of the background aerosol.
Do you have any statistical evidence of this value for the station at Kuopio? Is it a mean value for
the pollen-free periods? And how sensitive is your analysis to this assumption?

Thank you for pointing it out. The choice of parameters in Table 3 (Table 1 in the revised version) for
the simulation is not critical for presenting the overall approach.

We have changed the assumption value for non-pollen particle Angtrém exponent (Z\backgmund) as 2
(instead of 3) in the revised version. This value of 2 is more realistic. We have changed all the related
results and figures. The assumption for Z\background is only used in the simulation part, and is not
considered for the pollen depolarization ratio retrieval, so the actual results using lidar measurements
will not change. We have made some modifications for the revised version to make is more clear.

We have added information in section 3.1 as:
The optical and physical parameters used in the direct calculation are presented in Table 1; these
parameters are named as “initial values” for the simulation. The values are based on our lidar
measurements (Bohlmann et al., 2019) or literature (e.g. lllingworth et al., 2015). The background
here refers to non-depolarizing background aerosols (hon-pollen particles), which can be polluted
continental or biomass burning aerosols. The depolarization ratio at both 355 and 532 nm of non-
pollen particle (Spackgrouna) are selected as 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 ratio at 532 nm of pure pollen particle (6,011en) 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 Angstrém exponent (Apollen) of 0. The backscatter-related Angstrém
exponent between 355 and 532 nm of non-pollen particle (Abackgmund) 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 2 constraints: i. depolarization ratio of
pollen (depolarizing one) should be higher than the depolarization ratio of background aerosol (non-



depolarizing one), ii. the values of backscatter-related Angstrém exponent for pollen and non-pollen
particle should be different. In addition, the conclusion of the simulation section is not depended on
the assumed profile shape or height; and the initial values are not critical for presenting the overall
approach.

ER]

We have also investigated the sensitivity of this assumption in the simulation section. For the
uncertainty study due to initial and assumed Angstrém exponent in section 3.3 of the revised version,
we have modified as:

13

In the presented cases, we assumed that the backscatter-related Angstrém exponent between 355 and
532 nm of pure pollen to be used in the inverse model (denoted as Kpollen) is 0, which was the same
as the initial value (Apollen) of direct model. But in the reality, such information is not always
available. Under different initial values of Z\ponen, there will be a bias on the estimated values of

pollen depolarization ratio if the assumed value is different (i.e. Apqpien # Aporien). FOr example, if

the initial value Apollen is 0.25 (i.e. npyre=1.11), but we keep the assumption of Ziponen:o 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 in the supplement). The uncertainty due to the difference between the initial value of
Aponen and assumed A, e, Were simulated (show in Fig. S4 in the supplement), where Ao is
always assumed as 0 in the inverse model. For initial values of Apouen=io.5 (i.e. bias of 0.5 on the
assumed value of 0), relative uncertainties were assessed as ~30 %. This uncertainty due to the
difference of initial values of Apollen and i\backgmund was also investigated. The larger the
difference between two values (Abackgmund - Apollen)l 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.

2

In addition, we can retrieve the non-pollen particle Angtrém exponent using our lidar measurements,
based on the presented algorithm (using Eq.5 in the revised version). We found Abackgmund values of

2.0 and 1.9 for IPP-1 and IPP-3, respectively. These results are added in section 4.3.1 in the revised
version:

13

Under the assumption that the backscatter-related Angstrém exponent between 355 and 532 nm of
pure pollen (denoted as Apoiien) is O (i.e. Npure=1), depolarization ratio 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 xponen(8x, 532) are shown in Fig. 12: (a) for IPP-1 with the pollen
depolarization ratio of 0.24, and (b) for IPP-3 with the pollen depolarization ratio of 0.36. Good linear
regression relationships are found for both cases, and two things should be highlighted: (1) Apoien is
0 (i.e. npure=1) for 100 % pollen in the observed aerosol particle population (i.e. xporen=1); (2)
without pollen in the air (i.e. xpo1en=0), the backscatter-related Angstrém exponent between 355 and

532 nm of non-pollen particles (Abackground) can be calculated, resulting 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).



(b)

num.conc. - num.conc.
Birch / all pollen Assumed pollen depol.ratio (bx) at 532nm: 0.36 Pine /all pollen
1

~—~
QD
L=

Assumed pollen depol.ratio (esx) at 532nm: 0.24

w

T T T 3 T
,,,,,,,,, _ - 2 = 2
28 ‘ y=-130"x+228 R"=-057 | Pollen conc: 28 ‘ y=-119"x+2.18, R"=-0.70 ‘ Pollen conc:
26 - 03 1 0.95 26+ O - Q y
& 987 no.m™] o & 987 no.m™]
8 24t E g 24! O s no.m'J
8 22 O - 69nom™ 1 09 8 22 ‘/Q 3\_/, O 69nom? 1
N a OrsY. ]
= 2 IR
g/ 18+ 0.85 ﬁ 18+ . ‘:(/
" 16+ n16+ =
141 08 14t =,
12} 12} o Cp—
§ . i : i - ; | ; . QR
0 0.2 04 06 0.8 1 0 02 0.4 06 0.8 1

Zpollen(8x=0'24’ 532) lpoHen

(5,=0.36, 532)
Figure 12. Mean values of the parameter n against pollen backscatter contribution at 532 nm (xpoiien (8x, 532))
inside the pollen layers, during the IPP-1 (a) and IPP-3 (b). 1 is a parameter using backscatter-related Angstrém
exponent between 355 and 532 nm (Eq.6). The pollen depolarization ratio 8, 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 (Eq.5 or 8). The
correlation coefficient (R?) is also given. The size denotes the total pollen concentrations measured by the Burkard
sampler on 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 Fig. S5 and Fig. S6 in the supplement.

ER]

2. Your novel approach for getting the depolarization ratio of the pure aerosol type is remarkable.
I am just wondering whether the mixture of continental background aerosol and pollen has a
significant effect on the lidar ratio, too. It would be great to have the lidar ratio and the
depolarization ratio for pure birch and pine pollen at the end. Please comment on this.

We think the pollen has effect on the lidar ratio. But more nighttime measurements (for lidar ratio
retrieval) for intense pollination cases are need for investigating such scientific question. If we find a
case where there is a pollen layer in the free troposphere (without contamination of aerosols in PBL),
with strong depolarization ratio and small Angstrém exponent, it will be good to study the lidar ratio
for such layer to retrieve “pure values”.

Minor remarks:

3. P5,L25: “The extinction-related and backscatter-related Angstrém exponent were also
retrieved for pollen layers.” — Is the extinction-related Angstrém exponent shown somewhere? It
must not be shown in the manuscript, some descriptive words are sufficient.
We have retrieved the extinction-related Angstrém exponent, but we haven’t presented such parameter
as the available data are limited. We have added descriptions as:
The extinction-related (not shown in this study) and backscatter-related Angstrém exponent were
also retrieved for pollen layers.

2

4. P10,L.30 The Angstrém exponent is related to extinction or backscatter?
Thank you for pointing this out. It is the extinction-related, we have added information in the revised
version.
For big particles as dust, Mamouri and Ansmann (2014) reported extinction-related Angstrém
exponent between 440 and 675 nm with values of -0.2 for coarse dust and 0.25 for total dust.

2



5. P11,L10 Are the measurements presented by Cao et al., (2010) performed at exactly 180
backscatter direction? This is not so easy to achieve in chamber experiments. Maybe there is an
additional source for the discrepancy arising from the optical design of the Cao measurements?
Cao et al. (2010) performed the measurement at 180 deg direction. The lidar measurements were made
in an aerosol chamber located 100 m away from the lidar. 2 g of the selected pollen is disseminated
within a few seconds with a pneumatic nozzle in the chamber.
They have pointed out that “the reported values are not exempt from specificities regarding the
experiments as they were conducted” and have a discussion on this aspect. For example, the
dissemination device used has an influence on the amount of agglomeration of the particles, and that
certainly could affect the depolarization ratios. RH can be another reason, as for their experiment dry
aerosols are being dispersed, whereas in our study, we focus on the aerosols in the atmosphere.
As we mentioned in the manuscript:
These values are higher than what we retrieved in this study, but it has to be kept in mind that these
two experiments have been conducted in quite different environments and conditions.

6. Fig. 1+2 and Tab. 1: Please provide the year (2016) whenever you provide dates. Do it in the
caption or just like this “Date mm/dd in 2016 [UTC]”.
Thank you for your comment. The corrections have been done.

7. How do you get to the uncertainty range +/-5% for pine pollen? Varying the Angstrom

exponent by +/- 0.5 leads to values of 26 to 44% (Fig. 12 and P11,L9).

Thank you for pointing it out, we agree that it was confusion and not correct. We made the corrections

to make it more clear in the revised version. Please also check our reply to the comment “Major remarks

1.” for the uncertainty study for the simulation section.

For the uncertainty study of the real lidar measurements, we modified as:
Uncertainty study was investigated based on method describe 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 as 0.24 for birch and 0.36 for pine for the uncertainty
simulation; initial backscatter-related Angstrom exponent between 355 and 532 nm of non-pollen
particles were selected as 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 xponen Values range from 2 %

to 60 % for birch and 2 % to 90 % for pine. The initial input Apoiien in the direct model and assumed
Aponen in the inverse mode were both selected as 0. Estimated uncertainties were found as 2.4 % for
birch and 2.9 % for pine (Table 5). Note that the different initial input values of Agonen may introduce
important additional bias. If we assume the true value of Apoen is between -0.5 to 0.5 (i.e. values of
Npure from 0.82 to 1.22, shown by red dotted 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.

Table 5. Linear depolarization ratios for pure pollen. The assumption of backscatter-related Angstrém exponent
between 355 and 532 nm for pollen should be 0 was applied for this study. The uncertainty on backscatter-
related Angstrém exponent of pollen was not taken into account for the standard deviation shown here, which
may introduce non-negligible additional bias. See more details in Sect. 4.3.

Pollentype  Depolarization ratio Depolarization ratio

at 532 nm at 355 nm
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

2



And in the conclusion we modified as:

This algorithm was first tested and validated through a simulator of synthetic lidar profiles (including
a direct model and an inverse model modules). 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 at 532 nm of pure pollen particles was
assessed, resulting to 0.24 + 0.01 and 0.36 = 0.01 for birch and pine pollen, respectively. The
uncertainty on assumed backscatter-related Angstrom exponent of pure pollen will introduce non-
negligible bias in addition as discussed in Sect. 4.3.1.

ER]

Technical remarks

- Affiliations: “P.0. Box 1627, 5 70211” — seems not necessary and isn’t provided for the other
institutes
The correction has been done.

- P1,L11/P2,L32: depolarization ratio values/value
The correction has been done.

- P3,L17: volume linear depolarization ratio (VDR) and particle linear depolarization ratio (PDR)
The correction has been done.

- P4,L.18: spoken communication — with whom? Please acknowledge the name of the person
Thank you for your comment. We have added such information as:

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 of the same size (spoken communication with Sanna Péatsi from
Aerobiology, University of Turku).

2

- P6,L10: non-depolarizing aerosol — the received light is depolarized, but the aerosol is
depolarizing, please change it throughout the manuscript
Thank you for pointing it out, we have modified it throughout the manuscript.

- P6,L12+L.30: this type of indices should not be written in italic — please change it throughout the
manuscript
We have changed these indices to non-italic.

- P6,L.21: “thus six pollen backscattering are simulated.” — backscatter coefficients or backscatter
coefficient profiles (similar P12,L.8)
Thank you for pointing it out, the correction has been done.

- P9,L8/9: It would be a good idea to begin a new paragraph with line 9
We agree. Actually it was a new paragraph, but it was not shown with the presented format.

- Fig. 1, caption of y-axis: [no m-3] —itis -3
- Fig. 3a, caption of y-axis: LR 532 [sr] — unit is missing
Thank you for pointing them out. The corrections have been done.
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Optical characterization of pure pollen types using a multi-
wavelength Raman polarization lidar
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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 four-month 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. Twenty types of
pollen were observed and identified from concurrent measurements with Burkard sampler; Birch (Betula), pine (Pinus), spruce
(Picea) and nettle (Urtica) pollen were most abundant, contributing more than 90 % of 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. Enhanced depolarization ratio was found when there were pollen grains in the atmosphere, and even higher
depolarization ratio (with mean values of 0.25 or 0.14) was observed with presence of the more non-spherical spruce or pine
pollen. Under the assumption that backscatter-related Angstrém exponent between 355 and 532 nm should be zero for pure
pollen, the depolarization ratio at 532 nm of pure pollen particles was assessed, resulting to 0.24 + 0.01 and 0.36 + 0.01 for
birch and pine pollen, respectively. Pollen optical properties at 1064 nm and 355 nm were also estimated. The backscatter-
related Angstrom exponent between 532 and 1064 nm was assessed as ~0.8 (~0.5) for pure birch (pine) pollen, thus the longer
wavelength would be better choice to trace pollen in the air. The pollen depolarization ratio at 355 nm of 0.17 and 0.30 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 biogenic air pollutant which affects both the solar
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radiation reaching the Earth and cloud optical properties by acting as seed 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 is 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 majority based on the Hirst principle (Hirst, 1952).
Conventional method of pollen classification is based on pollen morphological characters using microscopy (Holt and Bennett,
2014; Weber, 1998). However, it requires complex procedures for the complete classification and identification, 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 lead to errors in pollen characterization. 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 kilometers and be dispersed by wind over thousands of kilometers.

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-day birch pollination period that lidar measurements can detect
the presence of pollen grains in the atmosphere, and that the 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 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 Angstrém exponent) provide the
possibility to identify 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. Angstrém exponent and 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 four
months 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 Vehmasmaki (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 center of Kuopio, in Eastern Finland. Finland provides suitable conditions
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for the observation of 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 to 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 genre 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 less other particles, particularly dust, which would
complicate the analysis.

The Kuopio station is operated by the Finnish Meteorological Institute, and it is equipped with a ground-based multi-
wavelength Raman polarization lidar Polly*™ (Engelmann et al., 2016), Doppler lidar, and in-situ instruments next to a 318 m
mast (for the meteorological observations) since autumn 2012 (Hirsikko et al., 2014). Polly*T has three emission wavelengths
(355, 532 and 1064 nm) and seven detection channels (including three emitted wavelengths channels, three inelastic Raman-
shifted wavelengths channels (387, 407 and 607 nm) and the cross-polarization channel at 532 nm). Polly*T 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 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 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- and total- polarization channels of the Polly*T 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 nm, 532 nm and 1064 nm) enable the
determination of Angstrém exponents between each wavelength pairs, which are related to the particle nature, mostly the size.
Previous studies show (e.g. Eck et al., 1999) that Angstrém exponent values greater than 2 indicate small particles associated
with combustion byproducts, whereas Angstrém exponent values less than 1 indicate large particles like sea salt and dust.

In addition to the lidar measurements, a Hirst-type Burkard pollen sampler (Hirst, 1952) was placed 4 meters above ground
level (agl) next to the lidar instrument. The Burkard sampler enables identification of pollen types and concentration
microscopically with a 2-hour time resolution. More detailed descriptions of the pollen sampler and Polly*T used during this

campaign can be found in Bohlmann et al. (2019) and reference therein.
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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 modules (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 = 355 nm and A2 = 532 nm, another wavelengths combination 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 as
“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 ratio at both 355 and 532 nm of non-pollen particle
(Obackgrouna) are selected as 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 ratio at 532 nm of pure pollen particle
(8ponen) 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
Angstrém exponent (Apouen) of 0. The backscatter-related Angstrém exponent between 355 and 532 nm of non-pollen particle
(Abackgmund) 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 2 constraints: i. depolarization ratio of pollen
(depolarizing one) should be higher than the depolarization ratio of background aerosol (non-depolarizing one), ii. the values
of backscatter-related Angstrém exponent for pollen and non-pollen particle should be different. In addition, the conclusion of
the simulation section is not depended 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 following 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
contribution to the total aerosol load, we change the pollen load by selecting different input values for the pollen layer OD.
Pollen OD is used as 0.002, 0.01, 0.02, 0.05, 0.1, and 1, 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 pollen OD of

0.1. The pollen layer is defined as the layers below 1 km.
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Next, pollen layer and background layer are summed up (Eq.1), and then the vertical profiles of aerosol backscatter coefficient,
lidar ratio and Angstrém exponent of the total particles are simulated (e.g., Fig. S2b). The Angstrdm exponent describes the
wavelength-dependence on aerosol optical properties (Angstrém, 1964). Backscatter-related Angstrém exponent between two

wavelengths of A; and A, (denoted as A) can be expressed as Eq.2.

.Bparticle (lr Z) = ﬁpollen (Av Z) + ﬁbackground (A’ Z) (1)

In(Gry)

ln(%)

The index x=pollen, background or particle denotes the backscatter-related Angstrém exponent of pollen, background or total

Ay, 20,2) = - 2

particles.
Vertical profiles of particle linear depolarization ratio (PDR, denoted as p,y+icie) Can be also calculated following Eq.3 (the

detailed calculation is given in the supplement).

5p011en*5pollen ) Bbackground*‘;background

Spollentl Spackground*1 (3)

§ o=
particle Bpollen | Pbackground

Spollentl’ Sbackground*+1

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 coefficient at 532 nm, PDR at 532 nm, and backscatter-related
Angstrom exponent between 355 and 532 nm simulated for these 6 cases (shown in Fig.1) will be used later as input of inverse
model.

Pollen backscatter contribution, denoted as y,oen (EQ.4), is defined as the ratio of pollen backscatter coefficient (Spoiien) and
the total particle backscatter coefficient (Sparticie). Note that the use of “particle” here is to distinguish from “molecular”.

Bpollen(A.2)
Az)= B 4
Xpollen( Z) ﬁparticle(ﬂfz) ( )
We investigate here the relationship of the backscatter-related Angstrom exponent of total particles (Apartide) and pollen
backscatter contribution (x,onen) at different wavelengths (the detailed calculation is given in the supplement), resulting a

power law relationship:

A1 _Aparticle (A1,22) _ 1 _Apollen(alraz) A1 _Abackground(alraz) A A1 _Abackground(llvlz) 5
(Z) - (Z) - (Z) Xpollen( 2) + (}L—z) ( )

The wavelength pairs (1;,1,) are selected as (355,532), (532,355), or (1064,532) in this study. In order to simplify the
calculation, we introduce two parameters 1, and n’ as a function of the backscatter-related Angstrém exponent between 355
and 532 nm or between 532 and 1064 nm, for the total particle backscatter coefficients:

355 _Aparticle (355,532)

1= ()

, 1064\ ~Aparticle (1064,532)
= (&)

(6)



10

15

20

25

30

The pairs of parameter 1) or n)’ and y,o1en at different wavelengths resulting linear relationships are reported in Table 2. For
example, the pollen backscatter contribution at 532 nm (x,.11en (532)) is inversely proportional to the parameter n. Using the

previous 6 simulated cases, a perfect linear relationship is found to fit the n versus xpo11en (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 2 simulated aerosol types.

The pollen backscatter coefficient can be separated from the total particle backscatter coefficient (calculated from Eq.3),
expressed as:

(Sparticle ~ Sbackground)(1 + Spollen) (7)
(6pollen - ‘Sbackground)(l + 5particle)

Bpollen = Bparticle
The only remaining unknown to solve the Eq.7 is the depolarization ratio for pure pollen (8,011en). Next we use previously
simulated Byarticie aNd Sparticles and the assumed Spaciground- From now on, 532 nm will be the default wavelength (if not
otherwise specified). The wavelength pair (1,,1,) 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 Angstrém exponent between 355 and 532 nm inside the
pollen layer, denoted as A(355,532), can be easily retrieved.

Mathematically, the depolarization ratio for pure pollen can be calculated using Eqgs.4,5,7, as other variables are known or can
be assumed. Nevertheless, we developed a retrieval method for this inverse model, so that it can be easier applied to the real
lidar measurements, especially for investigating the depolarization ratio with different values of the unknown Apollen' 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 between 0.03 to 1), denoted as &, in the simulator. Related pollen backscatter contribution (x,o11en (532))
inside the pollen layer, can be retrieved using Egs.4 and 7. As its value depends on the assumed pollen depolarization ratio
(6,), it can be expressed as yo11en (65, 532).

The relationship of A(355,532) and Xpolien (0, 532) was investigated using the parameter n (Eqs.5 and 6). Examples of
scatter plots using mean values of 11 and ¥po11en (85, 532) in the pollen layer for cases under the assumptions of 6,=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 the Fig.3, following the simplified equation from Egs.5 and 6:

N(Xpolien (6x, 532)) = @1 * Xpolien (6, 532) + ag ®)

The fitting coefficient (a;, a,) values to determine the estimated 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 a, is constant
as the Abackgmund is known. Theoretically, for each linear fit equation, ),oj1en (0, 532) values can range from 0 to 1, with 0

6
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meaning no pollen and 1 meaning 100 % pollen in the observed aerosol particle population. Therefore, for each assumed §,,,
the n value for xp,o11en (85, 532)=1 can be defined as the value for the pure pollen, and denote as 1, (6, 532).
In Sect. 3.1, the initial value of the backscatter-related Angstrém exponent between 355 and 532 nm of pure pollen (denoted

as Apolien) is 0, which results in an initial value of 1 for the parameter 1. In this simulation, we assumed that the same value
(Kponen:O) should be retrieved; the goal was thus to find the value of 1 for .. From previous results shown in Fig.3, we
can see a &, between 0.3 to 0.4 may result in a =1 (the black triangle in Fig.3).

Hence, in the second step, more &, values between that range (0.3 — 0.4) were used in the simulation, and one can retrieve the
relative value of np,..(d,,532) for each case. These values 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

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 Kpollenzol pollen depolarization ratio of 0.35 was found, resulting in a n,,..=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 &, can be chosen freely, for values bigger than background
depolarization ratio and smaller than 1. This method can also be applied to 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 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 direct model
are defined in Sect.3.1, with 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 6,116, and the backscatter-related Angstrém
exponent for pollen Apoen) were selected as different initial values for different uncertainty studies, which are clarified in each
paragraph. The output of each direct model simulation were then used as the input of the inverse model.

Under the ideal condition, 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). ;4116 Of 0.04 has been tested, and the correct value was successful retrieved. Note that for
this case, the assumed values of &, should be selected as lower values (e.g. from 0.03). The more values of §, used in the

inverse model, the better precision will be for the results, but also longer computation time is needed. It is also possible to
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combine the first and second steps of 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 long computation time.

In the presented cases, we assumed that the backscatter-related Angstrém exponent between 355 and 532 nm of pure pollen to
be used in the inverse model (denoted as f\pouen) is 0, which was the same as the initial value (Aponen) of direct model. But in

the reality, such information is not always available. Under different initial values of Apollenv there will be a bias on the
estimated values of pollen depolarization ratio if the assumed value is different (i.e. Kponen * Aponen). For example, if the

initial value Apollen is 0.25 (i.e. npure=1.11), but we keep the assumption of fﬁponenzo 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 in the supplement). The uncertainty due to

the difference between the initial value of Apollen and assumed Kpollen were simulated (show in Fig. S4 in the supplement),

where f\ponen is always assumed as 0 in the inverse model. For initial values of ApollenziO.S (i.e. bias of 0.5 on the assumed
value of 0), relative uncertainties were assessed as ~30 %. This uncertainty due to the difference of initial values of Apollen
and Z\background was also investigated. The larger the difference between two values (Abackgmund - Aponen), the smaller the

uncertainty. For instance, if we use 3 (instead of 2) as the initial value of i\backgmund, 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 based on a Monte
Carlo approach. The parameters for the 6 cases simulated earlier (as defined in Sect. 3.1, with values given in Table 1) are
used again in this simulation, but noises are additionally added, considering normal statistical distributions, which are
introduced by a normal random generator (Fig. S1). The PDR and A 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 A
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 “1 group” as 1 draw of 6 simulated backscatter profiles with a
certain noise level; these 6 backscatter profiles are with 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 by 2 parts:

i. Fix input pollen depolarization ratio, and change noise levels. We used 0.35 as the initial pollen depolarization ratio. In
case of taking 10 % as the noise level on the backscatter coefficients, one group of 6 simulated profiles with noise are shown
in Fig.6. 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 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 shown in Fig.7a.
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ii. Fix noise level and change 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 as 0.1, 0.2, 0.3, 0.4, and 0.5. Under
each assumption, 200 draw were performed to derive the uncertainties values, which are reported in Fig.7b. Relative
uncertainties on retrieved pollen depolarization ratio of 1.6 % to 2.8 % were found.

From simulation results, small uncertainty and good accuracy were found using this algorithm. Nevertheless, even with the
introduced noise levels, these simulations were still performed under quasi ideal condition. For each simulated group, 6 cases
were used to provide a wide range of values of e, (from ~0.05 to ~0.95), which leading good constraints to find a fitting
line for the regression relationship of x,,;.nand n (Eq.6) (e.g. Fig.3). If only 3 cases (with Pollen OD of 0.01, 0.02, and 0.05)
were used for each group, 2 to 5 times bigger uncertainties were found. It is hard to give qualitative values for such uncertainty
study, but the wider range of ... Values 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 smaller

uncertainty in simulation.

4 Results
4.1 Pollen grain and intense pollination period

During the four months campaign, 20 pollen types were observed and identified from the samples collected with the Burkard
sampler. Six from broadleaved trees, observed from end of April to mid of June; three from coniferous trees, with pollination
period from mid of May to mid of June; and eleven from grass/weed, 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.

Microphotographs of pollen grains for the dominant pollen types are shown in Fig.8b (photos taken from www.paldat.org, last
access: 7 April 2020). Pine and Spruce pollen belong to Pinaceae family, which pollinate profusely and greatly contribute to
the pollen counts. However, they are rarely considered as 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 um, while in Picea abies (Norway spruce) the axis is
longer, 90-110 pum (Nilsson et al., 1977). Birch pollen can cause severe pollinosis, and is recognized as one of the most
important allergenic source (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 of the same
size (spoken communication with Sanna Pétsi from Aerobiology, University of Turku). 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
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oblate-spheroidal to spheroidal, and are quite small with size of 13-17 X 15-20 um (Nilsson et al., 1977). Information of the
dominant pollen types are 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 4 dominant pollen types (Table 3). A minimum value of 300 no.m (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 was used for IPP-2
and IPP-4. In addition, the availability of lidar measurements were 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 in number concentration),
while during IPP-2, spruce pollen is additionally present in the air with 14 % contribution. IPP-3 consists of 2 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 nettle pollen study for 3 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 (Bdsenberg and Matthias, 2003; Flamant et al., 1997; Mattis et al., 2008) based on lidar-derived
backscatter coefficient profile at 532 nm wavelength. More detailed description of the layer definition method is described in
Bohlmann et al. (2019). Two-hour time averaged lidar profiles are used in this study 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 agl. Statistical values of the pollen layer top height agl for the four IPPs were
1.5+0.3km, 1.3+0.3km, 1.3 +0.4 km, 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 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 presence of pollen (thus the mixture of pollen with other aerosols).

Lidar ratio (LR) at 532 nm and 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 boxplots of LR at 532 nm and ratio
of LRs are shown in Fig.10 (a, b). Although the number of available profiles is limited, our results indicate that pollen are

medium to high absorbing particles with values from 55 to 70 sr for all pollen types. For birch dominant IPP-1 and nettle
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dominant IPP-4, LR of pollen layers at 532 nm is slightly larger than LR at 355 nm. 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 the uncertainties.

The depolarization ratio was clearly enhanced when there were pollen grains in the air, and even higher depolarization ratios
were observed with 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 are shown in Table 4 and Fig.10c. This indicates 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 on the Angstrém exponent for IPPs is much less evident, as the boxplot
of backscatter-related Angstrém exponent between 355 and 532 nm shows (Fig.10d). The use of Angstrém exponent to
characterize pollen is quite delicate, as its value depends a lot on the background aerosol. Nevertheless, a clear tendency to
smaller Angstrom exponent with increasing depolarization ratio can be found, as is reported in Bohlmann et al. (2019). Thus
under same or similar background conditions, the Angstrém exponent can be an indicator for pollen type. Even though we
assumed that pollen grains were evenly distributed inside the pollen layer, bigger pollen contribution in the aerosol mixture

near the ground was observed.

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.

For the first step, the depolarization ratio at 532 nm of pure pollen (6,) was assumed to be 0.2, 0.3, 0.4, or 0.5, and the
depolarization ratio at 532 nm of non-pollen particles (Spackgrouna) Was assumed to be 0.03. Under each assumption, we
calculated the pollen backscatter coefficient during every IPPs, and thus extract the related pollen backscatter contribution
inside the pollen layer (x,o11en (65, 532)). Mean values of backscatter-related Angstrém exponents between 355 and 532 nm
inside the pollen layer were retrieved and denoted as A(355,532). The relationship of A(355,532) and Xpotlen (8x, 532) of
pollen layers in each IPP was investigated using the parameter n (Eq.6). The scatter plots using mean n and ¥poien (8x, 532)
under different values of assumed &, (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).
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Based on results from the first step, in the second step, more &, values between 0.2 to 0.3 for IPP-1 (between 0.3 to 0.4 for
IPP-3) were used for the calculations. Linear fitting lines were generated for the n and x,,11en (85, 532) (EQ.8) under each
assumed &, For these fitting lines, the n value for y,q1ien (65, 532) =1 was retrieved, denoted as 1, (65, 532) and reported
in Fig. 11. np,.. presents the n values when the pollen contribution in the observed aerosol particle population is 100%. Using
these estimated 1. (8, 532) and &y, linear fits (shown by dotted lines in Fig. 11) can be assessed with high correlations.
Further on, &, value which results in a certain value of n,. (5., 532) could be assumed as the depolarization ratio value of
pure pollen. Under the assumption that the backscatter-related Angstrém exponent between 355 and 532 nm of pure pollen
(denoted as Apolten) is O (i.e. Npure=1), depolarization ratio 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 ype11en (65, 532) are shown in Fig.
12: (a) for IPP-1 with the pollen depolarization ratio of 0.24, and (b) for IPP-3 with the pollen depolarization ratio of 0.36.
Good linear regression relationships are found for both cases, and two things should be highlighted: (1) Agoiien is O (i.€. Npure=1)
for 100 % pollen in the observed aerosol particle population (i.e. xponen=1); (2) without pollen in the air (i.e. ¥ponen=0), the
backscatter-related Angstrém exponent between 355 and 532 nm of non-pollen particles (Abackgmund) can be calculated,
resulting 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 is no values of Angstrém
exponent for pure pollen in the literature, but this assumption (Apeien= 0) is almost realistic, as 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. For big particles
as dust, Mamouri and Ansmann (2014) reported extinction-related Angstrém exponent between 440 and 675 nm with values
of -0.2 for coarse dust and 0.25 for total dust.

Uncertainty study was investigated based on method describe 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 as 0.24 for birch and 0.36 for pine for the uncertainty
simulation; initial backscatter-related Angstrém exponent between 355 and 532 nm of non-pollen particles were selected as
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 y,,o11en Values range from 2 % to 60 % for birch and 2 % to 90 % for pine. The initial input Agolien in the direct model

and assumed Xpollen in the inverse mode were both selected as 0. Estimated uncertainties were found as 2.4 % for birch and
2.9 % for pine (Table 5). Note that the different initial input values of Apeien may introduce important additional bias. If we
assume the true value of Agqiien is between -0.5 to 0.5 (i.e. values of Npure from 0.82 to 1.22, shown by red dotted 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 is 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
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retrieved in this study, but it has to be kept in mind that these two experiments have been conducted in quite different
environments and conditions.

The retrieval of depolarization ratios for pure spruce or pure nettle pollen was not possible with this dataset. During IPP-2,
there was always a mixture of birch and spruce pollen with 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 nm and 355 nm

Similar study was performed to investigate the relationship between backscatter-related Angstrém exponent between 532 and
1064 nm (A(1064,532)) and pollen backscatter contribution at 532 nm, here we use another parameter 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 (ypo1en (532)) is proportional to the parameter n)’, considering the Eq.5 using the wavelength pair of
2,=1064 and 1,=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 n'=1 (i.e. A(1064,532)ponen:0) was found (Fig. S5, S6, S7 in the supplement). This result may 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 between 532 and
1064 nm of non-pollen particles, denoted as Abackgmund(532,1064), can be calculated using Eq.5 and the fitting equations in
Fig S5b and S6b, considering no pollen in the air (i.e. ¥ponen=0). Abackground(532,1064) 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 previously estimated depolarization ratios at 532 nm for
pure birch (pine) pollen of 0.24 (0.36), the related n’ 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. Extinction-related Angstrém exponent is characterized
mainly by the particle size, whereas the backscatter-related Angstrém exponent depends on both the particle size and refractive
index (e.g. Amiridis et al., 2009; Giannakaki et al., 2010). Veselovskii et al. (2015) reported that backscatter-related Angstrom
exponent between 355 and 532 nm is more sensitive to the refractive index, compare to the one between 532 and 1064 nm. In
the 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
Angstrém exponent compared to the 532-1064 nm one (0.1 to 1.4).

Depolarization ratio at 355 nm can be also estimated, as pollen backscatter at both 355 and 532 nm should be the same under
the assumption that the backscatter-related Angstrém exponent between 355 and 532 nm for pure pollen is 0. Pollen backscatter
contribution at 355 nm (ponen(355)) was calculated using lidar-derived particle backscatter coefficient 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 355 nm, using a third parameter % (as in Eq.6, a function of A(532,355)), which is

proportional to the pollen backscatter contribution at 355 nm, considering the Eqg.5 using the wavelength pair of 1,=532
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and 1,=355. Here A is the backscatter-related Angstrém exponent between 355 and 532 nm, for the total particle backscatter

coefficient. Under different values of assumed pollen depolarization ratio at 355 nm (8, 355) from 0.1 to 0.4, linear correlations

were found for % and ¥polten (05,355, 355) (Fig. S8 in the supplement). Values for% (65,355) for 100 % pollen backscatter
pure

contribution at 355 nm are reported in Fig. 13, against related &, 555. Finally, the pollen depolarization ratios at 355 nm of 0.17
and 0.30 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 for paper birch of 0.08, and for Virginia pine of 0.20.

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 and IPP-3 were retrieved and shown in Fig. 14. For both periods, PDR
at 355 nm values 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 Angstrém exponent between 355 and 532 nm for
pure pollen is 0, and base 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 depolarization values when pollen is present, which may be a key parameter for pollen recognition and

characterization. Thus, depolarization ratio 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 four months pollen campaign, which was performed during
May to August 2016 in 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 Burkard sampler; among which, birch (Betula), pine
(Pinus), spruce (Picea) and nettle (Urtica) pollen are most abundant, contributing more than 90 % of 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 characterise pollen for each IPP. We found
that lidar ratio (LR) values range from 55 to 70 sr for all pollen types, indicating that pollen is medium to high absorbing
particles. No significant wavelength-dependence could be determined on LR values using LR at 355 nm and 532 nm, regarding
the uncertainties. The wide range of LRs suggest 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 were pollen in the air, and even higher depolarization ratio was
observed with presence of the more non-spherical spruce and pine pollen. The Angstrém exponent could be used to classify

different pollen types only under same or similar background conditions, as its value depends a lot on the background aerosols.
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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 backscatter-related Angstrém exponent between
355 and 532 nm should be zero for pure pollen, as pollen grain are quite large and can be assumed to be wavelength in-
dependent at these 2 wavelengths. This algorithm was first tested and validated through a simulator of synthetic lidar profiles
(including a direct model and an inverse model modules). 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 at 532
nm of pure pollen particles was assessed, resulting to 0.24 + 0.01 and 0.36 £ 0.01 for birch and pine pollen, respectively. The
uncertainty on assumed backscatter-related Angstrém exponent of pure pollen will introduce non-negligible bias in addition
as discussed in Sect. 4.3.1. Pollen optical properties at 1064 nm and 355 nm were also estimated base on retrieved pollen
depolarization ratio at 532 nm. The pollen depolarization ratio at 355 nm of 0.17 and 0.30 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 Angstrom exponent between 532 and 1064 nm of ~0.8 (~0.5) for pure birch (pine) pollen.
Based on simulations in this study, we found that depolarization ratios at 355 nm and 1064 nm would provide valuable
information for pollen study, thus more multi-wavelength lidar studies with depolarization characterization on 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, CALIPSO (Cloud-Aerosol Lldar 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
to implement a new aerosol type to 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 constrains
mentioned in Sect.3.1 should be considered: both the depolarization ratio and the backscatter-related Angstrém exponent of

the two aerosol types should be different.

Data availability. Lidar data are available upon request from the authors and data “quicklooks” are available on the PollyNET

website (http://polly.tropos.de/, last access: 25 June 2020).
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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.
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Figure 2. Scatter plot using the parameter n=(355/532)A®%:5%2 and pollen backscatter contribution (xpoien) at 532 nm for 6
simulated cases, of which the input values of pollen optical depth (ODpolien) at 532 nm are defined as 0.002, 0.01, 0.02, 0.05, 0.1, and
1 (shown as the bottom x-axis), and input value of background optical depth is fixed to be 0.1. Mean values of pollen layers (0-1 km)
are used for ypenen and . They line up perfectly following Eq.5.
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Figure 4. Estimated parameter .. against the related assumed pollen depolarization ratio &, at 532 nm. npyre is the n(Xpotien)
value for the pure pollen (100 % pollen in the observed aerosol particle population, xpenen = 1), Where n is a parameter using

backscatter-related Angstrém exponent between 355 and 532 nm (Eq.6). Linear regression line is drawn by black dotted line, with
fitting equation shown. The correlation coefficient (R?) value is also given. The final result of 0.35 for pure pollen is found, resulting
in Npure=1 (i-e. Apoen=0) (by the black triangle).
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Figure 5. Flow chart of the inverse model for the retrieval of depolarization ratio value for pure pollen. The orange boxes are for
the measured parameters (or simulated output from the direct model), blue boxes for the assumptions/manual input and the green

boxes for the estimations/calculations. Detail description is in Sect. 3.2. The wavelength pair (44, 4,) is selected as (355,532),
(532,355), or (1064,532) in this study.
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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 in red dashed lines, and ones with noise are shown in black lines. Noise levels on backscatter at both 355 and 532 nm were

settled as 10 %. Simulated results under 6 input pollen optical depth (OD) values of 0.002, 0.01, 0.02, 0.05, 0.1, and 1 (same as Fig.
1).
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Figure 8. (a) Pollen concentration (2-hour average) measured by the Burkard sampler at roof level. The main pollen types are shown

by colours. 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
10 database (www.paldat.org, last access: 7 April 2020).
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Figure 10. Boxplots of (a) lidar ratio (LR) at 532 nm, (b) ratio of LR at 355 nm and LR at 532 nm during night-time measurements.
Boxplots of (c) particle linear depolarization ratio (PDR), and (c) backscatter-related Angstrém 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.
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blue). Linear regression lines are drawn by dotted lines, with fitting equations shown. The correlation coefficient (R?) values are also
given. 1) is a parameter using backscatter-related Angstrém exponent between 355 and 532 nm (Eq.6), and Npure IS the estimated n
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values are also given. % is a parameter using backscatter-related Angstrém exponent between 355 and 532 nm (Eq.6), and 1 is
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the assumption that the backscatter-related Angstrém exponent between 355 and 532 nm for pure pollen is 0.
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Table 1. Parameters of pollen and background aerosol layers as input of the direct model. LR: lidar ratio, DR: depolarization ratio,
A bsc: backscatter-related Angstrdm exponent. A Gaussian distribution is applied for each layer with layer center and half width

given.
Aerosol LR 355nm LR 532nm DR (6) DR (6) A bsc 355- Layer half width
type [sr] [sr] 355nm 532nm 532nm center (Gauss)
Pollen 65 65 0.35 0.35 0.5km 1km
Background 50 50 0.03 0.03 1.5km 3km

Table 2. The pairs of the parameter q(Apartide) and xponen at different wavelengths resulting linear relationships are reported.

Pollen
Wavelength backscatter Backscatter-related Parameter of A(Al_, A5),
pair(1,,1,) o Angstrom exponent linearly correlating Formulate
contribution A .
[nm] (/111 /12) with Xpollen
at i,
A,=355 ~Aparticie (355,532)
21:532 )(ponen(532) Aparticle (355'532) n n= (2;;)
A,=532 1 1 532 —Aparticle (355,532)
122355 Xpollen(355) Aparticle (532'355) H H = (—355>
A :1064 'Y ' ’Aparticle (532.1064)
212:532 XPOHeD(SSZ) Aparticle (1064,532) n I (1503624>

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 season in 2016

Pollen type (mm.dd — mm.dd) Taxa The longest axis size (um)*
Birch 04.29-05.26 Betula 22-28

Spruce 05.13-06.14 Picea 90 - 110

Pine 05.23-06.13 Pinus 65 - 80

Nettle 06.27-08.14 Urtica 15-20

(b) Selected intense pollination periods (I1PPs)

Period time in 2016

IPP (mm.dd — mm.dd) Pollen types (percentage of number concentration)
IPP-1 05.05-05.09 Birch (97%), other pollen (3%)
IPP-2 05.12-05.16 Birch (82%), Spruce (14%), other pollen (4%)
IPP-3 05.23-05.25 & Pine (95%), other pollen (5%)
05.28-06.03
IPP-4 07.01-07.03 & Nettle (75%), other pollen (25%)
07.14-07.18 &
07.24-08.04

* Values from Nilsson et al., 1977.
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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 Angstrém exponent.

Raman cases LR 355nm [sf] LR532nm[srf] Allcases PDR532nm A bsc 355nm-532nm

IPP-1 10 54 +12 61+8 37 0.08 +0.03 1.57+0.43
IPP-2 7 71+10 69+4 15 0.25+0.06 1.32+0.61
IPP-3 13 66 + 12 63 + 14 46 0.14+0.09 1.38+£0.57
IPP-4 15 63+ 14 68 +11 45 0.04+0.01 1.83+0.43

Table 5. Linear depolarization ratios for pure pollen. The assumption of backscatter-related Angstrém exponent between 355 and
532 nm for pollen should be 0 was applied for this study. The uncertainty on backscatter-related Angstrém exponent of pollen was
not taken into account for the standard deviation shown here, which may introduce non-negligible additional bias. See more details
in Sect. 4.3.

Pollentype  Depolarization ratio Depolarization ratio

at 532 nm at 355 nm
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
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