Letter of Reply to Referee 1

Thank you for carefully reading the manuscript and providing useful suggestions to improve the paper.

The replies to your comments are given below. Changes in the manuscript are marked in the revised
manuscript.

Minor Comments

1. Page 4. Line 106, 110, and 115: Author mentioned Doppler lidar in the paper. But, expressions
in line 106, 110, and 115 are different. Please check it.

Thank you for that comment. It has been changed to the full name “Halo Photonics Stream Line Doppler
lidar” or “Halo Doppler lidar” throughout the manuscript.

2. Line 153: “Elevated aerosol layers are likely lifted, or long-range transported, pollen.”. Could
you add in additional explanations to explain the content of this sentence?

The layers that we observed between 3-5km are probably pollen which have been lifted by turbulence
or long-range transported pollen as other sources of depolarizing aerosols are missing along the
trajectories which only passed over Northern Europe and the Norwegian Sea.

Suggestions

1. Rupture of pollen grains is important in this paper. Can you add a picture of the fragment
pollen ruptured by weather conditions etc?

Pollen rupture is indeed important when investigating the depolarization caused by pollen in the
atmosphere. However, we don’t have the necessary information about the amount of pollen fragments
to characterize the impact of pollen fragments on our results (please also see comment 4 and 6 of Referee
2). We decided not to add a picture of pollen fragments in order not to emphasise the ruptured pollen in
this paper. The impact of pollen fragments on lidar measurements could be an objective for future
studies.

2. How about the change the scale of PDR 355 in Figure 3 (b)?

It is true that changing the scale of Fig.3b would increase the visibility of the profiles, however we
would like to keep the scale subplots axis consistent. In this way the profiles at the different wavelengths
are better comparable and the difference is clearly visible.



Letter of Reply to Referee 2

Thank you for carefully reading the manuscript and providing useful suggestions to improve the paper.

Replies to your comments are given below and the changes are marked in the revised manuscript.

Major concerns:

1. Presenting a particle linear depolarization ratio (PLDR) of a birch-spruce pollen mixture (44%
at 532 nm and 16% at 355 nm) has not so much use to the community. We need to have the same
mixture of birch and spruce pollen to measure the same PLDR. The PLDR of pure birch and
pure spruce pollen is needed to apply the findings to future measurements. Under the assumption
that the mixing ratio measured by the in-situ pollen sampler is valid for the whole boundary layer,
the PLDR of each pure type could be calculated. This assumption is already made throughout the
paper (line 143, Fig. 7+8), but contains some uncertainties which should be addressed.
Furthermore, Shang et al. (2020) already reported PLDR for pure birch pollen. This open another
way to address the PLDR of pure spruce pollen. Reporting a value for the PLDR of pure spruce
pollen will enhance the impact of this manuscript.

We agree that depolarization ratios of pure spruce and birch pollen would be very valuable for the
community and deriving those values is the final goal of our pollen studies. We are working on this and
are collecting more data to be able to reveal the properties for different pure pollen types. However,
there are difficulties and uncertainties which prevent us to provide conclusive values at this point using
current datasets. One is the assumption of a constant mixing ratio of background aerosol and different
pollen types (e.g. birch and spruce) throughout the boundary layer. The estimated values for birch
reported by Shang et al. (2020), is based on a pollen period when almost only birch is present in the
atmosphere. Until now, we haven’t found a good “spruce pollen period” to study the spruce pollen
alone. During our previous campaigns in Finland, the spruce pollen is often presented together with
birch pollen. The mixing of spruce and birch pollen in the air makes the retrieval of pure pollen
properties much more challenging. Nevertheless, we believe that the optical properties of this birch-
spruce pollen mixture and the evidence of high depolarization ratios caused by spruce pollen can
provide a good database in the literature and will be valuable for future pollen studies. Furthermore,
this is the first time depolarization ratios at 3 wavelengths are reported for a pollen mixture, the spectral
dependence showing in this paper is of high interest for the community (we have emphasised this part
in section 3.5 of the revised manuscript).

We have performed some analysis following the referee’s suggestion. 2 steps are needed to estimate
PLDR of pure pollen:

1. Separation of pollen mixture and background aerosols, we need to assume a PLDR of the pollen
mixture which is unknown.

2. Separation of birch and spruce pollen from the pollen mixture profile. This step is easy as we
know the PLDR of birch pollen.

The problem is mostly in the step 1, because the background and pollen mixture contributions are
unknown. The retrieval of pure pollen properties in this case is a separation of 3 aerosol types, which is
much more complicated than the one given in Shang et al. (2020).



We assumed that the mixing ratio of the volume concentration of pollen (assuming spherical shape)
measured by the in-situ pollen sampler is constant for the whole boundary layer, and we assumed a
value for PLDR of the pollen mixture, we retrieve very high depolarization ratios which, in our opinion,
need further validation before being published with confidence. We hope that we will observe pure
spruce cases without contribution of other pollen types in future studies, so that the real influence of
pure spruce pollen can be determined.

2. The calibration of the PLDR is not touched in the manuscript sufficiently. This is an essential
part for a paper focusing on PLDR values. Otherwise the PLDR values cannot be trusted. Two
lidars are involved which have to be calibrated. The short period of time (4 days) allows to give
more detail about the calibration measurements of the PollyXT and the Halo Doppler lidar during
this specific period. Using the depolarization ratio measurements of a Halo Doppler lidar is
something new. The paper by Vakkari et al. (2020) describing the depolarization calibration is
still under review and needs to be accepted before acceptance of the present manuscript is
possible. Nevertheless, some more details about the depolarization calibration of the Halo Doppler
lidar during the pollen campaign are necessary for this paper. The PLDR at 532 nm decreases
with height for all days whereas the depolarization ratio at 1565 nm stays vertically almost
constant (Fig. 3). Why? This is not satisfactorily explained (line 176/177) and could lead to the
impression that something is wrong with the depolarization ratio of the Doppler lidar.

The Polly*T depolarization measurement are calibrated using the A90° method (Freudenthaler, 2016).
More details about the Polly*T depolarization calibration were added in Section 2.1 in lines 97-102:

“To obtain high quality depolarization measurements, calibration measurements are automatically
performed three times a day using the A90° method (Freudenthaler, 2016, Freudenthaler et al., 2009).
A calibration constant V,* determined from two subsequent measurements with a difference of exactly
90° is used to calibrate the volume depolarization ratio. During the presented time period, quite stable
calibration constants V* of 1.85*10-1 + 4.01*10-3 at 355 nm and 6.90*10-3 + 6.29*10-5 at 532 nm
were determined and applied to calibrate depolarization measurements.”

More details about the Halo depolarization calibration using measurements at liquid cloud base are now
given in Section 2.2 in lines 125-133:

“The Halo Doppler lidar signal-to-noise ratio was post-processed according to Vakkari et al. (2019)
and the depolarization ratio was processed according to Vakkari et al. (2020). The design of Halo
Doppler lidars does not include a depolarization calibration unit nor does it allow to add one.
Therefore, depolarization measurements can only be calibrated using the depolarization ratio at liquid
cloud base. As liquid cloud droplets do not polarize the backscattered light, non-zero depolarization
ratios at cloud base indicate incomplete extinction, called bleed-through, in the internal polarizer
(Vakkari et al., 2020). The bleed-through in the Halo internal polarizer was estimated from liquid cloud
base observed at 1200-1400 m a.g.l. on 14 June 0:30-3:30 UTC as 0.013 + 0.006.This estimate is very
close to the estimate of 0.016 £+ 0.009 from measurements with same instrument in 2016 (Vakkari et al.,
2020). The depolarization ratio was corrected for the bleed-through according to Vakkari et al.
(2020).”

We note that VVakkari et al. (2020) has now been accepted for publication and based on the review no
modifications are needed for the Halo calibration here.

The explanation of the almost constant depolarization ratio at 1565 nm has been improved and is given
in line 208-213:



“In our observations, the depolarization ratios at 355 and 532 nm show a decline with height, while
the Halo PDR at 1565 nm is almost constant throughout the whole boundary layer. Values of PDR, as
well as BAE, always represent a mixture of pollen and background aerosol. We assume that the
concentration of pollen decreases with height, i.e. increasing distance to the pollen source, and the
influence of background aerosol increases. The longer Halo wavelength is more sensitive to larger
particles (pollen) and less sensitive to smaller particles (background aerosol) and thus the
depolarization ratio does not decrease with height in contrast to the PDR at 355 and 532 nm.”

Main comments:

3. A subsection describing the birch and spruce pollen is missing. Fig. 4 and the describing text in
Sect. 3.2 occur somewhere in the description of the lidar measurements and should be moved to
the beginning of the paper.

A subsection describing the pollen was added as section “2.3 Pollen observations” as follows:

“The pollen information was obtained using a Hirst-type volumetric air sampler located on top of the
measurement container, 4 m above ground. The sampler collects particles down to a size of 3.7 um
(Muilenberg, 2003) onto an adhesive-coated tape which is manually analyzed afterwards. With this
type of sampler, it is possible to determine pollen types and concentrations with 2-hour time resolution.
A more detailed description of the sampling principle can be found in Bohlmann et al. (2019) and Hirst
(1952). During our campaign 18 different pollen types have been identified with the Hirst-type air
sampler. The most abundant pollen types are birch (Betula), pine (Pinus) and spruce (Picea), which
make up 93% of the total annual pollen count in 2019. Birch pollen grains are almost spherical, around
20-30 um in diameter and have three pores on their surface. The surface pattern is rather smooth
(Blackmore et al., 2003). Pine and spruce pollen belong to the Pinaceae family. Their pollen grains are
large and non-spherical. They possess two air bladders which assist those pollen grains to be dispersed
by wind despite their large size. The diameter of pine pollen grains on their longest axis is around 65-
80 um, while spruce pollen is considered very large for anemophilous pollen, with a diameter around
90-110 pum on the longest axis (Nilsson et al., 1977). The surface of the pollen corpus of spruce pollen
is wrinkled and wavy (Grimsson and Zetter, 2011; Shen et al., 2020). Figure 1 shows examples of
micrographs during our measurement period. Examples of birch and spruce pollen grains are marked
with green and red arrows, respectively. The different size dimension of birch and spruce pollen is
clearly visible.”

4. Do you mainly observe whole pollen grains or fragments? A spruce pollen with 100 um in size
is large compared to all wavelengths used in your study and so no spectral behavior is expected.
The strong difference in PLDR between 355 and 532 nm could not be explained with such large
pollen grains. Your optical particle sizer (OPS) counts only up to 10 pm, which is even too small
for birch pollen (20 — 30 um in diameter). Do you have any indication about the strength of the
fragmentation process? Is it related to temperature, RH, wind speed or age of the pollen grain?

We cannot really say how much fragments we observe (please see also the reply to comment 6). With
the Hirst sampler we only count the whole pollen grains. Pollen fragments were rarely seen, but the
amount of fragments has not been recorded which would allow a quantitative analysis of the influence
of fragments. The OPS limit is too small for birch pollen, but fragment could be detected if they fall
within the range.

Only little research has been done on fragments of specific pollen types. It is likely that pollen fragments
affect the detected depolarization and could explain the difference in the PLDR between 355 and 532



nm, but with the available data we cannot quantify the impact of pollen fragments. In future studies the
impact of pollen fragments needs to be addressed and quantified by additionally collecting and counting
pollen fragments.

The impact and uncertainties related to pollen fragments are now clarified in section 3.3 and the need
for further studies of pollen fragments is mentioned in same section as well as the conclusion. Following
paragraph was added in section 3.3:

“Our results indicate that the influence of pollen fragments is uncertain as the amount of pollen
fragments is not recorded by the Hirst-type pollen sampler and in-situ, meteorological and Halo
turbulence measurements do not suggest apparent reasons for a pronounced fragmentation of pollen
grains in the atmosphere. However, pollen fragments could cause depolarization in the lidar signal and
also partly explain the wavelength dependence of the PDR. Therefore, the impact of pollen fragments
needs to be explored in future studies.”

5. Do the depolarization ratios reported by Cao et al. (2010) correspond to whole pollen grains or
fragments?

In the laboratory experiment by Cao et al. (2010), pollen is inserted in the aerosol chamber as dry
powder and the pollen sample consist of whole pollen grains.

6. Does the microscopic analysis of the Hirst sampler count only whole pollen grains or does it
include fragments as well? Maybe the large spruce pollen grains are more likely fragmented. This
could explain their high PLDR as you discuss in lines 330-333. Please extend the discussion and
collect further information on fragmented pollen grains. Maybe on the tape of the Hirst sampler?

The Hirst-type sampler efficiently traps particles down to 3.7 um (Muilenberg, 2003). Pollen fragments
which are smaller would not be collected by the device. The pollen tapes are manually analysed and
counted by our colleagues at the University Turku. The tape has not been analysed for pollen fragments
as the main purpose of the pollen collection is the determination of the present pollen type and
concentration. This determination cannot be done from the pollen fragments; therefore pollen fragments
are by default not counted. However, this could be one objective for future studies. This is now more
clearly stated in section 2.3.

7. Please improve your discussion of the spectral dependence of the PLDR and motivate, why it
is important to measure the depolarization ratio at several wavelengths. The spectral dependence
of the PLDR was studied previously for different aerosol types. A similar behavior with a
maximum at 532 nm and a decrease towards the ultraviolet and the near infrared was observed
for mineral dust (Burton et al., 2015, Haarig et al., 2017). The optical properties of mineral dust
are dominated by the large particles (>1 um) as well. Whereas small smoke particles in the
stratosphere (< 1um) show a completely different behavior with a strong decrease of the PLDR
with increasing wavelength (Haarig et al., 2018, Hu et al., 2019).

The discussion of the spectral dependence has been improved and moved to a separate Section (3.5). A
comparison with the spectral dependence of other aerosol types was added as well.

The following new section was added:

“3.5 Spectral dependence of the linear depolarization ratio



Figure 9 shows the daily mean linear particle depolarization ratios detected with PollyXT (at 355 and
532 nm) and the Halo Doppler lidar (at 1565 nm). The PDR at 355 nm is around 0.1 on all four days.
From special interest is the strong spectral dependency of the PDR observed on 19 May. A higher
depolarization ratio was observed at 532 than at 1565 nm. On the preceding days, however, the
depolarization ratios at 532 and 1565 nm are only slightly higher than at 355 nm and almost equal. As
shown in Table 1, the number of observed spruce pollen was increasing each day and contributed to
almost 22 % of the total number concentration on 19 May. Longer wavelengths are more sensitive to
larger particles and less influenced by Rayleigh scattering (Ansmann et al., 2009). The strong spectral
dependency on 19 May can therefore be explained by the high amount of non-spherical spruce pollen
on that day. Another explanation for the observed wavelength dependence could be the surface
structure of pollen. Patterns on the outer wall of the pollen, the exine, can vary enormously in their
appearance, but within the same species patterns are usually similar (Wang and Dobritsa, 2018). The
non-smooth pattern on spruce pollen grains could additionally cause a depolarization of the
backscattered light.

A spectral dependence of the linear depolarization ratio of pollen has already been reported by Cao et
al. (2010) who measured the depolarization ratio for different pollen types, such as birch and pine, in
controlled laboratory experiments. For birch pollen Cao et al. (2010) reported a PDR of 0.08 + 0.01,
0.33 £ 0.00 and 0.30 £ 0.01 at 355, 532 and 1570 nm, respectively. No measurements have been
conducted for spruce pollen. However, the authors state values for pine which belong to the same family
as spruce and have smaller but in shape comparable pollen grains. According to Cao et al. (2010),
depolarization ratios for pine pollen are 0.20 + 0.01, 0.41 + 0.01 and 0.28 + 0.01 at 355, 532 and 1570
nm, respectively. The laboratory-derived depolarization ratios by Cao et al. (2010) are shown for
comparison in Fig. 9. Empty markers represent the lidar depolarization ratios for paper birch (Betula
papyrifera) and Virginia pine (Pinus virginiana). Especially, the spectral dependence for pine pollen
is very similar to our observations on the spruce dominated day, having the peak at 532 nm. It should
be kept in mind that the laboratory measurements were performed in an aerosol chamber and that they
represent the depolarization ratio of the pure and dry pollen. Furthermore, pollen from different species
were used compared to what we detected at our measurement site. Different values were therefore
expected. However, the incidence that we detected similar wavelength dependence in ambient
conditions as in the laboratory measurements, suggests that the wavelength dependence with maxima
at 532 nm might be characteristic for pollen and especially for large and non-spherical conifer pollen

types.

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

Furthermore, a motivation why the detection of multiple wavelengths is important was added in the
introduction from lines 61-63 as:

“The measurement of the depolarization ratio at multiple wavelengths allows us to investigate its
wavelength dependence. This could enable the distinction of pollen from other depolarizing aerosols,
as the depolarization ratio at single wavelengths can be similar for different aerosol types.”



8. The depolarization ratio at 1565 nm is consequently not called particle depolarization ratio
(PDR), but just depolarization ratio (DR). This might confuse some readers. In fact, you measure
the volume depolarization ratio at 1565 nm. However, the molecular influence is negligible at such
long wavelengths and the volume depolarization ratio is equal to the particle depolarization ratio.
Can you calculate once the molecular influence at 1565 nm? Are gas absorption lines expect at
this wavelength which could interfere with your results? With this low number you can argue,
that you measure the PDR.

The molecular depolarization cannot be observed with Halo as the pulse energy is too low and the
wavelength too long to measure molecular scattering. There are no gas absorption lines at 1565 nm.
The transmittance at this wavelength is 9.99999836E-1 according to HITRAN (https://hitran.iao.ru/)
using gas mixture (USA model, high latitude, summer, H=0).

A more detailed explanation about the consideration of the Halo depolarization ratio as particle
depolarization ratio is given in (Vakkari et al., 2020). To avoid confusion we changed the naming of
the Halo depolarization ratio to particle depolarization ratio throughout the manuscript in accordance
with Vakkari et al. (2020).

9. You are arguing that the pollen grains are large compared to the wavelength (355 and 532 nm),
so the BAE = 0. But how do you explain the large difference in the PLDR between 355 and 532
nm?

The wavelength dependence and the difference of the PDR at 355 and 532 nm could have different
reasons which need more investigation. One explanation could be pollen fragments which cause the
depolarization at 532 but not at the smaller wavelength. However, we were not able to count and
guantify the impact of pollen fragments (see question 4 and 6). Another possible explanation could be
the surface structure of pollen, which cause the wavelength dependence of the PDR but does not
affect the backscattering and therefore the BAE. Furthermore, the shorter wavelength could be more
sensitive to small, spherical background aerosol.

Attempts to explain the wavelength dependence are now included in the case study discussion
(Sec.3.1) and in section 3.3. Furthermore, we state that more studies are needed to identify the reason
of the wavelength dependence with certainty.

Minor comments

10. Ice nuclei (e.g., L.43) should be called “ice nucleating particles” (INP) to follow the convention
of Vali et al., 2015. Please consider this throughout the manuscript.

Thank you for this comment. The term “ice nuclei” is now changed to ice nucleating particle throughout
the manuscript.

11. L.39/40 “Airborne measurements revealed the presence of pollen up to 4 km above ground
with a considerable amount of pollen still observed at 2 km” Where did they measure? Please
include the region at this point.

This statement refers to two examples of airborne pollen observations. Mandrioli et al. (1984) measured
in Miles City, Montana (USA) during the Cooperative Convective Precipitation Experiment (CCOPE)
using a light aircraft and detected pollen up to 4 km. Rempe (1937) measured in Gottingen and Kassel-
Waldau (Germany) using a small aircraft. Because we consider one example of vertical (airborne)


https://hitran.iao.ru/

measurements in this context as sufficient to show the vertical presence of pollen in the air and the
article by Mandrioli et al. (1984) is more recent and published in English, we omit the example by
Rempe (1937).

The region of the CCOPE experiment was added in the manuscript from lines 40-42 as:

“Pollen can be lifted up to several kilometers by turbulent mixing within the boundary layer. Airborne
measurements such as during the Cooperative Convective Precipitation Experiment (CCOPE) near
Miles City, Montana (USA) revealed the presence of pollen up to 4 km above ground with a
considerable amount of pollen still observed at 2 km (Mandrioli et al., 1984).”

12. L..45 The phrase “increase the cloud albedo and cloud lifetime and reduce precipitation” goes
beyond the scope of your article and would need further references.

We agree and removed this sentence.

13. L.88 Did you merge the signals or the products? Please be more specific.
We merged the products. It is now mentioned in the manuscript from lines 93-95 as:

“Optical products retrieved from far- and near-field channels were merged to obtain the best possible
profiles throughout the whole troposphere, enabling us to determine reliable profiles close to the
ground.”

14. L.116 “was processed similar to Vakkari et al. (2020)” Where is the difference to Vakkari or
is it just the different bleed-through? When did you perform the calibration at liquid cloud base?

Only the bleed-through is different compared to the case studies presented in Vakkari et al. (2020). To
clarify this, we changed the expression in line 116 to “was processed according to Vakkari et al. (2020)”.
Halo Doppler lidar bleed-through was estimated from liquid cloud base observed at 1200-1400 m a.g.l.
on 14 June 0:30-3:30 UTC. This clarification was added in line 130-131:

“The bleed-through in the Halo internal polarizer was estimated from liquid cloud base observed at
1200-1400 m a.g.l. on 14 June 0:30-3:30 UTC as 0.013 £ 0.006.”

15. L.148 The VDR in the UV is strongly influenced by the molecular scattering and therefore the
effect of the particles is smaller compared to larger wavelengths.

This explanation of the difference has been added at this location.

16. L.155 Find a better title for the subsection. Something like “Case study with highly
depolarizing aerosol”.

The title of the subsection was changed accordingly.

17. Section 2.1, 3.1 and 3.2 needs some more structure, e.g., Section 2.1 starts and ends with
depolarization. Better separate the discussion about the negative BAE from the spectral



dependence of PLDR in Section 3.1. In Section 3.2 move the pollen description to a separate
(sub)section at an earlier position in the paper.

Section 2.1;

In the beginning of this section the instrumental specifications of Polly*™ are described, then the
processing of the lidar data and the optical properties for aerosol characterization are shortly introduced.
We consider the structure of this section logical and prefer to keep it like this.

Section 3.1:
This section is now separated from the spectral dependence, which is now in a new subsection (3.5).
Section 3.2:

The description of the pollen types was moved to a separate subsection (2.3) in Section 2.

18. Which trees are surrounding your measurement site? Do they contribute to the pollen load?

The measurement site is mainly surrounded by birch, spruce, and pine trees. It can be expected that the
local trees contribute to the observed pollen load. Additional information about the surrounding trees is
added in the manuscript in lines 70-71, as:

“Vehmasmaki is surrounded by broadleaved and coniferous forest. Dominant tree species include
Silver birch (Betula pendula), Norway spruce (Picea abies) and Scots pine (Pinus sylvestris).”

19. L.288 “It must be noted, that the Angstrém exponent also depends on the background aerosols
and its use to characterize pollen needs to be considered carefully”. It is mentioned very late in
the manuscript. At the beginning you should make clear, that BAE and PLDR are always a
mixture of pollen and background aerosol. Already there, you can mention that you will later use
the method of Shang et al. (2020) to separate the background and the pollen influence.

It is now mentioned already when first presenting BAE and PDR results that values always represent a
mixture of pollen and background aerosol. Also reference to the later use of the method by Shang et al.
(2020) is given.

We have modified lines 208-216 as:

“In our observations, the depolarization ratios at 355 and 532 nm show a decline with height, while
the Halo PDR at 1565 nm is almost constant throughout the whole boundary layer. Values of PDR, as
well as BAE, always represent a mixture of pollen and background aerosol. We assume that the
concentration of pollen decreases with height, i.e. increasing distance to the pollen source, and the
influence of background aerosol increases. The longer Halo wavelength is more sensitive to larger
particles (pollen) and less sensitive to smaller particles (background aerosol) and thus the
depolarization ratio does not decrease with height in contrast to the PDR at 355 and 532 nm. The
different sensitivity to background aerosol could also explain the difference of the PDR at 355 and 532
nm. Later in this study, Sec. 3.6, we will use a method described by Shang et al. (2020) to separate the
influence of background and the pollen on measured optical properties.”

20. Fig. 3(e) Consider adjusting the x-axis to a maximum value of 2 to be comparable to the other
backscatter coefficient profiles and enlarge the profiles for 16 — 18 May.



Changing the scale would cut off the lowest part of the profile from 19 May. We therefore decide to
only adjust the scale to a maximum value of 4.5 which slightly improves the visibility of the other
profiles without cutting any profile.

21. Fig. 4 Add the year to the dates in the caption.

The year was added.

22. Fig. 10 + 11 Please add the threshold (-0.4) to the figures.

A vertical line to represent the threshold was added in Figure 10 and is now mentioned in the caption
of Fig. 10 and 11.

23. The text should be improved in terms of spelling and unusual expressions, e.g.,
L.242 relationship, no plural.
L.293 “Estimation of the pollen depolarization ratio”
L.296 “of total particles” — find a better expression.
L.302 “are related to PDR larger than”
L.329 has —> have
L.350 affect the detected depolarization ratio as well.

All the suggestions have been applied to the manuscript.

24. Avoid long sentences, better split them, e.g., L.85-88; 93-95 (using : : : using)

These sentences were split into multiple sentences.
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Abstract.
Lidar observations during the pollen season 2019 at the European Aerosol Research Lidar Network (EARLINET) station in

Kuopio, Finland were analyzed in order to optically characterize atmospheric pollen. Pollen concentration and type information

were obtained by a Hirst-type volumetric air sampler. Previous studies showed the detectability of non-spherical pollen using

depolarization ratio measurements. We present lidar depolarization ratio measurements at three wavelengths of atmospheric
pollen in ambient conditions. In addition to the depolarization ratio detected with the multiwavelength Raman polarization
lidar Polly*T at 355 and 532 nm, depolarization measurements of a co-located HALO-Halo Phetenics Streamline-Doppler lidar
at 1565 nm were utilized. During a four days period of high birch (Betula) and spruce (Picea abies) pollen concentrations,
unusually high depolarization ratios were observed within the boundary layer. Detected layers were investigated regarding the
share of spruce pollen to the total pollen number concentration. Daily mean linear particle depolarization ratios of the pollen
layers on the day with the highest spruce pollen share are 0.10 + 0.02, 0.38 £ 0.23 and 0.29 + 0.10 at 355, 532 and 1565 nm,
respectively. Whereas on days with lower spruce pollen share, depolarization ratios are lower with less wavelength
dependence. This spectral dependence of the depolarization ratios could be indicative of big, non-spherical spruce pollen. The
depolarization ratio of pollen particles was investigated by applying a newly developed method and assuming a backscatter-
related Angstrém exponent of zero. Depolarization ratios of 0.44 and 0.16 at 532 and 355 nm for the birch and spruce pollen

mixture were determined.

1 Introduction

Pollen is an essential part of plant reproduction as they store and transport genetic information of the plant. Because of the

immobility of plants, pollen grains need to be transferred by other means for example wind or animals. Most grasses (Poaceae),
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conifers and around 10-20 % of flowering plants are wind-pollinated (Ackerman, 2000). Typical sizes of anemophilous pollen
grains range from 20-60 um (Shukla et al., 1998), but also large pollen grains like pine (Pinus) or spruce (Picea) pollen with
diameters around 100 pm are transported by wind. Because anemophilous plants produce pollen in very large numbers, they
are almost omnipresent in the environment. Thus, it is not surprising that pollen have various effects on climate and human
health. Millions of people are suffering from pollen triggered allergies and the number is expected to rise due to the changing
climate (Schmidt, 2016). Increasing temperatures and higher CO2 concentrations favor plant growth and pollen production. In
regions with sufficient water resources, the growing seasons are therefore expected to become longer and the spatial

distribution of allergenic species can be expected to change (Ziska and Beggs, 2012).

Pollen can be lifted up to several kilometers by turbulent mixing within the boundary layer. Airborne measurements such as

during the Cooperative Convective Precipitation Experiment (CCOPE) near Miles City, Montana (USA) revealed the presence

of pollen up to 4 km above ground with a considerable amount of pollen still observed at 2 km (Mandrioli et al., 1984). Once
reached the top of the boundary layer, pollen can be transported by wind over thousands of kilometers (Rousseau et al., 2008;
Skjgth et al., 2007; Szczepanek et al., 2017). Dispersed in the atmosphere, they can affect the climate. By acting as ice
nucleating particlenuelei pollen promote the formation of clouds (von Blohn et al., 2005; Diehl et al., 2001, 2002). Furthermore,

pollen grains can rupture and lead to a high number of smaller particles. Those pollen fragments are efficient cloud

Considering the relevance of pollen for climate and environment and the increasing importance as health hazard, it is of high
importance to study the pollen distribution and transport mechanism in the atmosphere. To further improve pollen transport
and forecast models, validation measurements are needed. Previously, we have shown that in the absence of other non-spherical
particles, light detection and ranging (lidar) measurements and especially the particle depolarization ratio can be used to track
pollen grains in the atmosphere (Bohlmann et al., 2019). We also estimated the depolarization ratio at 532 nm for pure birch
(Betula) and pine pollen under certain assumptions as 0.24 + 0.01 and 0.36 + 0.01, respectively (Shang et al., 2020). However,
due to the measurement setup in our earlier studies, the lowest layers of the atmosphere (below 800 m), which naturally contain
most of the airborne pollen, could not be investigated. In this study, we extend our dataset by operating an upgraded version
of our multiwavelength Raman lidar Polly*™ with four near-range channels at the same measurement site in Kuopio
(Vehmasmaéki), Finland. The improved lidar setup allowed measurements down to around 350 m above ground level.
Furthermore, the new system measures the depolarization ratio also at 355 nm, while depolarization measurements were
limited to 532 nm in the previous campaign. To further improve the investigation of pollen depolarization properties, we
assessed the depolarization measurements of a co-located Halo Doppler lidar, which provides information at 1565 nm (VVakkari

et al., 2020)._The measurement of the depolarization ratio at multiple wavelengths allows us to investigate its wavelength

dependence. This could enable the distinction of pollen from other depolarizing aerosols, as the depolarization ratio at single

wavelengths can be similar for different aerosol types.
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Instrumentation and methods are presented in Section 2. The observation period is introduced in Section 3. Therein we present
a case study and comparison of different pollen conditions during the period_under study. Supporting measurement data, a

statistical analysis, the discussion of the wavelength dependence and an estimation of pollen depolarization values are as well

given in same section.

2 Instrumentation and methods

Our measurement campaign was performed from 23 April to 28 August 2019 at the rural forest site in Vehmasmaki (Kuopio),
Finland (62°44°N, 27°33’E, 190 m above sea level). Vehmasmaki-(Kuopio)-is-part-ofthe-European-Aerosol-Research-Lidar
Network(EARLINET) is surrounded by broadleaved and coniferous forest. Dominant tree species include Silver birch (Betula

pendula), Norway spruce (Picea abies) and Scots pine (Pinus sylvestris). The measurement site is permanently equipped with

a Raman polarization lidar, a Halo Doppler lidar, multiple in-situ instruments as well as standard meteorological instruments
located on top of a measurement container. Furthermore, a 318 m tall mast provides measurements of temperature, relative
humidity and wind at various levels from ground up to 300 m. During our measurement campaign, a Hirst-type spore trap was
deployed on top of the container to measure the pollen concentration. In the following sub-sections, the instruments and pollen

detection are introduced, and the layer detection method is explained.

2.1 Polly*T and processing of lidar observations

The multiwavelength Raman polarization lidar PollyXT-FMI (Engelmann et al., 2016) is a fully automated lidar instrument,
which emits at three wavelengths, 355, 532 and 1064 nm, and is able to detect at two rotational-vibrational Raman channels,
387 and 607 nm and one water vapor detection channel at 407 nm in addition to the elastic backscatter channels at the emission
wavelengths. The cross-polarized signal can be detected at 355 and 532 nm which allows the determination of the linear
volume depolarization ratio (VDR) and linear particle depolarization ratio (PDR) at those two wavelengths. In addition to the
far field channels, Polly*T includes a near-field unit with detection channels at 355, 387, 532 and 607 nm. The combination of
near- and far-field channels allows the observation of continuous profiles down to about 120 m, the height of complete overlap
of the near-field receiver. The initial vertical resolution of the acquired data is 7.5 m and the temporal resolution is 30 s. Further
details on the instrument setup, principle and error propagation can be found in Engelmann et al. (2016). Near-realtime

quicklooks are publicly accessible at the PollyNet website (http://picasso.tropos.de/, last access: 17/12/2020), which visualizes

the measurements of all lidars belonging to PollyNet network (Baars et al., 2016).
The lidar data was analyzed using the Klett-Fernald method (Fernald, 1984; Klett, 1981) whenever the weather conditions
were adequate (i.e. no low clouds or rain) and the signal quality was sufficient for deriving high quality profiles. A constant

lidar ratio of 60 sr was used to derive profiles of backscatter and extinction coefficients.; The lidar ratio is-based on

measurements retrieved during night-time using the Raman method (Ansmann et al., 1990) and the results for birch-spruce

mixtures of our previous study (Bohlmann et al., 2019). Optical products retrieved from Ffar- and near-field prefiles-channels
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were merged to obtain the best possible profiles throughout the whole troposphere, enabling us to determine reliable profiles
close to the ground. However, this is not the case for the 355 nm channel. Due to an overlap issue on the 355 nm far-range
channel, reliable profiles at this wavelength were limited to 900 m above ground. The problem affected also the calculation of
the depolarization ratio at 355 nm, which therefore could not be retrieved close to ground. To obtain high quality depolarization

measurements, calibration measurements are automatically performed three times a day using the A90° method (Freudenthaler,

2016; Freudenthaler et al., 2009). A calibration constant \,* determined from two subsequent measurements with a difference

of exactly 90° is used to calibrate the volume depolarization ratio. During the presented time period, quite stable calibration
constants V* of 1.85*%101 + 4.01*1072 at 355 nm and 6.90*10° + 6.29*10°® at 532 nm were determined and applied to calibrate

depolarization measurements.

The profiles were temporally averaged in 2h intervals to match with the time resolution of the pollen samples. Aerosol layers

within the lowest 4 km of the atmosphere were detected using an automatic layer detection algorithm. The layer detection is

based on-using the gradient of the backscattered signal at 1064 nm. The local maximum of the first derivative is considered to
be the layer bottom, while the height of the local minimum of the first derivative corresponds to the layer top (Belegante et al.,
2014). Less smoothed profiles with a vertical smoothing range of 127 m were used to determine the correct geometrical layer
boundaries without losing layer depth. Higher smoothing with a vertical range of 367 m, in turn, was applied to calculate
reasonable optical properties within the layer. Intensive optical properties (lidar ratios, linear particle depolarization ratios, and
Angstrém exponents), commonly used for lidar-based aerosol characterization, were calculated for the automatically detected
layers. Especially, the linear depolarization ratio and backscatter-related Angstrom exponents (BAE) are considered in this
study. The linear depolarization ratio describes the change of the polarization state of the backscattered light. The strength of
depolarization depends on the non-sphericity of the backscattering particles and the particle size relative to the wavelength
(Sassen, 2005). The depolarization ratio increases with non-sphericity and can therefore be used to characterize the particle
shape. The Angstrom exponents describe the wavelength dependence of the scattering/extinction and relates to the particle

size.

2.2 Halo Doppler lidar

In addition to the Polly*T lidar, a HaloALO Photonics Stream Line Pro Doppler lidar (Pearson et al., 2009) is operated
permanently at our measurement site. This lidar operates at a wavelength of 1565 nm with a pulse repetition rate of 15 kHz
and a pulse energy of 20 pJ. The minimum range of the instrument is 90 m and the range resolution is 30 m; other operating
specifications can be found in Vakkari et al. (2020). This Halo Doppler lidar is equipped with a cross-polar receiver channel,
which enables consecutive measurement of co- and cross-polar signals in vertically pointing mode and thus the retrieval of the
depolarization ratio at 1565 nm. In this study, an integration time of 7 s was used, i.e. the co-polar signal is collected for 7 s
followed by the cross-polar signal collected during the next 7 s. In addition to vertically pointing measurement, a conical scan

lasting 2.5 min was scheduled every 15 min to retrieve the horizontal wind profile.
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The Halo Doppler lidar signal-to-noise ratio was post-processed according to VVakkari et al. (2019) and the depolarization ratio

was processed simtar-according to Vakkari et al. (2020). The design of Halo Doppler lidars does not include a depolarization

calibration unit nor does it allow to add one. Therefore, depolarization measurements can only be calibrated using the

depolarization ratio at liquid cloud base. As liquid cloud droplets do not polarize the backscattered light, non-zero

depolarization ratios at cloud base indicate incomplete extinction, called bleed-through, in the internal polarizer (Vakkari et

al., 2020). The -Bbleed-through in the Halo internal polarizer was estimated from liquid cloud base observed at 1200-1400 m
a.0.l. on 14 June 0:30-3:30 UTC as 0.013 £ 0.006. which-This estimate is very close to the estimate of 0.016 + 0.009 from
measurements with same instrument in 2016 (Vakkari et al., 2020). The depolarization ratio was corrected for the bleed-
through according to Vakkari et al. (2020).

The retrieved depolarization ratio can be considered as linear particle depolarization ratio, since the contribution of molecular
scattering at this long wavelength and low pulse energy is neglectable (Vakkari et al., 2020).
-Vertical wind speed from the co-polar vertically pointing measurements and horizontal wind profile from the conical scans

were used to calculate turbulent kinetic energy (TKE) dissipation rate following (O’Connor et al., 2010).

2.3 Pollen observations Ha-situ-instruments

The pollen information was obtained using a Hirst-type volumetric air sampler located on top of the measurement container,

4 m above ground. The sampler collects particles down to a size of 3.7 um (Muilenberg, 2003)_onto an adhesive-coated tape

which is manually analyzed afterwards. With this type of sampler, it is possible to determine pollen types and concentrations
with 2-hour time resolution. A more detailed description of the sampling principle can be found in Bohlmann et al. (2019) and
Hirst (1952).

During our campaign 18 different pollen types have been identified with the Hirst-type air sampler. The most abundant pollen

types are birch (Betula), pine (Pinus) and spruce (Picea), which make up 93% of the total annual pollen count in 2019. Birch

pollen grains are almost spherical, around 20-30 um in diameter and have three pores on their surface. The surface pattern is

rather smooth (Blackmore et al., 2003). Pine and spruce pollen belong to the Pinaceae family. Their pollen grains are large

and non-spherical. They possess two air bladders which assist those pollen grains to be dispersed by wind despite their large

size. The diameter of pine pollen grains on their longest axis is around 65-80 um, while spruce pollen is considered very large

for anemophilous pollen, with a diameter around 90-110 um on the longest axis (Nilsson et al., 1977). The surface of the pollen

corpus of spruce pollen is wrinkled and wavy (Grimsson and Zetter, 2011; Shen et al., 2020). Figure 1 shows examples of

micrographs during our measurement period. Examples of birch and spruce pollen grains are marked with green and red

arrows, respectively. The different size dimension of birch and spruce pollen is clearly visible.
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2.4 In-situ measurements

Various in-situ aerosol instruments were exploited for characterizing the overall aerosol load in the air at the site. An optical
particle sizer (OPS; TSI Inc., model 3330) provided particle number concentration and size distribution in the size range of
0.3-10 um, which were used to calculate the volume size distribution (by assuming spherical shape for the particles). A
Synchronized Hybrid Ambient Real-time Particulate Monitor (SHARP; Thermo Fisher Scientific Inc., model 5030) and an
aethalometer (Magee Scientific, model AE-31) provided continuous total particle mass and black carbon (BC) concentration,
respectively. The instruments resided in the container and sampled through vertical stainless-steel lines with total air inlets.
Meteorological conditions, such as temperature, relative humidity, and wind speed and direction, may have effects on pollen
concentration and distribution in the atmosphere. At Vehmasmaki these meteorological parameters are measured at several
heights between 2 and 300 m on the co-located mast. The lowest height for wind speed and direction is 26 m, which is around

the average canopy height at this site.

3 Results and discussion

During our four-month campaign in 2019, several periods of high pollen concentrations have been observed. One particular
intense event with unusually high depolarization ratios and high pollen concentration will act as an example period for this
study. An overview of this intense period is given in Fig. £2. From 16 — 19 May 2019, high bihourly concentrations of birch
pollen, reaching up to 9000 grains m, were detected. The share of spruce pollen to the total pollen number concentration
increased from 0.2% on 16 May to 221 % on 19 May. Other pollen types only accounted for 0.8% of the total pollen
concentration during the period (Fig.2a2a) and thus can be neglected.

The time-height display of Polly*™ and Halo Doppler lidar observations is shown in Fig. -2 b-d and e, respectively. During
daytime, a high aerosol load was observed within the first 2 km considering the strong range-corrected signal at 1064 nm (Fig.
1b2b). Also the VDR at 532 nm and the Halo particle depolarization ratio at 1565 nm show strongly enhanced values and are
increasing towards the 19 May (Fig. 2d2d, e). At 355 nm, however, the VDR does not show significant features except a faint
increase up to 2 km on 19 May. This can be explained by the strong influence of molecular scattering on the VDR at 355 nm

and the consequently smaller effect of particles compared to larger wavelengths. Faint Hfted-elevated layers between 3 and 5

km were observed on all four days especially during night. Those layers seem to be weakly depolarizing. Backward-trajectories
(not shown here) indicate that during all four days, the air masses arriving at different heights from 500 m to 5 km were
advected from northwest and passed over North Scandinavia and the Norwegian Sea, i.e., they did not pass over dust influenced
or highly polluted areas. Thus, it can be assumed that the studied air masses were not influenced by depolarizing dust. The

depolarizing Eelevated aerosol layers_between 3 and 5 km are likely pollen lifted by turbulence or long-range transported

pollen-_as other sources of depolarizing aerosols are missing along the trajectory.
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3.1 Case study with highly depolarizing aerosol Highly-depelarizing-case-study

The 19 May is here of special interest. Lidar measurements show a strongly increased backscatter coefficient at 1064 nm and
increased volume depolarization ratios especially at 532 and 1565 nm (Fig. 12). The depolarization ratios at these wavelengths
are exceptionally high compared to commonly observed depolarization ratios for non-spherical particles. However,
measurements with the same measurement settings prior to the intense pollen period show usual values. We therefore consider
our depolarization ratio measurements trustworthy.

In Figure 23, the 19 May is presented separately, showing the range-corrected signal at 1064 nm (Fig. 2-3 a) and the volume
depolarization ratio at 532 nm (Fig. 2-3 b). The period from 11:00 to 13:00 UTC (shown within white bars) was selected to
present time averaged lidar profiles (Fig. 2-3 c-e). For processing the lidar measurements, a lidar ratio of 60 sr was applied as
it was determined for birch and spruce mixtures in our previous study (Bohlmann et al., 2019). Relative humidity and
temperature profiles according to GDAS1 (Global Data Assimilation System) data are shown in Fig. 2f3f. According to profiles
of the backscatter signal and relative humidity, the top of the boundary layer is at around 2.5 km. Above 8 km cirrus clouds
have been detected which show typical depolarization values for cirrus clouds of around 0.4 at 355 and 532 nm (Chen et al.,
2002; Sassen and Zhu, 2009; Voudouri et al., 2020). Within the boundary layer the backscatter coefficient at 532 nm is larger
than at 355 nm, resulting in a negative backscatter-related Angstrém exponent (BAE) at 355/532 nm of -0.64 + 0.45. Cases of
negative Angstrém exponents have previously been observed for dust particles (Bohlmann et al., 2018; Rittmeister et al., 2017;
Tsekeri et al., 2017; Veselovskii et al., 2016), and are likely caused by specific chemical compositions causing a spectral
variation of the imaginary part of the refractive index (Veselovskii et al., 2016). The BAE at 532/1064 nm, however, is positive,
0.97 + 0.41, and comparable with values of dust smoke mixtures (Kanitz et al., 2014; Tesche et al., 2011). The negative BAE

at 355/532 nm while having a positive BAE at 532/1064 nm could be characteristic for pollen.

VDR and PDR values within the boundary layer are high. Mean PDRs are 0.06 + 0.02, 0.46 + 0.22 and 0.35 £ 0.07 at 355, 532
and 1565 nm, respectively. Very high depolarization ratios of aerosol particles have been detected with lidar before. Ansmann
etal. (2009) measured depolarization ratios of 0.5-1 at 710 nm during the Saharan Mineral Dust Experiment (SAMUM). Those

high depolarization ratios were caused by large dust, silt-sized and sand particles (> 10 um) which were lifted by convective

plumes and dust devils.

In our observations ¥While the depolarization ratios at 355 and 532 nm show a decline with height, while the Halo PDR at 1565

nm is almost constant throughout the whole boundary layer. VValues of PDR, as well as BAE, always represent a mixture of

pollen and background aerosol. We assume that the concentration of pollen decreases with height, i.e. increasing distance to

the pollen source, and the influence of background aerosol increases. The longer Halo wavelength is more sensitive to larger

particles (pollen) and less sensitive to smaller particles (background aerosol) and thus the depolarization ratio does not decrease

with height in contrast to the PDR at 355 and 532 nm. The different sensitivity to background aerosol could also explain the
difference of the PDR at 355 and 532 nm. Later in this study, Sec. 3.6, we will use a method described by Shang et al. (2020)

to separate the influence of background and the pollen on measured optical properties.
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3.2 Case studies with different pollen concentrations

Figure 3-4 shows profiles of the Polly*T backscatter coefficients and linear particle depolarization ratio at 355 and 532 nm as
well as the attenuated backscatter and PDR at 1565 nm by the Halo Doppler lidar for a selected 2-h time period on each day
representing different pollen conditions. The bar chart illustrates the pollen concentration obtained from the Hirst-type pollen
trap during the time period each day. Green color represents the birch pollen concentration, while red represents the spruce
pollen concentration. On 19 May, the total pollen concentration and the share of spruce pollen were the highest. On 16 and 17
May, however, no spruce pollen was detected. A strong backscattering signal was detected up to 2.5 km on 19 May, whereas
on the other days the signal was weaker, and according to the strong decrease of the backscatter signal, the boundary layer
height was lower. Most noticeable is the increase of the PDR at 532 and 1565 nm on the day with the highest spruce pollen
share and total pollen concentration, while the PDR at 355 is around the same on all days and clearly lower than at the longer
wavelengths.

The increased depolarization on 19 May is likely related to the large amount of highly non-spherical and large spruce pollen

on this day compared to the other days. In Figure-4_1, micrographs of the pollen observations on 18 and 19 May from 9-11

UTC are shown. Birch and spruce pollen were observed on both days- Birch-pellen-grains-are-almost-sphericalaround-20-30

TFthe amount of both birch and spruce pollen was clearly higher on 19 May.which- This may have resulted in the higher

8
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depolarization observed on this day. Certainly, other factors, such as ambient weather conditions or the fragmentation of pollen

grains, could have contributed to this observation as well. Those effects will be investigated in the following section.

3.3 Findings from supporting data

Pollen release and distribution is heavily influenced by the ambient weather conditions. Higher temperature and wind speed
positively affect the pollen concentration while the relative humidity and pollen concentration are negative related (Bartkova-
S¢evkova, 2003; Noh et al., 2013). Under certain meteorological conditions, e.g. humidity changes and turbulent disturbances,
pollen grains can rupture to smaller fragments (Hughes et al., 2020; Miguel et al., 2006; Taylor et al., 2002, 2004). The pollen
fragments are not recorded as pollen or counted, and therefore do not contribute to the pollen count using microscopic analysis.
However, the fragments can persist much longer in the atmosphere than intact pollen due to their smaller size and lower falling

velocity. The small pollen fragments can act efficiently as ice nucleating particlesnuelet (von Blohn et al., 2005; Diehl et al.,

2001, 2002) and penetrate deeper into the respiratory system than intact pollen where they can trigger severe allergenic

reactions and asthma. Furthermore, small non-spherical pollen fragments could cause a higher depolarization ratio.

Figure 5 gives an overview of the meteorological conditions during the studied period. The temperature and relative humidity
at 2 m (Fig. 5b) and wind speed, wind direction and gust wind at 26 m (Fig. 5¢) above ground are shown in addition to the
pollen concentration (Fig. 5a). The diurnal cycle of temperature and relative humidity are clearly visible with a maximal
relative humidity during the night and maximal temperature shortly after noon. Wind measurements show only a weak diurnal
change with a slightly lower wind speed in the evening hours. On 19 May, the wind speed increased rapidly before noon and
a more distinct diurnal cycle compared to the other days is apparent. At the same time, the temperature was higher and the
relative humidity slightly lower than on the preceding days, which could explain the higher pollen concentration on this day.
The local wind direction changed from northwest on 16 May to southeast on 19 May. Gust winds predominately follow the
trend of the mean wind speed, although on 17 May, the stronger gust winds at around 19 UTC could explain the high amount
of birch pollen at this time.

Turbulent movements within the boundary layer can affect the dispersal of airborne pollen, and pollen grains can be lifted

vertically to heights where they are detectable with lidar._Moreover, turbulent conditions could cause pollen grains to rupture

upon impact with solid surfaces or other aerosols (Visez et al., 2015). The turbulent kinetic energy (TKE) dissipation rate

obtained from the Halo Doppler lidar is shown in Fig. 5d;. butHowever, no significant difference between the four days was

found to indicate a higher occurrence of pollen fragments and further explain the higher depolarization ratio_on the last day.

The higher detection height on 19 May is caused by a higher aerosol load and therefore higher signal-to-noise ratio on that
day.

In-situ measurements have been checked to characterize the ground-level aerosol conditions at our measurement site. The
particle number concentration at ground level was higher on 18 and 19 May than on 16 and 17 May (Fig. 6a). The evolution
of the volume size distribution (Fig. 6b) shows an increase in the concentration of 3-10 um particles, which could be fragments

of birch or spruce pollen. The increase in the coarse particle fraction was verified with the total mass concentration (data not

9
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shown). The BC concentration (not shown) was low (around 0.1-0.2 pg/m?) throughout the period, except for a short peak on
18 May at 18 UTC (also visible in the OPS data, Fig. 6a), thus no smoke contribution in the boundary layer is expected.

Our results indicate that the influence of pollen fragments is uncertain as the amount of pollen fragments is not recorded by

the Hirst-type pollen sampler and in-situ, meteorological and Halo turbulence measurements do not suggest apparent reasons

for a pronounced fragmentation of pollen grains in the atmosphere. However, pollen fragments could cause depolarization in

the lidar signal and also partly explain the wavelength dependence of the PDR. Therefore, the impact of pollen fragments

needs to be explored in future studies.

3.4 Lidar derived optical parameters

To investigate the relationships between lidar-derived optical parameters and the pollen observations and to define
characteristic values for specific pollen conditions, we determined mean values in the detected layers shown in Fig. 1f2f. We
here focus on the lowest detected layer as it can be assumed to contain most of the local pollen concentration. A total of 47
pollen layers has been detected in the 2-hour averaged dataset of the 4-day period. Mean values of the lidar derived optical
properties are presented in Figs. 7 and 8. Color represents the share of spruce pollen of the total pollen number concentration
detected by the Hirst-type spore trap. Size of the markers represents the total 2-hour pollen concentration. Daily mean values
are shown with black markers, error bars represent the standard deviation. The lower limit for reliable profiles was about 350
m after combining near- and far-field channels and vertical smoothing; whereas a higher layer bottom limit of 900 m was
applied on the profiles of PDR at 355 nm (Fig. 7a) and the Angstrém exponent at 532/1064 nm (Fig. 8b), due to the overlap
problems at 355 nm and the higher full overlap height at 1064 nm, respectively.

In Figure 7, the particle depolarization ratios at all three wavelengths are compared. Two groups depending on the spruce
pollen share are apparent in the comparison of PDR at 532 against 355 nm (Fig. 7a) and PDR at 532 against 1565 nm (Fig.
7b). Cases with a high share of spruce pollen and high total pollen concentration tend to show the highest PDR values ranging
between 0.4 - 0.9 at 532 nm, while the PDR for cases with a lower share of spruce pollen is below 0.4. The PDR at 355 nm is
below 0.17 for all cases, and no correlation with the spruce pollen share is apparent. The relationship between the PDR at 1565
and 532 nm is nearly linear when the spruce share is low (Fig. 7b). With increasing spruce pollen share, the PDR at 532 nm
exceeds the PDR at 1565 nm. This wavelength dependency of the PDR with increasing spruce pollen share could be
characteristic for this large and non-spherical pollen type and provide a means for classifying conifer pollen.

Figure 8 shows the backscatter-related Angstrém exponents at 355/532 nm and 532/1064 nm against the PDR at 532 nm. The
tendency towards smaller Angstrém exponents with increasing depolarization ratio indicates the increasing impact of larger
and non-spherical particles such as spruce pollen. Similar behavior has already been reported in Bohlmann et al. (2019) and
Shang et al. (2020). For cases with a high amount of large non-spherical spruce pollen, e.g., with >15% share of the total pollen
number concentration, the BAE at 355/532 nm is negative. Previously, negative Angstrom exponents have only been reported

for dust close to the dust source region where very large dust particles are present (Hofer et al., 2020; Rittmeister et al., 2017;
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Veselovskii et al., 2016). This feature, however, could also be characteristic for aerosol conditions with the presence of very
large pollen grains.

Table 1 summarizes the daily mean values shown in Figure 7 and 8 with black markers. Mean values are given for different

layer bottom heights as profiles could only be retrieved down to 900 m at 355 and 1064 nm. Noteworthy is the spectral

dependence of the depolarization ratio, which is also illustrated in Fig. 9. Especially-on-19-May-a-higher-depelarization-ratio

Also-tThe daily mean backscatter-related Angstrém exponent is clearly different on the spruce dominated day. While it is

around 0.9-1.3 at 355/532 nm and 1.18-1.52 at 532/1064 nm on the days with low spruce pollen share, BAEs are clearly smaller
at both wavelength pairs on the spruce dominated day, suggesting the presence of larger particles. The negative BAE at 355/532
nm might be characteristic for large, non-spherical spruce pollen grains since it has only been observed on days with a high
spruce pollen concentration. It must be noted, that the Angstrém exponent also depends on the background aerosols and its
use to characterize pollen needs to be considered carefully. However, under the same background conditions, the Angstrom
exponent can be an indicator for the pollen type. As the considered time period is rather short and no far-range transported
aerosol sources were observed, the background conditions can be assumed stable during the period. The change of the
Angstrom exponent can therefore be attributed to the presence of pollen.

3.5 Spectral dependence of the linear depolarization ratio

Figure 9 shows the daily mean linear particle depolarization ratios detected with Polly*T (at 355 and 532 nm) and the Halo

Doppler lidar (at 1565 nm). The PDR at 355 nm is around 0.1 on all four days. From special interest is the strong spectral

dependency of the PDR observed on 19 May. A higher depolarization ratio was observed at 532 than at 1565 nm. On the

preceding days, however, the depolarization ratios at 532 and 1565 nm are only slightly higher than at 355 nm and almost
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equal. As shown in Table 1, the number of observed spruce pollen was increasing each day and contributed to almost 22 % of

the total number concentration on 19 May. Longer wavelengths are more sensitive to larger particles and less influenced by

Rayleigh scattering (Ansmann et al., 2009). The strong spectral dependency on 19 May can therefore be explained by the high

amount of non-spherical spruce pollen on that day. Another explanation for the observed wavelength dependence could be the

surface structure of pollen. Patterns on the outer wall of the pollen, the exine, can vary enormously in their appearance, but

within the same species patterns are usually similar (Wang and Dobritsa, 2018). The non-smooth pattern on spruce pollen

grains could additionally cause a depolarization of the backscattered light.

A spectral dependence of the linear depolarization ratio of pollen has already been reported by Cao et al. (2010) who measured

the depolarization ratio for different pollen types, such as birch and pine, in controlled laboratory experiments. For birch pollen
Cao et al. (2010) reported a PDR of 0.08 + 0.01, 0.33 + 0.00 and 0.30 + 0.01 at 355, 532 and 1570 nm, respectively. No

measurements have been conducted for spruce pollen. However, the authors state values for pine which belong to the same

family as spruce and have smaller but in shape comparable pollen grains. According to Cao et al. (2010), depolarization ratios
for pine pollen are 0.20 + 0.01, 0.41 + 0.01 and 0.28 + 0.01 at 355, 532 and 1570 nm, respectively. The laboratory-derived

depolarization ratios by Cao et al. (2010) are shown for comparison in Fig. 9. Empty markers represent the lidar depolarization

ratios for paper birch (Betula papyrifera) and Virginia pine (Pinus virginiana). Especially, the spectral dependence for pine

pollen is very similar to our observations on the spruce dominated day, having the peak at 532 nm. It should be kept in mind

that the laboratory measurements were performed in an aerosol chamber and that they represent the depolarization ratio of the

pure and dry pollen. Furthermore, pollen from different species were used compared to what we detected at our measurement

site. Different values were therefore expected. However, the incidence that we detected similar wavelength dependence in

ambient conditions as in the laboratory measurements, suggests that the wavelength dependence with maxima at 532 nm might

be characteristic for pollen and especially for large and non-spherical conifer pollen types.

The spectral dependence of the PDR has previously been reported for different aerosol types. Haarig et al. (2018) and Hu et

al. (2019)_observed a completely different spectral dependence of the PDR for stratospheric smoke. The PDR is strongly

decreasing with increasing wavelength caused by the dominance of small particles (< 0.5 um). A similar spectral dependence

of the PDR with the peak PDR at 532 nm and decreasing towards 355 and 1064 nm, however, was reported by Haarig et al.

(2017)_and Burton et al. (2015)_for transported Saharan dust. As for pollen, the optical properties of dust are dominated by

large particles (> 1um) as well. However, depolarization ratios at 355 nm are clearly smaller for pollen than for dust, while the

PDR at longer wavelengths is higher, which allows the distinction of pollen and aged dust.

3.65 Estimation of the pollen depolarization ratio values

To estimate the depolarization ratio values for pure pollen, a newly developed method by Shang et al. (2020) was applied to
the lidar measurements. Mathematically, there is a power law relationship between the total backscatter-related Angstrém
exponent ef-total-particles-and the pollen backscatter contribution (the ratio of pollen backscatter coefficient and the total
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particle backscatter coefficient). The depolarization ratio at 532 nm of pure pollen was investigated using the BAE at 355/532
nm. Our results on this intense pollen event show two groups of data depending on the spruce pollen share: i) a quite good
power law relationship is found for cases with a low share of spruce pollen; ii) the BAE at 355/532 nm is almost constant with
increasing PDR for cases with higher share of spruce pollen. These two groups can also be identified as the two modes in the
frequency distribution of BAE values at 355/532 nm presented in Fig. 10. The first mode of values around -0.9, denoted as
“extreme cases”, are related to PDR bigger-larger than 0.25, mostly for the data on the last day (high spruce share). For these
cases the BAE is almost constant throughout the boundary layer whereas the depolarization ratio is decreasing with height.
This reveals the limitation of Angstrém exponent at lidar wavelengths of 355 and 532 nm for the detection of big pollen
particles since the BAE normally decreases with increasing share of pollen particles, i.e. increasing PDR.

A threshold of -0.4 was applied to remove those “extreme cases” before applying the algorithm of Shang et al. (2020). A
depolarization ratio of 0.03 at both 355 and 532 nm was used for non-pollen particles, which is a mean value for pollen-free
periods at our measurement site. After the iteration, we found the relationship between the pollen BAE at 355/532 nm and the
pollen depolarization ratio at 532 nm presented in Fig. 11. This relationship is representing the mixture of birch and spruce
pollen, with low spruce pollen share after the selection of the threshold. Our previous studies (Bohlmann et al., 2019; Shang
etal., 2020) indicate that pollen are medium to high absorbing particles with lidar ratio values from 55 to 70 sr at both 355 and
532 nm for birch and spruce pollen, without significant wavelength-dependence. The pollen grains are quite big, and thus can
be assumed to be wavelength independent on the backscatter at wavelengths of 355 and 532 nm. Under the assumption that
the backscatter-related Angstrom exponent at 355/532 nm should be zero for pollen, the pollen depolarization ratio was found
to be 0.44-(Fig—8}, for the mixture of birch and spruce pollen observed during this intensive period of high pollen

concentrations. The spruce pollen share to the total pollen number concentration of the birch-spruce pollen mixture ranges

between 0 and 35% for the estimated pollen depolarization value. The depolarization at 355 nm was calculated using the pollen

backscatter contribution at 355 nm and the BAE at 355/532 nm. Assuming a BAE of zero, a pollen depolarization ratio of 0.16
at 355 nm was found for the birch and spruce mixture. In order to retrieve the pollen depolarization ratio of the “extreme
cases”, we used the BAE at 532/1064 nm as longer lidar wavelengths might be beneficial for cases with a high share of very
large particles. However, our dataset of corresponding cases is too limited to lead to a meaningful conclusion. More cases with

high spruce concentration are needed.

Conclusion

During the pollen campaign in 2019 at the EARLINET station in Vehmasmaki (Kuopio), Finland, we were able to expand the
dataset of birch and spruce pollen observations with improved lidar-based measurements down to around 350 m. In previous
studies, measurements were restricted by a high overlap height which limited usable profiles to data above 800 m. The majority
of strongly depolarizing spruce pollen, however, is assumed to be close to the pollen source near ground level. Thus, when

conducting pollen measurements with lidar, the lower limit of usable lidar data should be as low as possible. In our study, we
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utilized depolarization measurements of a co-located Halo Doppler lidar to add a third depolarization wavelength. Very high
depolarization ratios have been detected during a 4-day period of birch and spruce pollen with an increasing amount of spruce
pollen towards the end. In-situ aerosol measurements and meteorological data has-have been considered to characterize the
overall aerosol load in the air and the air masses at the site. Ruptured pollen could affect the observed depolarization ratio as
the smaller fragments of ruptured pollen are highly non-spherical. We detected a slightly higher number of particles in the

diameter range from 3-10 um on the day with high depolarization, which could be partly caused by pollen fragments. However

more research on the impact of pollen fragments is needed and the amount of pollen fragments should be recorded in future

studies. Also the possible impact of the pollen surface structure on the measured depolarization ratios needs to be investigated,

as the rough surface of certain pollen types can cause higher depolarization ratios.

The investigation of lidar-retrieved optical properties in detected pollen layers revealed a wavelength dependence of the
depolarization ratio especially in the presence of spruce pollen. On a day with a spruce pollen share of the total pollen number
concentration of about 22%, high PDR values of 0.46 + 0.26 and 0.30 £ 0.09 were detected at 532 and 1565 nm, respectively,
in pollen layers down to around 350 m. The PDR at 355 nm could only be detected down to 900 m. In those layers, mean PDR
values were 0.10 £ 0.02, 0.38 £ 0.23 and 0.29 £ 0.10 at 355, 532 and 1565 nm, respectively. The wavelength dependency could
be explained with the higher sensitivity of the longer lidar wavelengths to big pollen particles (~ 100 um) and characteristic

surface pattern of those pollen. This andwavelength dependence could be characteristic for large, non-spherical spruce pollen.

Furthermore, negative backscatter-related Angstrom exponents have been detected when the spruce pollen share was high.
Negative Angstrém exponents have previously been detected for dust but could also be a characteristic feature of spruce pollen.
A novel method introduced by Shang et al. (2020) was applied to the measurement data and pollen depolarization ratio values
of 0.44 at 532 nm and 0.16 at 355 nm were determined for the birch-spruce pollen mixture. Furthermore, a limitation of the
Angstrém exponent at the lidar wavelengths 355/532 nm for the characterization of very large pollen particles like spruce was
found.

To determine values of pure pollen, more cases with high concentrations of only one pollen type are necessary. We found
characteristic values for atmospheric conditions in the presence of spruce pollen, but at our measurement site spruce pollen
almost always occurs simultaneously with other pollen types. This complicates the investigation of pollen type characteristics
as optical properties vary depending on different mixtures of backscattering aerosol. Furthermore, pollen fragments and the

pollen surface structure need to be considered when investigating pollen properties with lidar because non-spherical fragments

and pollen type-specific surface structures possibly affect the detected depolarization_ratio as well. Nevertheless, our study

shows the spectral dependence of the depolarization ratio for pollen, especially spruce, in the atmosphere.

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

(http://picasso.tropos.de/, last access: 17/12/2020).
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Figure 1 Pollen micrographs from 18.05.2019 (a) and 19.05.2019 (b) at 9-11 UTC. Examples of birch and spruce pollen grains are
marked with green and red arrows, respectively (source: Biodiversity Unit of the University of Turku, Sanna Patsi).
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Figure 12: Overview of period 16-20 May 202019; Pollen concentration detect by Hirst-type spore trap at 4 m height (a),
Range-corrected signal at 1064 nm (b), Linear volume depolarization ratio at 355 (c) and 532 nm (d) by Polly*™ Raman
polarization lidar, Halo Doppler lidar depolarization ratio at 1565 nm (e) and automatic layer detection (f).
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Figure 5 Overview of pollen concentration by Hirst-type spore trap (a), air temperature and relative humidity at 2 m mast height
645 (b), wind speed, wind direction and wind gust at 26 m mast height including wind direction shown by color (c) and turbulent kinetic
energy (TKE) dissipation rate (d) by Halo Doppler lidar.
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Table 1 Daily mean values of pollen concentrations, and lidar derived optical parameters of the pollen layers. The total pollen (spruce
pollen) concentrations are measured by the Hirst-type volumetric air sampler. Layer heights are determined using the gradient
method. Daily mean values and standard deviation of lidar-derived optical parameters in the pollen layers using a layer bottom

680

height of 900 m (a) and 350 m (b).

Date in 2019 (dd.mm) 16.05. 17.05. 18.05. 19.05.
daily mean total (spruce) pollen concentration [#/m] 3653 (8) 3157 (63) 1727 (132) 3553 (776)
Layer top height (km) 147+0.42 1414023 1.01+008 1.23+0.41
(@)
PDR 355 0.08+0.03 0.09+0.03 0.11+0.03 0.10+0.02
PDR 532 0.10+0.03 0.16+0.10 0.15+0.07 0.38+0.23
PDR 1565 0.07+0.06 0.16%+0.14 0.16+0.12 0.29+0.10
BAE 355/532 1.19+041 092+0.39 1.22+0.80 -0.18+0.96
BAE 532/1064 1.20+029 118+0.74 152+049 1.08+0.46
Backscatter coefficient 355 [Mm™ sr!] 044+£0.15 0.38x0.09 0.48+0.14 0.99+047
Backscatter coefficient 532 [Mm™ sr?] 0.27+0.08 0.26+006 0.33+0.17 1.27+0.86
(b)
PDR 532 0.14+0.03 0.20%£0.11 0.22+0.11 0.46%0.26
PDR 1565 0.13+0.06 0.19+0.10 0.21+0.10 0.30+0.09
BAE 355/532 1.29+052 0.92+036 0.90+0.68 -0.10+0.92
Backscatter coefficient 355 [Mm™ sr!] 044+£0.12 040x006 0.62+0.16 1.01+044
Backscatter coefficient 532 [Mm™ sr!] 0.26£0.07 0.28x0.05 0.47+0.23 1.26+0.85
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