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ABSTRACT: A growing body of research suggests that pollen suspended in the
atmosphere have a major environmental and climatic impact. However, our current
knowledge of pollen is rather limited with respect to its extinction capacity, its optical
properties and how these vary with atmospheric water content. Understanding their water
absorption capacity can improve our understanding of their radiative effects and, thus,
improve climate models. In this work, an electrodynamic Paul trap was coupled to a
cavity ring down spectroscopy (CRDS) to directly measure the ring down time () of four
individual types of pollen particles: Olea, Fraxinus, Populus and Salix exposed to
changing relative humidity (RH). Resonant structures in = values between ~ 90-45 % RH
indicated that pollen was wettable at high RHs. T was used to calculate light extinction
cross-section (o,,:) at 532 nm as a function of RH. Optical growth factor (fzy) was
evaluated as the ratio between ¢,,;(~80% RH) and o,,:(dry). From fzy, the semi-
empirical single hygroscopicity parameter (x,,,,) was found to be 0.038-0.058 for the
four pollen types. Under controllable treatment of the water content and an adequate
selection of complex refractive index (m), CRDS-a,,,, data was fitted to theoretical o,,;
from Mie theory. The reasonable agreement achieved allowed for gaining knowledge
about the m and how particle size shrugged during dehydration. As a result, a climate-
lowering effect of Olea pollen particles, which contain a fraction of scattered aerosol,
should be considered in the models.

KEYWORDS: pollen, single aerosol particle, optical properties, hygroscopicity,
radiative effects.

SYNOPSIS: This study provides optical properties of pollen (complex refractive index)
and their dependence on water content, which has environmental relevance from the point
of view of radiative effects.
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1. INTRODUCTION

Although primary biological aerosol particles (PBAPS) represent a small fraction of the
total aerosol burden in the atmosphere, their annual emission fluxes are estimated to be
up to 1000 Tg yr! and they are thought to have a significant impact on human health and
climate (Stocker et al., 2013; Zhang et al., 2021). PBAPs could modify the atmospheric-
surface radiative forcing by interacting with light through scattering and absorption
processes and by acting as cloud condensation nuclei (Pope, 2010; Zhang et al., 2021).
However, their physicochemical properties are among one of the most uncertain
quantities for the aerosol scientific community, which limits our ability to evaluate their
radiative effects (Després et al., 2012; Martin et al., 2010). PBAPs that can be found in
the atmosphere include pollen, bacteria, fungal spores, algae, mosses and ferns, viruses,
and fragments of animals and plants (Deguillaume et al., 2008; Després et al., 2012;
Mohler et al., 2007; Moller et al., 2008).

Pollen is one of the most abundant and the largest PBAPs and its emission flux and
atmospheric concentrations are around 47-84 Tg year™ (Després et al., 2012; Frohlich-
Nowoisky et al., 2016; Matthias-Maser et al., 2000). A great number of pollen or sub-
pollen particles are present in urban environments mainly in warmer seasons. Because of
climate change, the period of the pollen season should be extended, affecting wider
extended geographical areas (Bielory et al., 2012; Ziska et al., 2011). Much of the work
on pollen has focused on the determination of the hygroscopic kappa parameter (x). At
undersaturated relative humidity (RH) conditions, x determines the ability of particles to
absorb water (Petters and Kreidenweis, 2007). Using an electrodynamic balance, Pope
(2010) calculated the mass growth factor (M /M,), where M and M, are the masses of
pollen in a specific RH and in dry conditions, respectively. On this analysis the
hygroscopic response was parameterized using x —Kdohler theory providing values of «
between 0.05 and 0.1 for four different types of pollen (Narcissus, Betula, Salix, Juglans).
Following the same procedure, Griffiths et al. (2012) found that the pollen was
moderately hygroscopic and its surface wettable at high humidities. In addition, there was
no hysteresis observed within the humidograms and due to their large grain size, they
concluded that pollen grains are efficient cloud condensation nuclei (Diehl et al., 2001,
Pope, 2010). The temperature effect (5-37 °C) on pollen hygroscopicity was estimated to
be small for six pollen species with x values ranging from 0.034-0.061 at 25°C by Tang
et al. (2019). Therefore, the no significant differences found on x makes it very
challenging to use as a pollen identifier and hence, highly sensitive techniques are
demanded for this aim.

From how light interacts through scattering and absorbing processes with matter we can
extract previously unseen information about the particle microphysical state and chemical
composition during changing environmental conditions and how this translates into
aerosol properties. These effects on light are quantified by the scattering cross section
(05¢qt) and the absorbing cross section (o,,s) parameters. The real part (n) of the
complex refractive index (1m) impacts on scattering radiative processes and the imaginary
part (k) of m is involved in how the light absorbing processes occur being the following
equation:

m=n+ik (1)
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Experimental light elastic scattering (phase function) is a consolidated approach very
widely used as a product to gain information about size distributions, morphologies and
n (David et al., 2016; L. Price et al., 2020). To our knowledge, only a few studies provided
values of n and k for pollen in real atmospheres. For instance, in the literature we found
that n for Cupressus pollen was estimated to be in the range 1.3-1.54, while k was close
to zero (Ebert et al., 2002; Gomez Martin et al., 2021; Kim et al., 2018). Nevertheless,
non-zero values for k, ranging between 0.01-0.2, was found by Hu et al. (2019) using
experimental reflectance measurements for twelve biomaterials in the spectral range from
0.24 to 14 um. Methodologies based on interferometry, light scattering or laser-induced
fluorescence were developed for pollen classification (Kiselev et al., 2013; Pan et al.,
2011). Light scattering techniques provide rapid, non-invasive, and extremely sensitive
sampling of small but significant biological changes that cannot be differentiated by any
other optical technique (Bickel and Stafford, 1980; Cholleton et al., 2022a; Gmez Martin
et al., 2021). Cholleton et al. (2022) established a technique to detect and differentiate
among the existing four pollen taxa (Fraxinus, Betula, Ambrosia, Pinus) using 10
scattering matrix elements. They exhibited clearly different light-scattering
characteristics, which allowed differentiation between each pollen type. Nevertheless,
these experiments were carried out under dry pollen conditions (< 10% RH). It would be
crucial to extend the analysis to changing environmental conditions.

There is much controversy about the geometry of the shape of pollen grains and its effect
on light scattering properties. In this sense, remote sensing platforms such as the lidar
were used to identify pollen types based mainly on their non-spherical geometry through
the particle linear depolarization ratio (6,) (Cérdoba-Jabonero et al., 2018; Noh et al.,
2013a, 2013b; Sassen, 2008; Shang et al., 2020; Sicard et al., 2016). Nevertheless, other
studies stated that §, calculated from lidar measurements cannot be used to differentiate
between particle types, not even regarding size because different aerosol types in the
visible spectral range show similar average value of §;, (180°) (Gémez Martin et al.,
2021). These same authors suggested that the light scattering of Cupressus pollen can be
modelled as if it were near spheroid with a very low aspect ratio.

An added difficulty to the above issues is that observations in the environment are
complicated by the uncontrollable nature of the atmosphere (Huffman and Santarpia,
2017; Santarpia, 2016). The study of aerosols often involves the study of the average
behaviour of samples, which makes it difficult to accurately quantify stimulus-response
relationships to the extent necessary for rigorous predictive modelling. In this regard,
laboratory studies are necessary to understand how microphysical state, chemical
composition and transformation timescales are quantified in controlled laboratory
measurements (Krieger et al., 2012). Hence, along with the challenge of analysing aerosol
samples, there is a strong motivation to develop single-particle monitoring techniques
(Fernandez et al., 2019; Hopkins et al., 2004; Pope, 2010; Redding and Pan, 2015a,
2015b). One of the main advantages of single-particle analysis is that an individual
particle can be confined to a fixed position in space; consequently, it can be indefinitely
interrogated by various optical detection techniques, such as light scattering, Raman
spectroscopy or fluorescence (O’Connor et al., 2011; Swanson et al., 2023; Walker et al.,
2013; Wang et al., 2015, 2019). Working with single particles light elastic scattering
builds an interference structure in the far-field between light passing through a particle
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and that passing close to the edge that can be collected and fitted to Lorenz-Mie theory to
estimate its size (Cotterell et al., 2017, 2015; Mason et al., 2015; Valenzuela et al., 2020).
A limitation arises with this approach when particle absorbs light, or it is not a perfect
sphere because the phase function loses contrast. To overcome this drawback, a window
of opportunity opens in the bioaerosol field if extinction cross section (o,,) data become
available, which will contain invaluable information on physicochemical properties,
particle geometries and light absorption. Recent advances in the aerosol spectroscopy
field allowed for evaluating continuous o,,; measurements after a single inorganic salt
experimented efflorescence, coupling a Cavity Ring Down Spectrometer (CRDS) to a
linear electrodynamic quadrupole (Valenzuela et al., 2021). By fitting CRDS-o,,; values
to theoretical o,,; modelled by spheroid code, an aspect ratio mean value of the irregular
crystallised particle was estimated. Based on the latter configuration, Knight et al. (2022)
successfully obtained the evolution of k for two-component droplet composed of
nigrosine and 1,2,6-hexanetriol. Of significant importance is to find out how n is modified
with water content in the particle which will help to one more precise quantification of its
radiative effects. Valenzuela et al. (2018) established that for standard uncertainty in n of
+ 0.02 the uncertainty in estimating the radiative forcing efficiency (RFE) was + 25% at
90% RH for ammonium sulphate (AS) aerosol. Further, focusing on single particles, the
accuracy in estimating of n at 532 nm was raised to + 0.003 which translated to a more
precise estimation of the RFE + 5% for the above compound. In short, the electrodynamic
trap coupled to CRDS can provide extraordinary details, so far unrevealed, about the
properties of pollen that would complement the analysis already performed.

In this work we advance a new configuration, coupling a Paul Electrodynamic Trap (PET)
with a Cavity Ring Down Spectroscopy CRDS. The novel setup is a versatile working
platform, adding enormous flexibility by optically interrogating the same trapped particle
over time with excellent stability and reproducibility. This advantage was exploited to
direct calculation of o,,; and then optical properties of single pollen particles as well as
their radiative effects. The n and k were calculated and their dependence on RH was
evaluated. We focus on Olea, Fraxinus, Populus and Salix pollen types, all of them from
plant species representative of the Mediterranean bioclimatic region.

2. EXPERIMENTAL SETUP

2.1 Paul Electrodynamic Trap

A Paul Electrodynamic Trap (PET) is located inside a custom-made chamber under
atmospheric pressure and room temperature, with all measurements performed around
295 K (Figure 1). This platform is formed by two conical electrodes separated by 1.5 mm
that are enclosed by grounded cylindrical shields, which have a diameter of 2 and 3 cm
of length. An AC voltage signal is applied to the cones; the typical operation amplitude
range of the AC field is between 1 kVpp and 2 kVpp at a frequency ranging from 1 to 2
kHz. Establishing the above values, the PET is capable of trapping particles ranging
between 700 nm up to a few micrometres in radius. A CMOS camera (Thorlabs,
DCC1546M) coupled to a 20x long working distance lens (Mitutoyo) with a numerical
aperture (NA) of 0.42, oriented at 90° to the optical cavity, is used to control the particle
position from a phase function image at 473 nm wavelength. The principle of operation
of the Paul electrodynamic trap is explained in detail by Valenzuela et al. (2020).
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2.2 Relative humidity control

RH is one the most important atmospheric parameters, which plays a key role in aerosol
physical conditions. A RH is achieved in a nitrogen flow by mixing wet and dry gas in
controlled ratios. A nitrogen cylinder is regulated to a pressure of 3 bar and used at this
inlet pressure to supply two mass flow controllers (MFC) in parallel (MKS GE50A, rated
for 500 sccm N2) both powered by a MKS power supply (MKS-946-EU-FCFCNA-NA).
The RH inside the trapping cell is monitored using a capacitance probe (Honeywell).

2.3 Cavity ring down spectroscopy: ring down time and optical properties

Here, a Cavity Ring Down Spectrometer (CRDS) is employed to calculate o, of single
particles by mean of careful manipulation of the PET with a continuous single-mode laser
(Laser Quantum Torus) at 532 nm wavelength (Figure 1). o, is calculated from
equation:

(l

2c T

TW3L

-0 2)

where 7, and t are the ring-down times with empty cavity and when it contains particle,
respectively, w, is the estimated beam waist, L is the length of the cavity and c is the
speed of light. More details about cavity ring down time methodology can be found in
Supporting Information.

Oext =

The variation in r and n was determined by fitting the complete measured o, 1, data
set to theoretical o,,; calculated using the Mie theory in a self-consistent step. For all
hygroscopic response measurements reported in this study, the n varied with the particle
size. Therefore, we parameterised n in terms of particle radius using the expression:

n=no+%+% (3)

in which r was the particle radius, n; and n, were fitting parameters, and n, (1.335) was
the real refractive index of pure water at 532 nm wavelength. This procedure was
previously tested to obtain the n of NaCl as a function of RH (Figure S1, Supporting
Information).

The best fit was calculated using the reduced cumulative fractional difference
(CFDr)(Zarzana et al., 2012):

1 |c7 Mie—Oext, Z|
CFDy = Tl e Q
where o, nie Was the theoretical extinction cross section and N was the number of
different particle radius used. The CFDrwas calculated for a wide range of n and r values,
and the value of n and r that gave the lowest CFDr were taken to be these for the pollen
as function of RH. A fixed non-zero value for k provided a lowest CFDr for each pollen

type.
To determine the hygroscopic behaviour of pollen a semi-empirical relationship for xwas

proposed by Dawson et al. for evaluating different water-soluble sugars from cavity ring
down data (Dawson et al., 2020):
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where the optical growth factor (fRH) was calculated in this study by dividing the g,
of the humidified particle by the o, 4 Of the dry particle:
frn(w, d) =222 (6)

Oext,d

where w was the RH of the humidified particle and d was the RH of the dry particle. We
assumed that semi-empirical relationship was applicable to our study. We considered the
value of the humidified o, ,, at around 80% RH and the value of o, 4 as dry RH %
when the pollen particle no longer loses water according to our analysis.

Detailed explanations of the operation of the Paul electrodynamic trap coupled to the
cavity ring down spectroscopy setup are given by Valenzuela et al. (2024).
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Figure 1. a) Scheme of cavity ring down spectroscopy setup, relativity humidity system and the Paul
Electrodynamic Trap (PET) seen from front and b) seen from top.

2.4 Harvesting and laboratory preparation of pollen samples

For the measurements we used four different pollen samples: Olea, Fraxinus, Populus,
and Salix. Optical microscope images about four single pollen particle types are showed
in Figure 2. Then, flowers of Olea and Fraxinus and catkins from Salix and Populus were
collected in the period immediately to anthesis, that is, prior to the opening of the anthers.
Afterwards, the flowers were dried at room temperature (approximately 20°C) for 48
hours and sieved to facilitate the extraction of pollen and eliminate possible plant remains.
The amount of pollen obtained was approximately 2 g per species, that was stored in
microtubes in a refrigerator at 4°C to avoid the oxidation and degradation process
(Ramirez-Aliagaetal., 2022). The preparation of the pollen washing water was performed
as follow: first, we suspended 1 g of pollen in 20 ml of deionized water. After shaking
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the suspension, it was placed in a glass bottle in the refrigerator overnight. The next day,
the suspension was shaken again before being delivery in the PET chamber.

The experimental process was composed of following steps: (1) desired RH conditions
were established inside the PET chamber, (2) a droplet dispenser (Microfab, 20(MJ-ABP-
01)) was used to delivery droplets inside the PET chamber and (3) RH was steady gone
down with a controlled gas flow ratio between two mass flow controllers. We routinely
measured deliquescence relative humidities (DRHs) of NaCl and (NH4)2SO4 to inspect
the RH accuracy of the humidity sensor, and the difference between measured and
theoretical DRHs did not exceed 1%.

Figure 2. Optical microscope images of a) Olea, b) Fraxinus, ¢) Populus and d) Salix (Images from P.
Carifanos).

3. Results and discussion
3.1 Cavity ring down time data and hygroscopic behaviour

Single aqueous aerosol containing one of the pollen particles were trapped at high RH
(~80-90%). A droplet dispenser was used to deliver particle causing that RH is unsteady.
It was necessary to wait about five minutes before proceeding with data collection where,
once the RH was stabilized, it was progressively reduced at a rate of 1% per minute until
the measured T showed constant values even though the RH continued to decrease. Repeat
measurements were performed for each pollen type: Olea (4), Fraximus (2), Populus (2)
and Salix (2).
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The procedure followed to collect data under RH changes for the four types of pollen was
equivalent. We focus in T measurements and hygroscopic response for one single Olea
pollen particle to explain the process. The Olea pollen was initially captured at an RH of
around 90% (Figure 3a) and the change in z was monitored over a time scale of ~6300 s
as the RH is allowed to reduce (Figure 3Db).

100
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Figure 3. a) Decrease of RH and b) evolution of T during the evaporation of an Olea pollen particle.

The first change we observed was a moderate increase in t, which can only be explained
by the fact that during the dehydration process, the particle lost water and reduced its size.
In addition, this increase in T was accompanied by fluctuations with different resonance
peaks related to the fact that during the evaporation process the particle reached specific
sizes for which it behaves as an optical cavity resonant with the laser wavelength. This
trend in t occurred until the RH was reduced to ~ 45%. From this point on, T remains
constant, indicating that the particle no longer lost water and is assumed to be dry. An
envelope of measured t values resulting from the Brownian motion of the particle passing
through different phases of the standing wave, corresponding to the boundaries of the
envelope to the particle centred at a node or at an antinode. Furthermore, since there was
no loss of contrast in the experimental phase function image (Figure 4) at 473 nm
wavelength after RH~ 45%, this can be interpreted to mean that the particle continued to
show a spherical shape. This hypothesis is also supported by the behaviour of 1, since it
did not show an abrupt change that would lead one to suspect an irregular shape of the

8
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particle. Therefore, we can hypothesize that Mie theory is a good approximation to fit our
experimental data contrary to the results reported in previous studies where a non-
spherical assumption is considered.

Figure 4. Phase function image of a single Olea particle at 473 nm wavelength and 40% RH (Image from
A. Valenzuela).

3.2 Light extinction cross sections and optical properties of pollen particles

The measured o,,, were compared to Mie o,,; theoretical calculations using the
procedure described in Sect. 2.3. Figures 5a, b, ¢, and d show example o,,; data sets
measured and the best-fit g, ;. €nvelopes for four single pollen particle types. The o,
data sets have between 1-3 resonance features depending on the pollen type even though
the particles evaporated over very similar radius and RH ranges, likely owing to different
hygroscopic behaviour. Overall, the trend of o, is explained, in addition to the shrinking
in size, also by the change on refractive index of the particles. As RH is decreased, o,
Is expected to decrease because the geometric cross section of particle becomes smaller.
The extinction capacity decreased between ~20 and 28 % for Olea and Salix pollens,
respectively, when RH decreased from 80% to 45% (Figures 5a and d). The hygroscopic
behaviour could play a significant role from point of view of radiative effects. In the case
of Fraxinus and Populus pollens, the extinction capacities decreased between 14 and 8
%, respectively (Figures 5b and c). We take advantage of the occurrence of resonant peaks
for comparing with Mie theory and gain knowledge in optical properties.

Figures 5 e-h show n and r values as a function of the RH for individual pollen particles.
As the RH was reduced, r decreased due to water loss and n increased because the solute
became more concentrated within the aqueous droplets. The n for Olea and Salix pollens
showed similar values in each RH interval, with the difference between the values for
each pollen being less than the standard deviation within each pollen type. In the case of
Olea pollen, the r is reduced ~ 120 nm and n ranges from 1.54 to 1.65 (Figure 5e). Since
we assumed that the k of water was zero, we fixed a k value during the fitting process of
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n and r for the whole range of RH. We tested for a set of different k values finding the
lowest CFD for a k value of 0.00109 for Olea pollen. We conclude that Olea pollen was
not very absorbing of light at 532 nm wavelength. The n for Populus pollen showed less
variability with RH with values ranging from 1.53 to 1.56, which is indicative of its low
hygroscopicity (Figure 5 g). Fraxinus pollen showed the lowest k value among the four
pollen types with a value of 0.0007. Given the complexity of working with pollen grains
no information about n and k values and their dependence with RH are reported in the
literature. In general, the m values we have reported have lighter absorption and moderate
scattering components than other aerosol types, e.g., mineral dust.
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Table 1 reports the calculated n values as function of the RH for each pollen species. For
each type, we performed between 2 and 4 individual experiments and the n was fit
separately for each experiment. The number of individual particles to average n are
included. The reported values and errors are the averages and standard deviations from
the individual fits for each pollen types. All CFD values were less than 0.003, which
indicates that the fitted n and r values agree with measured data to within 0.3%.

RH% Olea (4)* Fraxinus (2) * Populus (2) * Salix (2) *
k + Ak
0.0012+ 0.0001 0.0007+ 0.0001 0.0009+ 0.0001 0.00104+ 0.0001
ntAn
90 1.545+0.010 1.503+0.012 1.537 +0.011 --
80 1570+0.013 1516+0.013 1549+0.032 1520+ 0.011
70 1.581+0.017 15224+0.011 1.552 +0.012 1.547 £ 0.022
60 1.589+0.021 1.545+0.023 1559 +0.021  1.584 + 0.014
50 1.602+0.018 1567+0.021 1561+0.015 1.616 +0.019
40 1621+0.021 1578+0.018 1.563+0.014 1.664 +0.024

*Note: In parenthesis the number of particles used for averaging.

Table 1. n and k values as function of RH retrieved in this study. The reported values and errors are the
averages and standard deviations from the individual fits for each pollen types. All values are for A = 532
nm.

To verify the goodness of our system to determine the hygroscopic behaviour of pollen,
we evaluated fry(~80%RH, dry) of ammonium sulphate at 80% RH from CRDS data
at 532 nm wavelength for dry particle of ~ 0.9 um in radius. The result provided a value
for fru(~80%RH,dry) and «,,,,, of 1.83 £ 0.21 and 0.34 + 0.06, respectively, that
shows good agreement when compared to Mie theory and besides these are consistent
with data provided in the literature (Garland et al., 2007).

Mean fy value was determined for each of the pollen types from measured o, Vvalues.
Our study found that maximum fr, (~80%RH, dry) mean value was for Salix with 1.39
+ 0.11 for dry radius particle of ~ 0.77 um being the minimum for Fraxinus with a mean
value of 1.15 + 0.03 for dry radius particle of ~ 0.81 um. The fzy decreased with
increasing dry particle size. It is because extinction cross sections increase nonlinearly
with particle radius, with a more pronounced increase at the smaller sizes. The conversion
of fry 10 K.y allows a direct comparison between different pollen species. For CRDS
derived x,,,, values, the error in individual experiment comes from uncertainties in RH
measurements and in the fact that we work with a,,, measurements of a standing wave
which has a width in its values due to the interaction of the particle with the extremes of
the wave, node, and antinode and with intermediate values. The mean values of «,,
ranged between maximum values of 0.058 + 0.012 and 0.057 + 0.007 for Salix and
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Olea, respectively, and minimum values of 0.038 + 0.005 and 0.039 + 0.006 for Fraxinus
and Populus, respectively. The range of values found for «,,,, lie within the range of
values provided by other authors for pollen species (Pope, 2010; Tang et al., 2019).

4. Atmospheric Implications

Radiative forcing efficiency. The imaginary refractive index (k) is a unitless value
related to the light absorption capacity of the particle. In our analysis this quantity is not
very large for all pollen species, but it is non-zero; therefore, pollen particles scatter and
absorb light. We evaluated how this affects the radiative forcing with respect to a pure
scattering particle such as ammonium sulphate (AS). Noll&Khalili (1988) have shown that
sulphates and nitrates, among other elements, adhere to the surface of some pollen. A
refined treatment for n as a function of RH was given by Valenzuela et al. (2018). To our
knowledge, scarce studies have evaluated the radiative effects of pollen and even less
considering its dependence on RH. Since the range of n for each pollen type is from 1.505
for Fraxinus at 40%RH to 1.66 for Salix at 90%RH, we have chosen Olea pollen as
representative of the other pollen types because we do not expect the radiation effects to
vary too much since n does not vary too much between the different pollen types.

For aerosol consisting of an internal mixture of 20% AS and 80% pollen by volume (like
that used in Prisle et al. (2019)), the complex refractive index (m) was calculated
following the procedure given by Robinson et al. (2013):

Vasmas+VoleaMolea
m = 7
Olea,AS,w Vas+Volea ( )

where w refers to water, mgeq 45w Was the complex refractive index of the internal
mixture with Olea, AS and water, mp;.,,, Was the complex refractive index of Olea and
water and mys,, Was the complex refractive index of AS and water. These values are
listed in Table 2. The procedure for calculating m and parameterizing the radius is
explained in Supplementary Material. We considered in our study that Olea pollen grains
were spherical applying Mie theory. All calculations were performed at 532 nm because
optical properties were retrieved on this wavelength and besides it is representative of the
solar visible spectrum. From our analysis we assumed an effective dry radius for Olea of
0.77 pum. The input parameters used to supply the Mie code were m, k and the size
parameter (x) calculated for spherical particles as:

2.r
x=22 ®)

where r is the particle radius at the specific RH and A is 532 nm wavelength.

In our study, the following aerosol radiative properties were calculated: the extinction
efficiency (Q.,:), single scattering albedo (w), asymmetry parameter (g) and
backscattering fraction (f) including dependence on particle size, composition, RH and
wavelength. These optical parameters were necessary to estimate the RFE at the top of
the atmosphere caused by a thin aerosol layer in the lower troposphere from the equation
proposed by Haywood and Shine (1995). Some previous publications have reported the
use of this treatment to study the RFE (Dinar et al., 2008; Erlick et al., 2011; Haywood
and Boucher, 2000; Randles et al., 2004; Valenzuela et al., 2018; Zarzana et al., 2014).

13



416  Our calculations of RFE are derived using the same equations and base-level assumptions

417  asthose by Erlick et al. (2011).

418 RFE = - = SD(1-Aci) T (1-Rsto)? | 2Rt - /50 9)

AOD cld/ *atm sfc sfc (1-Rgfe)?

419  where AF is the radiative forcing, AOD is the aerosol optical depth, S is the solar constant

420  (setto 1370 W m™). For the rest of the parameters, we assumed the standard condition of

421 acontinental area. D is the fractional day length (set to 0.5), A4 is the fractional cloud

422 cover (setto 0.61), Taey, is the solar atmospheric transmittance (set to 0.76), and Ry, is

423  the surface albedo (set to 0.15). g is a function of hemispheric backscatter fraction b,

424  defined as the ratio of backscattering efficiency to total scattering efficiency and @ is the

425  single scattering albedo caused by a uniform and optically thin aerosol layer. The

426  parameter S was calculated from the Henyey—Greenstein phase function:

427 £ =0.082 + 1.85b-2.97 b? (10)

428  whereas b was derived from g through the equation (Wiscombe and Grams, 1976):

_lef( 1 1

429 b=18 ( S —1+g> (11)

430  The results of the RFE calculations are shown in Table 2.

431

432

RFE g,/
n s | = e N b b R RFEOlea,W/ RFEOlea,AS,W/
RH%| mysy* Mojeaw Moiea.asw’ | @oleaw’ | @Potea,asw’ | Jasw’ | Goleaw’ | Jolea,asw WAOD-
12 WAOD'm?2? |  WAOD'm?2"

90 1.366+i0 1.545+i0.0012 | 1.449+i0.0012 0.97 0.97 0.81 0.75 0.73 -18.36 -20.00 -21.07
80 1.392+i0 1.570+i0.0012 | 1.493+i0.0012 0.97 0.97 0.81 0.76 0.67 -18.22 -19.81 -24.02
70 1.413+i0 1.581+i0.0012 | 1.520+i0.0012 0.98 0.97 0.74 0.77 0.71 -22.12 -19.43 -22.48
60 1.430+i0 1.589+i0.0012 | 1.538+i0.0012 0.98 0.97 0.71 0.78 0.74 -23.89 -18.69 -20.77
50 1.443+i0 1.602+i0.0012 | 1.557+i0.0012 0.98 0.97 0.72 0.78 0.75 -23.37 -18.80 -20.38
40 1.452+i0 1.621+i0.0012 | 1.577+i0.0012 0.98 0.97 0.65 0.77 0.73 -27.32 -19.14 -21.35

433 2 Note: these values are given by Valenzuela et al. (2018).

434 5This study.

435  Table 2. m, @, g and RFE at 532 nm wavelength for AS, Olea and AS+Qlea as function of RH calculated

436  with conventional volume mixing rule for m of the mixture. We have omitted @ for AS in table because it

437 is equal to unit.

438

439  Itis interesting to note that Olea pollen alone produces a lower cooling effect, practically

440 independent of RH, compared to the radiative effects produced by AS alone. The

441  difference is maximum for a relative humidity above 70% and extreme for a relative

442 humidity of 90%, with a difference in RFE of around 8 WAODm in absolute value.

443  For the mixture of AS and Olea pollen, there is a maximum cooling effect at 80% RH,
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which is probably due to the lower value of the asymmetry parameter. Although Olea
pollen contributes to the mixture with AS with a non-zero k, the weight of n becomes
more important to the extent that it produces a greater cooling effect than Olea pollen
alone. Therefore, the presence of Olea grains in the atmosphere may have an important
thermoregulatory function.

If all pollen particles examined in this study cause a radiative effect like Olea, then there
will be a population of bioaerosol particles that will decrease the cooling effect of pollen
on radiative forcing efficiency. Better characterization of the n and k of ambient pollen
Is required to model its effects more accurately on climate, but even with k being non-
zero it may affect climate differently than might be expected.
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Supporting Information

Additional information about cavity ring down time spectroscopy setup and the procedure
to compare extinction cross section data from CRDS to data modelled with Mie theory;
verification of our methodology by obtaining the optical properties of sodium chloride as
a function of relative humidity.
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Cavity ring down time measurements were measured for single pollen particles for the first
time.

The dependency on relative humidity was calculated for extinction cross sections.

Refractive index was retrieved from the fit with Mie theory
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