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Abstract: Research Highlights: Daily airborne Cupressaceae pollen disruption ranged from 20 to
90%; relative humidity (RH), rainfall and atmospheric pressure (AtP) were the major meteorological
determinants of this phenomenon. Background and Objectives: Cupressaceae family includes several
species that are widely used as ornamental plants pollinating in late winter-early spring and might be
responsible for allergic outbreaks. Cupressaceae pollen disruption may favour allergen dissemination,
potentiating its allergenicity. The aim of this work was to characterize the Cupressaceae pollen
aerobiology in Evora, South of Portugal, in 2017 and 2018, particularly the pollen disruption, and
to identify the meteorological parameters contributing to this phenomenon. Materials and Methods:
Pollen was collected using a Hirst type 7-day pollen trap and was identified following the standard
methodology. Temperature, RH, rainfall, global solar radiation (Global Srad), AtP, wind speed
and direction were obtained from a weather station installed side-by-side to the Hirst platform.
Back trajectories (12-h) of air masses arriving at Evora were calculated using the HYSPLIT model.
Results: Cupressaceae pollen index was higher in 2017 compared to 2018 (>5994 and 3175 pollen/m3,
respectively) and 36 £ 19% (2017) and 64 + 17% (2018) of the pollen was disrupted. Higher levels of
disrupted pollen coincided with RH > 60% and rainfall. Temperature, Global Srad and AtP correlated
negatively with pollen disruption. Wind speed and wind direction did not significantly correlate with
pollen disruption. Intra-diurnal pollen pattern peaked between 9:00 am-2:00 pm, suggesting local
origin, confirmed by the back trajectory analysis. Intra-diurnal pollen disruption profile followed
hourly pollen pattern and it negatively correlated with AtP, temperature and Global Srad but was
uncorrelated with RH. Conclusions: The results suggest that RH, rainfall and AtP are the main factors
affecting airborne Cupressaceae pollen integrity and in conjunction with daily pollen concentration
may be used to predict the risk of allergy outbreaks to this pollen type.

Keywords: Cupressaceae pollen; pollen disruption; meteorological parameters; back trajectories

1. Introduction

The Cupressaceae is a cosmopolitan family and the second most important family
of Gymnosperms [1-3]. The family includes 30 genera and 160 species distributed by
temperate or temperate-warm regions of Northern and Southern Hemispheres, although
almost 3/4 of the species are present in the Northern hemisphere [1,3]. They are coniferous
and heliophiles plants, with medium size, and can grow up to 30 m maximum. Cupres-
saceae is the only family that shows a non-spiral arrangement of microsporophylls and
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each microsporophyll bears a variable number (2-6) of pollen bags [2]. Currently, this
family is distributed in all of Earth’s continents, except Antarctica. In the Iberian Peninsula,
species from the genus Juniperus form part of the natural vegetation and the scrubland
and are considered autochthonous while species from the genera Cupressus, Chamaecyparis
and Platycladus, widely used in parks and gardens as barriers against wind and noise, are
considered allochthonous [4]. In Portugal, several species from the genera Juniperus and
Cupressus are distributed throughout the continental territory, and Cryptomeria, particularly
Cryptomeria japonica, is abundant in the Azores islands [5]. Among the several autochthones
species from the genus Juniperus, the Juniperus communis L., Juniperus navicularis Gand.,
Juniperus oxycedrus L. and Juniperus turbinata Guss are well represented [6]. The genus Cu-
pressus, is considered allochthonous in Portugal and is distributed throughout the country;
the species Cupressus sempervirens L. is mainly found in urban environments, due to its
use as ornamental plants, Cupressus macrocarpa Hartweg is usually found in mountains of
Sintra, Bugaco and Geres, and Cupressus lusitanica Miller is found both environments; the
distribution of Cupressus arizonica Greene is mostly unknown [6,7].

The pollination of Cupressaceae trees is anemophilous and occurs from late winter
to early spring and may last for more than a month, due to its microsporophyll gradual
maturation mechanism, from bottom to top of the flower [8,9]. Due to the large number of
trees from these species in habitational areas or surroundings in Portugal, particularly the
species Cupressus sempervirens and Cupressus lusitanica as a result of their use as ornamental
plants [6,7], there is a high production and release of pollen into the atmosphere [8,10-12],
which causes an increase in the Cupressaceae pollen allergen availability in breathing
air [13-15] and an allergenic risk associated with these exposure [16,17].

Meteorological parameters are crucial factors influencing plant physiology and conse-
quently pollen release dynamics. Temperature has an important role in maturation and
flowering and is the factor that most influences the growth and development of plants and
pollen production. Typically, anthers of the gymnosperm plants open when the relative hu-
midity decreases, below 80%, and the temperature increases [18], allowing anemophilous
pollen dispersal. Daily airborne pollen typically follows a dynamic pattern, that can be
achieved by hourly accounts [19], with maximal concentrations in the atmosphere observed
when temperature rises in the morning [10,20]. On the contrary, rain seems to develop a
negative effect, contributing to a reduction of pollen in the atmosphere [21], probably by a
washout effect, inducing the deposition of pollen [22].

Researchers have long believed that meteorological changes can cause loss of pollen
and spore integrity, forming and releasing smaller particles to the surrounding environment.
Pollen disruption in the anthers was observed in grasses and in birch inflorescences, caused
by water or by a high humidity environment [23,24] as well as in atmosphere [24] but
the meteorological factors affecting airborne pollen disruption is not yet fully understood.
Moreover, to our knowledge the characterization of airborne pollen disruption on the
Cupressaceae family has not yet been reported.

This phenomenon allows the release of the allergen content to ambient air enhancing
its availability for inhalation. In fact, cycles of wetting and drying followed by wind
disturbance originated aerosol particles in the size range 0.12 to 4.67 um, where major
allergens were identified [23]. Also, Ole e 1 allergen was detected not only in the PM >
10 um fraction, associated with pollen, but also in the 10 um > PM > 2.5-um fraction [25],
showing that small and allergenic particles are present in the atmosphere. Pollen disrup-
tion has already been associated with a significantly augmented risk for allergic asthma
outbreaks [26]. Cupressaceae is main cause of winter allergic reactions in the southern coun-
tries [10] and pollen disruption in the atmosphere might be an important factor aggravating
its allergenicity.

In this work we have investigated the disruption of Cupressaceae pollen in a real-
world scenario, in the south of Portugal. Data from Cupressaceae airborne pollen and
meteorological parameters were collected from the years 2017 and 2018, seeking to elucidate
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the effect of meteorological factors on airborne pollen integrity and to identify the most
relevant parameters contributing to Cupressaceae pollen disruption in the atmosphere.

2. Materials and Methods
2.1. Study Area and Period

The study focuses on the city of Evora, located in the south of Portugal (Figure 1). Data
was collected in the Evora Atmospheric Sciences Observatory (EVASO) of the Institute of
Earth Sciences (ICT) at the University of Evora (UE) (38° 34’ N, 7° 54’ W, 293 m asl). Evora
is characterized by a temperate climate with warm and dry summers that can be described
as Hot-summer Mediterranean climate (Koppen Climate Classification—Csa). According
to the climatological normal (1981-2010) provided by the Portuguese Institute for Sea
and Atmosphere [27], national authority for climate, the annual mean air temperature is
16.5 °C, with the highest monthly value occurring in August (24.1 °C) and the lowest in
January (9.6 °C). The rainfall period, occurring mostly seasonally between October and
April, presents an annual precipitation of 585.3 mm.
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Figure 1. Map of Portugal illustrating the location of Evora (a) and photo of EVASO where the Hirst type pollen trap and

the weather station are installed (b).

Cupressaceae pollen are typically detected in large amounts in the south of Portugal
during late winter and early spring seasons, particularly, in the months of February and
March. The periods selected for the present study comprise three weeks in 2017 and in
2018, from 22 February to 19 March.

2.2. Airborne Pollen Sampling

Airborne Cupressaceae pollen was collected with a Hirst-type volumetric spore trap
(Hirst 1952) at EVASO (Figure 1), located on the roof of a building belonging to the
University of Evora, approximately 10 m above ground level, since the 22 February 2017.
The sampler sucks in air at a rate of 10 L/min, and pollen grains are trapped on an
adhesive coated Melinex® strip. Sampling and slide analysis were carried out in accordance
with the protocol developed by the European Aeroallergen Network (EAN) and Spanish
Aerobiology Network (REA) [28,29]. Slides were analysed daily under a light microscope
(400 x magnification), with four longitudinal sweeps per slide, according to the standard
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method [28,29]. The daily or hourly airborne pollen concentrations were expressed as
pollen per cubic meter of air (Pollen/m3).

The main pollen Season (MPS) was determined by the method of percentage de-
scribed for Nilsson and Persson, 1981, based on the elimination of a 2.5% percentage in the
beginning and end of the pollen season [30,31].

2.3. Meteorological Parameters and Remote Sensing Data

The meteorological parameters used were obtained from the meteorological station in-
stalled at EVASO, namely the air temperature (°C), relative humidity (RH; %), precipitation
(mm), global solar radiation (W /m?), wind speed and direction (m/s; °) and atmospheric
pressure (AtP; hPa). All variables were measured in 10 s intervals and subsequently aver-
aged to yield hourly and daily values, except for precipitation that is accumulated during
the period. The average of the wind direction is obtained applying the arctangent function
to the ratio between the mean east-west and the north-south components of wind. The
mean east-west and north-south wind components are computed using all the non-zero
wind speed samples. This average is done according to the procedure described in the
manual of the data logger used in the weather station (CR100) from Campbell Scientific
(https:/ /s.campbellsci.com/documents/br/manuals/cr1000.pdf, last accessed 21 Decem-
ber 2020) [32]. Maximum and minimum temperatures are obtained daily. All instruments
are subject to periodic checks and maintenance procedures.

The ceilometer is an optical active remote sensing instrument that uses electromag-
netic radiation to obtain information about the height where the atmospheric constituent
backscatters the radiation. A VAISALA Ceilometer CL31 installed at EVASO since May
2006 provides measurements of the cloud base height up to three simultaneous layers
and of the profile of the backscatter coefficient, which in the absence of clouds gives a
good approximation of the qualitative aerosol boundary layer profile. This ceilometer
has a measurement range from 0 to 7.5 km, with a maximum vertical resolution of 5 m
and programmable measurement cycle (from 2 to 120 s). It uses an eye-safe laser InGaAs
diode at 910 nm. The ceilometer backscatter measurements are used here as auxiliary data
to detect low atmospheric aerosol layers that could be related with pollen occurrences
reaching Evora.

2.4. Back Trajectory Analysis

Back trajectories of air masses arriving at Evora have been calculated using the Hybrid
Single-Particle Lagrangian Integrated Trajectory model (HYSPLIT). The HYSPLIT model,
developed by the National Oceanic and Atmospheric Administration (NOAA), is one of the
most widely used and complete models for a simple calculation [33,34]. The meteorological
data used for the back trajectory calculations is obtained from the Global Data Assimilation
System (GDAS) at a spatial resolution of 0.5°. The vertical motion method used to compute
the back trajectories is the model vertical velocity. The back trajectories were calculated for
a 24-h period, for every hour of that period, at three different height levels of 100 m, 500 m
and 1000 m. The back trajectories obtained for 10:00 UTC are presented in the manuscript,
since they are representative of the situation during the rest of the day and in most of the
cases a pollen peak is observed around this time. Additionally, the hourly back trajectories
are presented in the Supplementary Materials.

2.5. Statistics Analysis

Statistical analysis including non-parametric tests and Pearson’s correlation analysis
(significance level of 5%) was used to study the relationship between meteorological
parameters of maximum, minimum and mean air temperatures, precipitation, RH, global
solar radiation, wind speed and direction and AtP (hPa) with disrupted pollen (%).

Statistical assessment of differences was performed using KrusKal-Wallis (p < 0.05 was
accepted) [35]. Graphs were produced using OriginPro software (OriginLab corporation).
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The principal component analysis (PCA) was applied to evaluate the association
between the disruption pollen in the air with the meteorological parameters [36].

The mean values shown in the tables and the text represent mean =+ standard deviation
unless stated otherwise.

3. Results
3.1. Characterization of the Cupressaceae Pollen Season in Evora, South of Portugal

The Cupressaceae pollen was detected in large concentrations in the atmosphere of
Evora during winter-spring seasons, particularly, in the months of February and March
of 2017 and 2018 with a seasonal pollen index of >5994 (sampling begun on the 22 Febru-
ary 2017) and 3175 pollen/m?, respectively. The pollen peaked on 25 February 2017
with a concentration of 1635 pollen/m? and on 26 February 2018 with a concentration of
644 pollen/m?.

During the main season, the period of higher concentrations of Cupressaceae pollen
occurred from 22 February to 19 March. During this period, 36 &= 19% (2017) and 64 £ 17%
(2018) of the pollen that arrived at the collector was disrupted with exine wall rup-
ture, dilatation of the intine wall and release of the cellular content to the environment
(Figure 2a,b).
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Figure 2. Loss of integrity of Cupressaceae pollen. (a) pollen micrographies (with microscopy camera
using a 400X amplification). (b) daily pollen concentration and pollen disruption (%) in 2017 and
2018 in the studied period. * statistical significance at 5% range (p < 0.05).

A linear relationship was found between daily disrupted pollen (DRP) and daily
pollen concentration (DPC); when taking the slope of the two years together, which
is a measure of the mean ratio DRP/DPC which is 0.45 (0.41-0.48 at 95% confidence)
while when considered separately, the slope is 0.42 (0.39-0.44 at 95% confidence) and 0.72
(0.66-0.77 at 95% confidence) for 2017 and 2018, respectively (see Supplementary Materials,
Figure S1).
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The year 2017 was extremely warm and dry from a climatological point of view, with
the south of Portugal affected by drought conditions, which progressively reached severe
and extreme drought according to the Portuguese Institute for the Sea and Atmosphere
(IPMA; www.ipma.pt, last accessed on 20 December 2020). The situation lasted until the
beginning of March 2018, when the occurrence of rainfall relieved the situation [37]. The
meteorological conditions prevailing during both years are reflected in the conditions
presented for the two periods of study in Table 1. The season was colder and moister in
2018 compared to 2017, as shown by the average seasonal temperatures 2 to 4 °C lower for
the maximum (Tmax), minimum (Tpin) and mean (Tmean) temperatures accompanied by a
lower RH in 2017 (Table 1).

Table 1. Values of meteorological parameters at Evora for the years 2017 and 2018 (averaged for the
period 22 February to 19 March of each year, except precipitation). ** statistical significance (Stat. sig.)
at 1% (p < 0.01).

Meteorological Parameters 2017 2018 Stat. Sig.
Maximum temperature, Tmax (°C) 20.0 = 3.9 16.43 £+ 1.65 p =0.0002 **
Minimum temperature, Tpyin (°C) 10.0 £2.2 79423 p =0.002 **

Mean temperature, Tmean (°C) 143+ 2.8 11.6 +1.8 p =0.0003 **
Precipitation (accumulated, mm) 28.3 329.9 -
Relative humidity, RH (%) 63.5+£14.2 75.1 +£15.7 p =0.001 **
Global Solar radiaticZ)n, Global Srad 175.0 + 61.7 1301 + 59.6 p = 0.006 **
(W/m?)
Wind speed, WS (m/s) 22409 20+ 05 p=0.811
Wind direction, WD (°) SW-NE S-W p=0.176
Atmospheric pressure, AtP (hPa) 986.7 £ 4.3 973.0 £ 6.6 p=6.573 x 107 **

In 2018, the average global solar radiation (Global Srad) was lower, and the pre-
cipitation was approximately 12 times higher (Table 1) compared to 2017, in the period
considered. The mean wind speed (WS) was similar for both years, but the predominant
wind direction (WD) was SW-NE in the year 2017 and S-W in 2018 and average atmospheric
pressure (AtP) was slightly lower in 2018 (Table 1).

3.2. Daily Pollen Concentration and Daily Meteorological Parameters Affecting Pollen Integrity

The daily pollen concentration (DPC) was observed to be 2-3 fold higher in 2017
compared to 2018 and the daily ruptured pollen profile followed the DPI, but the level of
disrupted pollen was higher in 2018. The number of days with >50% of ruptured pollen
were 6 and 19 in 2017 and 2018, respectively (Figure 3a).

Concerning the meteorological parameters, the temperature, accompanied by the
Global Srad, tended to increase during the season from February to March in 2017 but
not in 2018; in 2018 the temperature and the Global Srad maintained fairly similar values
throughout the season (Figure 3b,c). The AtP was above 970 hPa in 2017 during the period
considered, while in 2018 it was usually below this value (Figure 3b). The daily RH varied
from 50% to 85% in 2017 and from 50% to 95% in 2018 and the number of days with RH >
70% was 10 and 21 in 2017 and 2018, respectively (Figure 3c).

In 2018, rainfall occurred almost every day in the period under analysis (22/26 days),
contrarily to 2017 when rainfall only occurred in 6/26 days (Figure 3a). The wind speed
was usually below 2 m/s in both years except for a week from 11 to 18 March 2017 when
the wind speed reached 5 m/s.

To evaluate the effect of the different meteorological parameters on the pollen dis-
ruption, a correlation analysis was performed. The ratio of pollen disruption showed a
negative and significant correlation with temperature (Tmax, Tmean and Tiin), Global Srad
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and AtP while it was positively correlated with rainfall and RH (Table 2), where higher
disruption is correlated with RH > 60% and with AtP < 980 hPa (Figure 4). Wind speed and
wind direction did not significantly correlate with pollen disruption (Table 2). However,
the pollen disruption ratio was higher when precipitation occurred (61.0 + 15.8% and
33.6 £ 24.0%, respectively; p < 0.05) (Figure 4).
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Figure 3. Daily meteorological parameters and daily pollen concentration (DPC), for the period 22
February to 19 March of 2017 and 2018. DPC and rainfall (a); daily averaged temperatures (Tmax,
Tmins Tmean) and atmospheric pressure (b); RH and Global Srad (c); and wind speed and direction (d).

Table 2. Pearson’s correlation between meteorological parameters and pollen disruption in the years 2017 and 2018.

. Global
{ng) TOHEI)I T(?Ea)n P(rnencr:gt RH (%) (‘f,ji‘fz) (ﬁlt’l;) (g/i) WD () dli):ilf:/l)
Tmax CC) 1000  0371*  0768*  —0355* —0573*  0.672*  0549* —0089 —0360* —0.565%
Tomin (°C) 1.000 0.188 —0.047 0010 —0014  —0212 —0105 —025  —0.342%
Tmean (°C) 1.000 —0171  —0282*  0338*  0.639* 0131 —0350* —0.484%
Precipt.(mm) 1.000 0535% —0518* —0.634* —0083 0018 0371 *
RH (%) 1000  —0.800* —0383 —0.114 0426*  0.448*
Gl("vl\’,j‘rlnsziad 1.000 0479* 0120  —0214 —0.501*
AtP (hPa) 1.000 0.048 0.008  —0519*
WS (m/s) 1.000 0.024 —0.077
WD (°) 1.000 0.136
Poll((zz)disr. 1.000

* Correlation is significant at 5% (p < 0.05); Pollen disr., Pollen disruption; Precipt., Precipitation.



Forests 2021, 12, 64

8 of 19

Principal component analysis (PCA) showed that PC1 and PC2 explained approx-
imately 42% and 17% of the total variability of the data, respectively. These two main
components explain almost 60% of the variance. PC3 and PC4 allow the explanation of
22% of the total variance (Tables 3 and 4), thus with 4 components, approximately 81% of
the total variability of the original data is explained (Table 3). To decide on the number of
components to retain, the proportion of variance explained by the components and the
eigenvalues of the sample correlation matrix were considered (Table 4).

100 5 b 100 b b b
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Figure 4. Influence of precipitation, RH and atmospheric pressure (AtP) on pollen disruption.
The data was sectioned by the presence or absence of rainfall and by RH and AtP as mentioned.
The different letters within the graphs indicate the statistical significance at 5% (p < 0.05) among
homogeneous subsets.

Table 3. Own values and proportion of variance explained by components.

Components Variances Proportion of Variance Cumulative Proportion

1 4.178 41.78 41.78
2 1.719 17.19 58.97
3 1.165 11.65 70.63
4 1.081 10.81 81.44
5 0.611 6.11 87.55
6 0.539 5.39 92.95
7 0.323 3.23 96.18
8 0.177 1.77 97.96
9 0.144 1.44 99.40
10 0.059 0.59 100

The first main component, PC1, is responsible for the greatest variability in the data.
The variables that contributed most to the first component were Tmax, Tmean, precipitation,
RH, Global Srad and AtP. For the second component, PC2, the main meteorological param-
eters were Tp.in, precipitation and WD (Table 4 and Figure 5). All variables, except for WS,



Forests 2021, 12, 64

90f19

are determinant in the formation of the first two components. WS is the variable with the
highest weight in PC4, thus it is the meteorological variable that least contributes to ex-
plain the pollen burst (component 4 only explains 11% of the data variability, respectively)
(Table 3 and Figure 5). Trean, RH, Global Srad and WD are the main contributors to PC3,
however this component contributes to explain only 12% of the data variability. Pollen
disruption (%) is associated mainly with PC1.

Table 4. Loadings of principal components.

PC1 PC2 PC3 PC4
% Pollen disruption —0.362 —0.106 —0.209 0.084
Tmax (°C) 0.421 —0.271 0.170 0.111
Tmean (°C) 0.353 —0.128 0.556 —0.105
Tmin (°C) 0.019 —0.665 0.119 0.070
Precipitation(mm) —0.315 —0.336 0.236 —0.290
RH (%) —0.379 0.0315 0.494 0.090
GlobalSrad (W/m?2) 0.398 0.035 —0.326 —0.070
AtP (hPa) 0.369 0.279 0.274 0.103
WS (m/s) 0.036 0.106 0.009 —0.921
WD (°) —0.162 0.499 0.346 0.087
In bold: values are significant (>0.300).
1.0
0.8
Tmin
0.6 1
0.4 1 Precip
Tmax
% e % Disruption Tmean
g oo
RH Global Srad
02 WS
AtP
-0.4 -
064 WD
-0.8 4
-1.0 I 1 I 1 I I I 1

10 -08 -06 -04 -02 0.0 0.2 0.4 0.6 0.8 1.0
PCA1

Figure 5. Diagram of the contribution of each variable for PC1 and PC2.

Figure 5 shows that precipitation and RH is positively associated with pollen disrup-
tion while AtP, Global Srad and Tmean are negatively associated with pollen disruption,
according to the correlation analysis.

3.3. Intra-Diurnal Variations of Pollen Concentration and Meteorological Parameters

The diurnal variability of the hourly distribution patterns of Cupressaceae pollen
and meteorological parameters were analysed on four days with high and low pollen
disruption, within the period studied.

Table 5 depicts the detailed characteristics of the selected days in terms of DPI, pollen
disruption, daily averaged temperatures, rainfall, Global Srad, AtP, WS and WD. All days
selected have significant DPI and pollen disruption, verifying from 23% to 75%. Tmean and
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Tmax Were not significantly different. Ty, was also similar between days except for 27
February 2017; this day presented the lowest Trax and the highest Tpyin.

Table 5. Characterization of two days of high and low pollen disruption in the years 2017 and 2018 in Evora.

25 February 2017 27 February 2017 25 February 2018 26 February 2018
DPC (pollen/m3) 1635.0 938.0 185.0 644.0
Ruptured pollen (%) 42.5 34.3 23.2 75.3
Tmax (°C) 18.9 16.9 19.0 18.2
Tmin (°C) 7.5 10.1 6.7 7.3
Tmean (°C) 12.9 12.5 12.3 11.1
Rainfall (mm) 0.0 1.0 0.0 54
RH (%) 76.3 75.5 54.1 76.5
Global Srad(W/m?) 145.1 99.7 209.4 96.0
AtP (hPa) 987.4 987.2 977.4 972.4
WS (m/s) 1.2 1.3 1.9 1.3
WD (°) W-SW W-SW E NE

RH was similar for three of the days (75.5-76.5%) but was lower on 25 February 2018.
Global Srad was approximately twofold higher on dry days (25 February 2017 and 2018)
compared to days with rainfall (27 February 2017 and 26 February 2018). In 2017 the
AtP was slightly higher compared to 2018. The predominant wind direction was W-SW
in 2017 and E and NE in 2018 and WS was mild for all the days, being more intense on
26 February 2018.

The diurnal pollen and meteorological profiles are depicted in Figure 6. The hourly
pollen concentration presented in Figure 6 shows a diurnal cycle, starting to increase at
about 07h00 UTC, with a peak between 10h00 14h00 UTC, followed by a diminution during
the afternoon. The lowest pollen concentrations were detected during nighttime for all
days and higher concentrations detected, predominantly, coincident with a diminution of
solar radiation, thus decreasing atmospheric mixing and increasing particle concentrations
near the surface.

Pollen/m®-«--- Disrupted pollen (m®) Hourly mean temperature (average) Wind speed (m/s)
' Precipitation(mm) AtP (hPa) —— Global Srad (W/m?) = — RH
February 25 February 27

20 44 6000
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Figure 6. Hourly pollen concentration and meteorological parameters on 4 episodes of high pollen,
2 per year, with high and low pollen disruption indexes.
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The maximum pollen peak on the 25 and 27 February 2017, was registered at 13h00
and 12h00, respectively, reaching 11,978 and 5247 pollen/m?>. The pollen concentration
began to rise between 07h00 and 08h00 for both days. On 25 and 26 February 2018, the
maximum pollen concentration (1568 and 3179 pollen/m?, respectively) was detected at
10h00 and 09h00, respectively. On 26 February 2018, an additional peak was detected in
the period from 04h00 to 07h00, suggesting a long-distance origin (Figure 6).

The variation of mean temperature was similar in the days of analysis, increasing from
9h00 until the middle of the day and then, decreasing again at approximately 19h00. RH was
reversed with respect to the mean temperature. Precipitation occurred on 26 February 2018
from 14h00-17h00, coinciding with the decrease in the concentration of pollen in the air, and
on 27 February 2017 at 23h00 (Figure 6, 1st and 3rd panels in the right). The atmospheric
pressure was higher in 2017 compared to 2018. WS tended to be higher between 10h00 to
19h00, decreasing afterwards in all cases (Figure 6).

The hourly pollen concentration (HPC) was positively and significantly correlated
with T and AtP while pollen disruption positively correlated with WS and negatively corre-
lated with AtP (Table 6), suggesting that T and AtP contribute to pollen release and higher
WS and lower AtP are factors contributing to pollen integrity loss. It is noteworthy, that the
day with the lowest AtP (972.4 hPa) presented the highest disruption ratio (RH = 76.5%);
on the contrary, for the day with the lowest disruption ratio the RH was 54.1%, although
the AtP was 977.4 hPa (Table 5 and Figure 6).

Table 6. Pearson’s correlation between hourly meteorological parameters and hourly disrupted pollen (%) hourly total

pollen (m?).

TCO  RHCW Gl(ovl\)r?ﬁ;ad AtP (hPa) - WS (m/s) Disrﬁgltlif)r; @ (ollenimd)
T (°C) 1.000 —0.701 * 0.848 * 0.395 * —0.218 —0.225 0.409 *
RH (%) 1.000 —0.785 * 0.262 —0.323 —0.007 —0.109
Gl("vl\’,‘/‘:n%;ad 1.000 0.147 —0.064 —0.222 0.286
AtP (hPa) 1.000 —0.714 * —0.587 * 0.407 *
WS (m/s) 1.000 0.451 * —0.227

* Correlation is significant at the 95% range (p < 0.05).

3.4. Remote Sensing and Transport Modelling of Cupressaceae Airborne Pollen: Contribution for
Pollen Concentration

The HYSPLIT model was used to estimate the contribution of medium-long range
transport of pollen for the DPI in the South of Portugal on the four days selected, at different
altitudes (100, 500 and 1000 m). The back trajectories were calculated for every hour of the
days analysed. The comparisons showed that for each day there were no significant differ-
ences between the results at different times. On the other hand, in most of the cases a pollen
peak was observed around 10:00 UTC, therefore these back trajectories were deemed repre-
sentative of the situation during the rest of the day and are presented in Figure 7. Neverthe-
less, the hourly trajectories are presented in the Supplementary Materials Figures 52-S5.

Remote sensing data presented aims at supporting the study through the analysis of
ceilometer backscatter measurements presented in Figure 8 that are related with the vertical
and temporal distribution of aerosols in the lower layers of the atmosphere, since, in the
absence of clouds, these particles cause the backscatter sensed by the instrument. These
measurements can be used to detect the presence of pollen particles in the atmospheric
boundary layer, if there are no other concurrent aerosol events at the same atmospheric
levels, such as for example desert dust transports that often occur in the area, which were
not detected during the days considered here.

On 25 and 27 February 2017, it was observed from the back trajectory that the air
mass came from northwest and west, respectively, passing through continental areas of
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central-south Portugal where these species are abundant, as the Sintra mountain and other

mountain ranges slightly to the north (Figure 7).

25 February 2017

27 February 2017

Leatit]© Open
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Leaflet | © OpenSreetiap contrbutors.

Figure 7. Air mass back trajectory for 2017 and 2018 at 10:00 UTC; height 100 m—red line, height

500 m—blue line and height 1000 m—green line.
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Figure 8. Ceilometer attenuated backscatter on 25 and 27 February 2017 and 25 and 26 February 2018.
Clouds are represented in white and are observed over the observatory in the four days.

For the year 2018, on 25 February the back trajectory indicates that the air mass came
from the south of Portugal while on 26 February the air mass originated in the southwest
coming from south of Spain (Figure 7), where the Cupressaceae family is abundant. On
26 February 2018, a peak was detected between 04h00-06h00 coinciding with air masses
originating from southwestern Spain (back trajectory not shown here). The nocturnal
period of detection associated with the air mass origin, suggests that these pollens are not
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locally originated but regionally transported from Spain. Precipitation occurred in Evora
starting at 14h00, coinciding with a decrease of concentration of pollen, due to wash-out
and wet deposition.

During the morning (clear sky conditions) of 25 February 2017, only a low layer of
particles is distinguished with a moderately high signal. AERONET observations at the
same site (not shown here) present a mean aerosol optical depth at 500 nm of 0.31 and mean
Angstrom exponent of 0.83, typical of relatively large particles. This analysis indicates that
the Cupressaceae pollen were probably transported at low levels, below about 1 km, and
that their origin matches the regions where these species are mostly concentrated (Figure 8).
After 12h00 on 25 February 2017 there were clouds present over the area (white color in
the image), which attenuated the signal, hindering the analysis of the vertical distribution
of particles in the atmosphere. On 27 February 2017, clouds were present, and the same
problems occurred, thus not allowing obtaining a reliable signal of the distribution and
intensity of the aerosols, as represented in Figure 8. On 25 and 26 February 2018, the
increased backscattered signal at different times indicated the presence of particles at low
levels, below about 1 km.

4. Discussion

Cupressaceae pollen, produced in large quantities (523 billion per plant) [38], are
considered moderately allergenic [13] and because Cupressus species are widely used as
ornamental plants, they are widely distributed in urban environments [15], thus being a
common cause of winter allergy in urban environments [39], such as Evora, a middle-sized
town situated in the South of Portugal. Cupressaceae pollen are present in the atmosphere
of Evora during winter—spring, particularly, in the months of February and March (this
paper and [11]). In the year 2017, higher concentrations were detected coinciding with
higher air temperatures, solar radiation and atmospheric pressure and lower values of
relative humidity with respect to 2018. These meteorological conditions can affect the
density and viscosity of air [40,41] thus potentially affecting pollen dispersion, resuspension
and transport in the atmosphere and, as a consequence the impact on respiratory health of
the allergic population.

In this paper we describe a feature of the aerobiology of Cupressaceae pollen charac-
terized by the exine rupture, dilation of intine and sometimes release of the protoplast, as
observed in Figure 2a, thus causing the release of pollen allergens and possibly enhancing
its allergenic activity. This feature is related to the Cupressaceae pollen morphology char-
acterized for one pore with convex annulus, that has an important role on hydration and
exine disruption [42,43]. This event is affected by physical factors during the dispersion
process [44] and we have investigated the effect of meteorology factors on this phenomenon
on a daily manner and on an intra-diurnal manner.

Concerning the daily observations, the rainfall and relative humidity, particularly
above 60%, positively influenced the disruption of the pollen as shown in this paper
(Figure 4 and Table 2) and by others. For instance, pollen rupture was reported for Cupres-
sus arizonica pollen exposed to water [45], birch pollen exposed to high relative humidity
or water [25], and grass pollen subjected to osmotic shock due to high relative humidity or
rainwater [26,46] thus releasing the allergen content [47,48]. On the other hand, tempera-
ture, global solar radiation and atmospheric pressure are associated with the maintenance
of pollen integrity. In fact, PCA analyses show that pollen disruption, rainfall and relative
humidity vary in the same manner while atmospheric pressure, temperature and global
solar radiation vary together opposing pollen disruption (Figure 5 and Tables 3 and 4).
These parameters are all part of the first component that explains most of the variability
of the data, in agreement with the correlation analyses. Temperature and global solar
radiation relate to relative humidity inversely, indirectly contributing to reduce pollen
hydration thus diminishing the probability of pollen disruption. The atmospheric pressure
may contribute to counterbalance osmotic pressure, thus opposing the effect of relative
humidity and maintaining the pollen integrity while in air suspension. In this paper, the
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diurnal pattern of the pollen concentration was evaluated for four selected days. The diur-
nal pollen profile showed a rise in the morning and a peak at the middle of the day (mostly
at 10-12 am) following a pattern described by others [10,20], except for one case on 26
February 2018 where a peak during the night (4-7 am) was observed (Figure 6), coinciding
with the thermal inversion period, increased wind speed and decreased relative humidity
(Figure 4). These conditions allow anthers dehiscence, pollen emission and dispersion [49].
The increase of relative humidity and the decrease of temperature and wind speed reduce
the atmospheric turbulence and enhance pollen deposition [50,51], coinciding with low
concentrations of airborne pollen during the afternoon and night. Compared to the daily
pollen concentration, the peaks of hourly pollen concentration are 5 to 8 times higher mean-
ing. Hourly pollen concentration reveals that the threshold for allergy reaction might be
reached during the day, despite the low daily pollen concentration, thus constituting a more
representative human exposure and a better predictor of the risk for allergy outbreaks.

Analysing the effect of meteorological factors on intra-diurnal pollen disruption, while
atmospheric pressure is linked to a lower disruption ratio, wind speed correlates with a
higher disruption ratio, thus higher release of pollen allergens. Interestingly, hourly relative
humidity did not correlate with pollen disruption, opposite of the observations on the
daily parameters, nor with hourly pollen concentration. As expected, atmospheric pressure
and temperature positively correlate with the hourly pollen concentration (Table 5). Wind
speed and atmospheric pressure are correlated and vary inversely as lower surface pressure
are frequently associated to low pressure systems where pressure gradients are typically
more intense. Hence, the correlation of wind speed with disrupted pollen might be a
coincidence following the atmospheric pressure changes. The disruption is a momentary
event driven by a disequilibrium between osmotic pressure, generated by relative humidity
upon hydration, and atmospheric pressure, pollen bursting occurring when the osmotic
pressure overcomes the atmospheric pressure. In this sense, the pollen disruption is a
function of the opposing effects of relative humidity and atmospheric pressure. During
the four days analysed, the relative humidity was either mainly above or below 60% and
atmospheric pressure varied between 972 and 988 hPa. Taking into consideration that
60% relative humidity and 980 hPa are critical values for pollen disruption (Figure 4),
then the intra-diurnal variation of atmospheric pressure was the determinant factor for
pollen burst, hence the lack of correlation with relative humidity. In fact, the day with the
lowest atmospheric pressure associated with a high relative humidity presented the highest
disruption ratio. On the contrary, on the day with the lowest disruption ratio the relative
humidity was below 60%, despite a low atmospheric pressure (below 980 hPa). For the
other days atmospheric pressure above threshold level seems to counterbalance the high
relative humidity (Table 5 and Figure 6), supporting the findings on daily observations.
Despite the low number of events analysed (4 days), hourly observations revealed a
relevant interplay between the key weather factors on airborne pollen integrity loss and
a wider research should be carried out in the future to further analyse this phenomenon.
Furthermore, it suggests that the period of the day between 10 and 16h is commonly
the one with higher risk for exposure to Cupressaceae allergens, as observed for other
pollen types [10,20,52,53]. To our knowledge this is the first time that this analysis was
performed, unravelling new features of the action of the meteorological factors on pollen
behaviour in the atmosphere that might be taken into account for the interpretation of its
allergenic potency.

Pollen grains can be deposited elsewhere away from the site that gave rise to it. The
pollen grains are small in size and are lightweight and its transport in air masses from
long distances was demonstrated for several pollen types [25,54-56] and the intra-diurnal
pattern of pollen concentration is an indicator of the contribution of local emission and
long range transport to the daily pollen concentration [19,20,53]. Although our results
suggest that, for the days analysed, the pollen were mostly from local origin, it was shown
that Cupressaceae pollen can be transported long distances in air masses, evidenced by the
peak detected at night on 26 February 2018 (Figure 6), that was transported by air masses
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passing by the south of Spain, the Andalucia region where Cupressaceae is abundant [57],
as suggested by the back trajectory analysis (not shown here). Hence the contribution
of medium and long-range transport of Cupressaceae pollen for daily and hourly pollen
concentrations cannot be excluded. Based on our results, pollen disruption associated with
this transport was not different from the local pollen, but more data will be needed to
confirm this observation.

Although clouds were present in all four days considered, in general it can be seen that
the remote sensing observations agree with the pollen concentration intra-diurnal behavior,
showing concordant daily patterns and backscatter values proportional to the pollen
concentrations, which hints that ceilometer measurements may constitute a real-time proxy
of the pollen concentration. Note that the remote sensing measurements are instantaneous,
with a time resolution of 10 s, whereas the hourly pollen concentration corresponds to
a period of one hour (previous 60 min). The case of 25 February 2017 when very high
pollen concentrations were detected, with the hourly pollen concentration presenting a
secondary peak at around 10:00 UTC and a primary peak at 13:00 UTC, is a good example.
The corresponding ceilometer image shows the highest attenuated backscatter values in
comparison to the other three days and although clouds are present from 12:00 UTC on
(white color in the image), high backscatter values are detected in the lower layers of
the atmosphere shortly after 05:00 until about 12:00, when clouds obstruct the particle
backscatter detection. It is noteworthy, that on 25 February 2017, the pollen peak at 13h
(Figure 6, upper panel) is consistent with a sudden diminution of solar radiation caused
by clouds over the area (Figure 8), which induced changes in atmospheric turbulence and
mixing, and a probable decrease of the atmospheric boundary layer height and increase
of particles near the collector. In this period of analysis, no precipitation occurred. The
temperature increased and the relative humidity was approximately 80% (Table 4). On
27 February 2017 the presence of clouds during the whole day does not allow for the
analysis. On 25 (26) February 2018, the increased backscatter between 08:00 and 12:00 UTC
(03:00 and 14:00 UTC) agrees well with the corresponding hourly pollen concentration
shown in Figure 6. On 25 February 2018, the atmospheric boundary layer shows increased
backscatter values shortly after midnight, which may be due to the lower thickness of
this layer during nighttime with respect to daytime and the existence of non- biological
particles [51].

This analysis agrees with findings of several authors in studies related to the detection
of particles from remote sensing instruments, demonstrating that this technique can be used
to detect the presence of aerosols, more specifically pollen in the atmospheric boundary
layer [50,58,59]. As demonstrated by hourly pollen concentrations (this work and [60,61],
the real-time pollen concentration to which the population is exposed during the day;,
is significantly higher than the daily estimates. Remote sensing combined with back
trajectories and the other relevant meteorological parameters may in the future contribute
to develop real-time methodologies for the detection of pollen in the atmosphere as well as
allergy risk warning systems contributing to improve allergy management strategies.

In summary, the results shown in this paper suggest that relative humidity, rainfall
and atmospheric pressure are the main factors affecting airborne Cupressaceae pollen
integrity and in conjunction with the pollen concentration may be used to predict the risk
of allergy outbreaks to this pollen type.

5. Conclusions

To our knowledge, this is the first report characterizing the considerable fraction of
disrupted Cupressaceae pollen grains reaching the sampler, releasing pollen contents. It is
expected that this disruption might significantly increase ambient free allergen, contribut-
ing to enhance ambient allergenic activity of this pollen type because of higher allergen
availability. Moreover, this free allergen, contained most probably in small particles, readily
inhaled, and might penetrate in the lower respiratory system thus evoking aggravated
symptoms in sensitized individuals.
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A better knowledge of the factors affecting pollen disruption of allergenic species will
greatly contribute to improve allergy risk management. This work significantly contributes
to a better understanding of this phenomenon, where relative humidity, atmospheric
pressure and rainfall are key players. Being widely used as ornamental plants, Cupressus
genera are widely distributed in urban environments or its surroundings, and this work
also shows that Cupressaceae pollen was mainly from local origin, thus suggesting for a
wise planning of urban gardens and green zones, contributing to diminish the loads of
allergenic pollen.

Finally, the real-time pollen monitoring, namely by remote sensing, and the relevant
meteorological parameters, may contribute to the development of pollen allergy forecasts
and thus to a better management of allergy and asthma outbreaks.
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