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ARTICLE INFO ABSTRACT

Keywords: The atmospheric boundary layer (ABL) is the lowest layer of the atmosphere, where most of the interactions
Doppler lidar between the atmosphere and the Earth’s surface occur. Within this layer, the air movements and the turbulent
ABL

processes facilitate the dispersion and transport of particles. This work quantifies the effect of ABL-dynamics
related variables on the surface pollen concentrations in the city of Granada, southeastern Spain. The Main
Pollen Season (MPS) of two pollen types (Olea and Cupressaceae) and Doppler lidar data for different height
ranges and ABL regimes were used for the period 2017-2022 and statistically analyzed based on Spearman
correlations and Generalized Linear Model (GLM). Olea pollen concentrations, mainly originating from sources in
the outskirts of the city, were significantly influenced by daytime wind direction, transporting high concentra-
tions into the urban area, explaining up to 28% of the variability of the Olea pollen concentrations in the ABL of
the city. At night, surface Olea pollen concentrations were affected by vertical wind, which explain the 5% of the
variability, leading to fluctuations associated with its vertical transport. For Cupressaceae pollen concentrations,
however, the pollen sources are located within the city and surface concentrations of Cupressaceae pollen are
predominantly influenced by the urban ABL. The variability in surface concentrations is partly determined by
diverse phenomena and conditions occurring across different regimes of ABL dynamics. Katabatic flows signif-
icantly contributed to Cupressaceae pollen concentrations at night, while high turbulence produced by the
convective boundary layer (CBL) played a key role in their dispersion during daytime, explaining up to 10% of
the variability of the Cupressaceae pollen concentrations near to surface. The difference in the results between
both pollen types can be attributed to several interrelated factors such as location of sources, local weather
conditions, different ABL regimes, intrinsic characteristics of pollen, and the flowering phenology and in-
teractions with other environmental factors. The overall results demonstrate the substantial influence of ABL
dynamics on surface pollen concentrations (explain up to 29% of the variability for Olea pollen concentrations
and 37% for Cupressaceae ones), highlighting its crucial role in the particle transport, dispersion and distribution
in the atmosphere. These findings emphasize the need for a better understanding of the ABL to adequately
address air quality and public health challenges in urban environments.

turbulence
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1. Introduction airborne particles among the different categories of bioaerosols present
in the atmosphere (Despres et al., 2012; Frohlich-Nowoisky et al., 2016).
Pollen grains are the most common type of primary biological The pollen of anemophilous plant species has different sizes, ranging
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from 5 to 100 pm, therefore considered as coarse mode particles. Their
morphology is very variable, with different symmetries and multiple
possibilities for their surface structure (Faegri et al., 1989). The duration
of pollen suspension in the atmosphere is determined by these charac-
teristics and, consequently, pollen grains can either remain in the vi-
cinity of the source or be horizontally transported over different
distances, ranging from a few meters to hundreds of thousands of kilo-
meters (Griffin, 2007; Prospero et al., 2005; de Weger et al., 2016;
Izquierdo et al., 2015; Frisk et al., 2022).

The presence of high pollen concentrations in the atmosphere is
considered a form of biogenic pollution and is recognized as one of the
major agents of allergy-related diseases such as asthma, rhinitis, and
atopic eczema (Darsow et al., 1997; Naclerio, 1991; Zeldin et al., 2006).
In the current context of climate change, the impact of pollen on human
health is still more problematic, since it influences plant reproduction
phenology (Schmidt, 2016; D’Amato et al., 2020; Choi et al., 2021). The
ongoing climate changes are modifying the range of allergenic species
and impacting the timing and length of the pollen season (Van Vliet
et al., 2002; Frei et al., 2008), potentially increasing plant productivity
and pollen production due to elevated carbon dioxide levels (Beggs,
2015). Moreover, the release and atmospheric dispersion of pollen is
expected to be influenced by these climate-related changes, as high-
lighted by Bielory et al. (2012).

The pollen grains are released in the atmospheric boundary layer
(ABL) and are expected to be affected by its dynamics. Wind and tur-
bulence in the ABL are crucial for air quality, as they can disperse or
transport aerosol particles from their sources and prevent their accu-
mulation (Wei et al., 2020; Ren et al., 2021; Zhang et al., 2021). The
vertical and horizontal distribution of aerosol particles is strongly
influenced by the way the ABL disperses them. The dynamics of the ABL
vary according to different regimes throughout the day. During daytime,
the convective boundary layer (CBL) forms as a result of energetic tur-
bulent movements caused by buoyant turbulence and turbulence
generated by shear forces (Dosio et al., 2003; Liu et al., 2018). This
dynamic regime facilitates thorough vertical mixing of aerosol particles
within the ABL. During nighttime, turbulence and vertical mixing
weakens and consequently a robust inversion often forms close to the
surface because of the net radiative cooling. This inversion acts like a
cap, trapping aerosols within the shallow nocturnal boundary layer
(NBL) (Stull, 1988). As a result, it prevents the upward transport of
aerosol particles into the free troposphere (Liu et al., 2020; Shi et al.,
2021).

The influence of the ABL dynamics over the dispersion and transport
of pollen grains has been rarely studied. On the one hand, having
adequate knowledge of the spatial distribution of pollen grains in any
place of interest, such as in urban areas or around emission areas, is a
significant challenge due to the small number of pollen events analyzed,
the lack of continuous measurements, the limitations in the vertical
extent and the limited number of aerobiological stations (e.g. Santiago
et al., 2013; Borycka and Kaprzyk, 2018). On the other hand, there are
studies that investigate the relationship between the daily cycle of pollen
emission and standard surface meteorological variables such as tem-
perature, relative humidity, solar radiation, atmospheric pressure,
accumulated precipitation and wind speed and direction (e.g. Majeed
et al., 2018; Carinanos et al., 2022). However, they are limited to var-
iables measured near the surface. In the last decades, some studies have
investigated the dispersion of bioaerosol particles using numerical
simulations to model the ABL dynamics (e.g. Kuparinen et al., 2007;
Robichaud and Comtois, 2021; Roy et al., 2023), but these simulations
should be supported by empirical measurements to improve their pre-
dictive ability and accuracy.

The exploration of turbulent behavior of the ABL is relevant as this
process might impact the transport of bioaerosol particles, with sources
including buoyancy and wind shear production, which are highly vari-
able in time and space. In this context, Doppler lidars can be used to
retrieve the 3D wind field and turbulent properties within ABL, which
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can provide a classification of turbulence based on its source (Manninen
et al.,, 2018). So far, lidar-based pollen studies have analyzed the
different optical properties of this aerosol type (e.g. Cordoba-Jabonero
et al., 2018; Shang et al., 2020; Veselovskii et al., 2021; Shang et al.,
2022). For example, a study carried out by Sicard et al. (2016) explores
correlations between depolarization ratios, pollen concentrations and
solar fluxes, revealing insights into the monitoring of pollen release and
the influence of atmospheric turbulence on particle motion. During
pollination events in Finland, lidar measurements revealed the potential
of particle depolarization ratio to track pollen grains in the atmosphere
(Bohlmann et al., 2021), or the spectral dependence of optical properties
for different pollen types (Filioglou et al., 2023). It is noteworthy that
the exploration of the dynamics of the ABL concerning surface pollen
levels has been underexplored in previous research.

This study aims to fill this research gap by investigating the impact of
the ABL dynamics on surface pollen concentrations during periods of
significant concentration of the most predominant pollen types in the
atmosphere of a representative medium-sized mediterranean city,
Granada, southeastern Spain. To this end, extensive datasets of surface
pollen concentration obtained through volumetric suction Hirst sampler
along with variables related to the ABL dynamics and turbulent pro-
cesses measured by a Doppler lidar have been analysed with different
statistical tools. The goal is to offer a thorough comprehension of the
behavior of the pollen grains concentrations during their transport and
dispersion within ABL under different conditions, as well as quantify the
influence of the ABL dynamics during these processes.

2. Experimental site and instrumentation
2.1. Climate and Pollen Conditions in Granada

The study was carried out for Granada, Spain (37.18° N, 3.61° W,
680 m asl), a city located in a closed depression crossed by the river
Genil. Granada covers an area of 88.02 km? and had a population of
230,595 in 2023. It is bordered by mountain ranges, notably Sierra
Nevada, which contains the highest peak in the Iberian Peninsula at over
3,400 m a.s.l., located 40 km southeast of the city. The climate is
characterised by significant seasonal temperature variations, with an
average winter temperature of 2°C and an average maximum summer
temperature of 33°C, and low annual rainfall, with an average of 352
mm, resulting in a relatively dry environment (annual relative humidity
of 57%), according to AEMET (2024). The average surface wind speed is
low at 2 m s, with night winds prevailing from the SE and day winds
prevailing from the N. However, between 100 and 580 m a.g.l., the wind
field shows a predominance of NW winds during the day, shifting to E-SE
at night, indicating a katabatic flow as cooler and denser air descends
from the Sierra Nevada into the valley (Montavez et al., 2000; Orti-
z-Amezcua et al., 2022).

Granada is surrounded by significant natural spaces, including the
national park of Sierra Nevada, as well as agricultural areas in close
proximity of the city. The atmosphere of the region contains a rich di-
versity of pollen types from various ecosystems, including mountain
areas with grasslands, holm oaks (Quercus spp.), junipers (Juniperus
spp.), pine forests (Pinus sylvestris, P. nigra) (De Linares et al., 2017),
olive groves (Olea europaea var. sylvestris), and cereal crops (Poaceae).
Additionally, pollen from urban trees located in the green areas of the
city is prevalent, with the most frequent genera being cypress (Cupressus
spp.), plane tree or sycamore (Platanus x hispanica), poplar (Populus
spp.), maple (Acer spp.), elm (Ulmus spp.), and ash (Fraxinus spp.) (Diaz
de la Guardia et al., 2006; Carinanos et al., 2014, 2016a). Within the
variety of pollen types found in the atmosphere of the city, the most
predominant are Olea and Cupressaceae during their respective peak
emission periods (Alba et al., 2000). Olea accounted for 36% of the total
atmospheric pollen of the city, and Cupressaceae accounted for 30%
between 1992 and 2018 (Carinanos et al., 2021). This predominance
highlights our decision to focus our research on these two pollen types.
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The pollen grain of Olea is trizonocolporate, isopolar and radio-
symmetric, sub-circular lobed, reticulate, and of medium to small size,
20-29 pm. Its flowering season is mainly spring, and flowering in the
Mediterranean region can extend from the months of March to early
July, following a latitudinal and altitudinal gradient (Trigo et al., 2008).
There are numerous studies that confirm the regional and very
long-distance transfer from its emission sources (Negral et al., 2021).

The pollen type of Cupressaceae is shared by all genera belonging to
this family and those of related families such as Taxaceae. The pollen
grain is inaperturate, apolar and radiosymmetric, spheroidal, psilat bis
scabrat, with a size between 20-30 pm. It is a very light pollen grain,
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with a fragile exine that fractures easily. Given the numerous species
included in this family, flowering can occur throughout the year,
although many of them flower mainly in winter (Trigo et al., 2008). It is
a very light pollen and there is evidence from molecular and trajectory
analyses that confirm the long-distance transport of pollen emitted in
localities in Oklahoma (USA) to locations in the state of Ontario (Can-
ada) (Mohanty et al., 2017).

The main source of Olea pollen, olive groves, are located in the
outskirts of the city, with a greater extension and a greater proximity to
the North and Northeast of the city, as they border the city limits
(Fig. 1a). A large number of areas dedicated to olive cultivation can also
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Fig. 1. Distribution of a) irrigated olive groves located around the city of Granada (Data source: Andalusian Spatial Reference Data (DERA), provided by the
Andalusian Institute of Statistics and Cartography (IECA)) and b) cypresses trees within the city of Granada (adapted from Lopez and Carinanos, 2020).
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be observed to the Northwest and West, however in this case they are
several kilometers away from the city. To the Southwest there are also
small olive groves distributed in a more dispersed manner. In the
Southeast quadrant, the Sierra Nevada mountain range prevents the
presence of significant olive growing areas.

The sources of the Cupressaceae pollen are found within the city
limits. Fig. 1b illustrates that cypress trees are distributed throughout
the entire city, although the distribution is neither uniform nor homo-
geneous. A higher concentration of cypresses can be seen in the eastern
side of the city with a large number of locations marked as areas where
more than 250 cypresses are found. In other areas of the city, the density
of these trees is lower, with some locations having a substantial number
of cypresses, but more spread out (Carinanos et al., 2016b).

2.2. Aerobiological data

Daily airborne pollen counts of pollen types of interest were provided
using the dataset of pollen recorded at the Unit of the Biological Air
Quality of the University of Granada. Aerobiological data are collected
from a Hirst-type volumetric sampler (Hirst, 1952) Lanzoni VPPS 2000
(Lanzoni, s.r.1., Bologna, Italy). The instrument sucks in the air through a
narrow inlet, which is aligned with the air direction by a weather vane.
The sampler collects all that is in the air (such as pollen grains, spores,
dust and small insects) which is then impacted on a silicon-coated
Melinex tape moved across the orifice at a rate of 2 mm/h. Each week
the tape is collected and divided into segments corresponding to the
days of the year. It is subsequently analyzed under an optical microscope
for counting and classifying pollen grains daily, with a minimum
analyzed sample percentage of 10% recommended as a requirement by
the European Aeroallergen Network (Galan et al., 2014) and the Spanish
Aerobiology Network (REA) in its Quality and Management Manual
(Galan et al., 2007). This recommendation considers both the number of
longitudinal traverses conducted and the diameter of the microscope’s
field of view. Although statistical errors during the slide reading process
(Comtois et al., 1999) and human errors in counting and identifying
pollen grains can vary based on observer skill and sample complexity
(Gottardini et al., 2009), the methodology used is standardized and can
be compared with the scientific literature. The sampler is located on the
roof of the Faculty of Sciences of the University of Granada (37.18° N,
3.61° W, 680 m a.s.l.), located in the center of the city (Fig. 1b), at a
height of 20 m above ground level.

2.3. Doppler Lidar StreamLine system

The Doppler lidar system consists of a pulsed laser system emitting at
a wavelength of 1.5 pm and a heterodyne detector using optical-fiber
technology. Emission is produced with an energy pulse of 100 pJ and
a high pulse repetition rate of 15 kHz. More technical details about the
instrument can be found in Ortiz-Amezcua et al. (2022). The 3D wind
field and turbulent properties of the ABL were obtained using the
measurements of the Doppler lidar StreamLine (HALO Photonics), that is
part of ACTRIS-CCRES (https://www.actris.eu/facilities/national-facili
ties/observational-platforms, last access: 3 June 2024), previously
Cloudnet (Illingworth et al., 2007) operated by the Atmospheric Physics
Group (GFAT) of the University of Granada. This system is located at the
UGR station, part of the AGORA facility (Andalusian Global Observatory
of the Atmosphere), within the Andalusian Institute for Earth System
Research (IISTA-CEAMA) of the University of Granada (Fig. 1b). This
station is part of several instrumental and research networks as well as of
ACTRIS (Laj et. al., 2024).

Some instrumental parameters can be modified. For this study, the
instrument operated with a vertical resolution of 30 m with an effective
range from 90 m to 6000-9000 m and a temporal resolution of around 2
s. Initially, the focal length of the optical system was 535 + 35 m,
determined experimentally using the method described in Pentikainen
et al. (2020), which increases the instrument sensitivity at this altitude
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but decreases it above 2 km. Later, in June 2021, the instrument was
upgraded and the focus was set to infinity, improving its sensitivity at
higher altitudes. The signal acquisition was continuous and autonomous
pointing vertically (stare mode) combined with a conical scan repeated
every 10 min with an elevation of 75° and 12 equidistant azimuth
points. The study period spans from 2017 to 2022.

3. Methodology
3.1. Surface pollen levels

The temporal series of the surface pollen concentrations for Olea and
Cupressaceae for each study year are shown in Fig. 2. The daily counts of
Cupressaceae pollen show high concentrations during the first months of
each year, while for the case of the Olea, the maximum pollen period is
observed in the spring and early summer months. There are gaps in the
data, attributed to the instrument’s non-operational status. Only Main
Pollen Season (MPS) days were considered for statistical analysis. The
MPS was determined by applying the 95t percentile method to the
pollen data set (Goldberg et al., 1988) for each pollen type and year of
study. This method establishes that the start of the MPS occurs when
2.5% of the total annual pollen count has been recorded, and the end of
this period, when 97.5% of the total annual pollen count has been
recorded. Additionally, MPS days with a null or low concentration, i.e.
less than 50 pollen grains m™ of air (Galan et al., 2007), were excluded.
This approach helps to avoid periods of low or negligible pollen emis-
sions, which would not provide useful information for this study. This
pollen exclusion threshold in both pollinic types was realised following
the recommendation of the Spanish Aerobiology Network (REA), which
considers that Olea and Cupressaceae register similar Annual Pollen
Integral, Daily pollen levels and, allergic potential (Galan et al., 2007).
Consequently, the analysis includes a total of 229 days (i.e. pairs of data
points) for Cupressaceae pollen type and 87 days for Olea pollen type.

The effect of rainfall has not been considered in the data analysis, as
the extensive historical aerobiological database in Granada have shown
that rainfall only significantly affects pollen levels when sustained and
exceeding 10 mm per day. It has also been observed that rainfall impacts
herbaceous species more than arboreal ones, leading to a less pro-
nounced response in the studied arboreal pollen types.

3.2. ABL turbulent properties and 3D wind field

The turbulent variables and the 3D wind field related to the ABL
dynamics were obtained from Doppler lidar measurements processed
with the software package HALO lidar toolbox (Manninen, 2019). The
purpose of this software is to derive harmonized Doppler lidar retrievals
applied to measurements from different sites using robust methods and
providing consistent uncertainty estimates. This software is based on
estimating the attenuated backscatter from the signal intensity, as well
as estimating the statistical moments of vertical velocity as a starting
point for the turbulence classification. The attenuated backscatter co-
efficient (Bqy) refers to the backscatter of aerosol particles, adjusted for
the attenuation of radiation in the atmosphere between the Doppler
lidar and the volume of interest.

The variables related to the ABL dynamics and their estimation
method in the HALO lidar toolbox processing chain are detailed below:

e 3D wind field, vy, dir and w: The 3D wind field and its associated
errors are calculated from conical scans at 75° elevation using
Velocity-Azimuth Display (VAD) technique (e.g. Paschke et al., 2015;
Newsom et al., 2017). The three wind components are estimated,
namely u-component (zonal component or west-east direction),
v-component (meridional component or south-north direction) and
w-component (w, vertical component). The horizontal wind is also
given in terms of wind speed (v,,) and direction from where the wind
blows (dir, clockwise starting from north). For the data analyzed in
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Fig. 2. Pollen concentration series of Cupressaceae (in blue) and Olea (in yellow) during the selected study period (2017-2022). Days without pollen data are
indicated in gray, while days without Doppler lidar data are highlighted in red. The overlapping days with no data from both the Hirst and Doppler lidar appear in
dark red.

this study, the mean error for the obtained v and w are 0.50 and 0.09
m s}, respectively. Additionally, the mean error for dir is 0.52°.
Turbulent kinetic energy dissipation rate, e: This variable is
defined as the rate at which turbulent kinetic energy is absorbed by
eddies which are divided into smaller eddies until they are finally
dissipated into heat by viscous forces (Garrat, 1994) according to the
hypothesis of Kolmogorov (1941). This variable informs of the ex-
istence of turbulence in a given atmospheric region. It is estimated
according to the method of O’Connor et al. (2010):

2\ 32 -3/2
e=2r (%) aﬁ, (L2/3 — L12/3) (€D)]

where a = 0. 55 is the Kolmogorov constant, oy, is the standard de-
viation of the mean vertical wind speed (with 2 s time resolution) for
a given time interval (30 min), L is the length scale of the largest
eddies that pass completely through the laser beam, and L is the
length scale describing the beam scattering volume for an individual
sample. To obtain L and Lj, it is necessary to use the wind speed
obtained from the VAD scans performed by the Doppler lidar. L and
L; are defined as follows:

L, = vyt + 2z sin (g) (@3]

L = Nwt 3
where 6 corresponds to the divergence angle of the laser beam, vy, is
the horizontal wind speed (obtained each 10 min), t is the time
configured to acquire a wind speed profile using the Doppler lidar
system (2 s), z is the height, and N is the number of samples. Typi-
cally, the second term of Eq. (2) can be neglected for Doppler lidar
instruments due to their very small divergence (<0.1 mrad).

The presence of turbulence is detected with the threshold value of
e>10%m?s® (e.g., Borque et al., 2016; Vakkari et al., 2015). The

method also provides the error estimate of ¢, described in terms of
the fractional error Ae/e, Ae is the absolute error of ¢ (for more de-
tails, see O’Connor et al., 2010). For the data analyzed in this study,
the mean error obtained for ¢ is 76%.

e Wind shear, sh: Horizontal wind shear is the rate of change of wind
speed and direction between two points of different altitude Az. It is
a source of turbulence and can be calculated from Doppler lidar
measurements of the horizontal wind components. The estimated
wind shear vector is calculated with the following expression:

(Au® + A )2

h—
s Az

@
In our case the wind shear vector is calculated for height ranges of Az
=90 m. The uncertainty of the wind shear vector is obtained by error
propagation of its component variables, i.e. by the wind components
u and v. The threshold value for this variable to be considered as
producing turbulence within the ABL is sh > 0.03 s (Manninen
etal., 2018). For the wind shear data analyzed in this study, the mean
error obtained for sh is 0.01 s\,

3.3. Data preparation for analysis or data reduction

Our study involved the use of two databases with different temporal
resolution, i.e. one from Doppler lidar (3 min for turbulence variables
and 10 min for wind variables) and the other related to pollen mea-
surements (daily temporal resolution). In order to carry out the relevant
statistical studies and examine the relationship between them, the daily
pollen concentration values are considered representative of the 24-h
period. Doppler lidar data are grouped and averaged for three
different periods (i.e. all day, convective and non-convective conditions)
and three different altitude ranges. Since the extent range of the Doppler
lidar system is limited, with values up to 1500 m in high aerosol loading
conditions and approximately 500-1000 m in low aerosol loading
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conditions, the study does not consider heights above 500 m. The height
ranges that were analyzed were 90 to 150 m, 90 to 250 m, and 90 to 500
m, thus capturing the behavior of each of the variables in the different
study ranges of the ABL. Each day was also divided into three intervals,
one of which represented the whole day (all day period), and the other
two periods were selected according to the two different ABL regimes
that occur throughout the day, i.e. the CBL, during daytime (convective
period), and the stable boundary layer (SBL) at nighttime (non-convective
period). Given the unknown emission pattern of pollen throughout the
day, the division of the ABL into various scenarios was designed to
capture the influence of different ABL conditions on total daily pollen
concentrations, focusing on how both convective and non-convective pe-
riods of each day can affect the corresponding daily accumulated surface
pollen concentration. The convective scenarios investigate how the mean
ABL conditions during daytime influence the total daily pollen concen-
trations. The non-convective scenario studies how the mean ABL condi-
tions during nighttime influence the same daily accumulated pollen
concentrations. Lastly, all day periods study how the mean ABL condi-
tions throughout the entire day influence the same daily accumulated
pollen concentrations. The convective and non-convective periods were
calculated from an ABL classification according to the turbulent mixing
source (Manninen et al., 2018). This classification labels a data point as
convective mixing when the f is less than 10 %sr ' m! (otherwise, it
would be labelled as cloud), the skewness of the vertical velocity is
positive (indicating ascending air masses), turbulence exceeds a
threshold of ¢ >10"*m? s~ and is connected to the surface during
daytime hours. Periods characterized by the presence of convective
mixing were designated as convective, while the remaining hours of the
day were classified as non-convective.

Therefore, the mean of each variable was calculated for all study
scenarios. These scenarios included all combinations of the selected
height ranges in the ABL and the different periods of the day. In this way,
each daily pollen concentration was associated with nine distinct sce-
narios, harmonizing with the daily pollen dataset and allowing us to
examine the influence of each combination.

3.4. Statistical analysis

An initial characterization of the pollen sources was conducted with
the use of bivariate plots for each pollen type and study scenario. These
representations illustrate the average pollen concentration (indicated by
a color scale) in relation to specific wind speeds (represented on a radial
scale) and directions. In both convective and non-convective scenarios, the
24-h surface pollen concentrations are analyzed with respect to the
prevailing wind during daytime and nighttime, respectively.

To investigate potential monotonic relationships between the aero-
biological data and each continuous variables obtained from the
Doppler lidar system, Spearman correlation was employed. This allowed
for assessing whether there was a significant relationship by examining
the presence of increasing (or decreasing) associations in the data. Wind
direction was excluded from all Spearman analyses in this study due to
its cyclic nature.

The research was then extended by considering each of the dynamic
and turbulent variables jointly through the application of Generalised
Linear Models (GLMs). GLMs are widely used in a number of different
fields of knowledge such as ecology (e.g. del Aguila et al., 2024), med-
icine (e.g. Dominici et al., 2005), neuroscience (e.g. Alarefi et al., 2022),
environmental science (e.g. Charalampopoulos et al., 2018) and econ-
omy (e.g. Egger and Staub, 2016). These are an extension of traditional
linear models and allow for dealing with situations where the relation-
ship between variables is not necessarily linear or the distribution of the
data does not follow a normal distribution.

In the context of this study, the GLM with logarithmic link function
was applied to model the behavior of surface pollen concentrations
(response variable) which present a negative binomial distribution,
incorporating variables associated with ABL dynamics as explanatory
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variables into the model. Integrating these variables into the model
provides insight into the magnitude and direction of their impact on
pollen levels, considering both their independent and joint contribution.
The problem of the non-linearity of the wind direction can be resolved
by transforming it into a categorical variable. Unlike numerical vari-
ables representing continuous quantities, categorical variables divide
data into distinct groups or categories (e.g. Silva, 2014; Santos-Alamillos
et al., 2015; Rachmawati et al., 2021). The full range of wind directions
was divided into eight categories, each spanning an angular sector of
45°.

In order to obtain unbiased model coefficient estimates and signifi-
cance it is necessary to avoid multicollinearity among the explanatory
variables, i.e. that they are not highly correlated with each other. To
detect multicollinearity, a method based on the sample correlation be-
tween explanatory variables was applied, which consists of calculating
the so-called Variance Inflation Factors (VIFs). Collinearity will exist
when the explanatory variable presents a VIF > 5 (e.g. Wahid et al,
2021; Saha et al, 2022; Janizadeh et al., 2023). Additionally, to assess
the goodness of the GLMs fit, a chi-squared goodness-of-fit test was
conducted. To further enhance model accuracy, Cook’s distance (Cook,
1979), a statistical measure used to identify influential observations and
potential outliers, was calculated for each GLM model. Observations
with distances exceeding 4/n, where n represents the number of obser-
vations (e.g. Weichle et al., 2013; Halt et al., 2015; Guitart-Masip et al.,
2016), were removed from the model, constituting less than 10% of the
total observations. These exclusions corresponded to anomalous days
characterized by atypical behavior of some variables.

The sign of the estimated model coefficients for each explanatory
variable, along with their statistical significance, are presented as the
results of GLMs, indicating if a certain variable affects positively or
negatively to the increase of daily pollen concentration. The estimated
coefficients from the GLM output have been omitted from the results
because their magnitude depends on the variable itself, not making them
comparable among the different variables in the model. Instead, the
reduction in D? obtained from the ANOVA test provides a more repre-
sentative measure of the contribution of each variable to the model,
allowing for a more consistent evaluation of their effects.

Furthermore, the model output includes the variance explained by
the model (D?) which is computed from residuals of the null model and
the fitted model. The coefficient D? represents the proportion of variance
in the dependent variable that can be explained by the explanatory
variables in a model. In other words, it indicates how effectively the
selected variables account for fluctuations in pollen concentration. This
is an important output to consider, as it provides insights into the overall
explanatory power of the model. Additionally, a type Il ANOVA test was
conducted to determine whether the inclusion of each explanatory
variable significantly enhances the ability of the model to explain
observed variability (e.g. Ahmed et al., 2017; Hurtado et al., 2020; Zhou
et al., 2023). A p-value < 0.05 suggests that a variable is statistically
significant, and its inclusion improves the model fit. This test also shows
the reduction in D? of the model when each of the variables is omitted. It
is important to consider that the sum of the reductions in D? of all var-
iables obtained from the ANOVA tests does not necessarily equal the D*
of the GLM model. The variables may interact with one another,
meaning that the D? by the combination of two variables in the model
can be different the sum of their individual reductions in D2 This occurs
because their interaction generates a combined effect that is only
captured through their joint consideration in the analysis.

4. Results
4.1. Olea
4.1.1. Olea pollen sources

During the Olea MPS, a large concentration of pollen grains is
registered near the surface, although the trees are not abundant in the
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city. To identify the most important sources of Olea, Fig. 3 presents the
bivariate polar plots corresponding to different scenarios.

It can be observed that regardless of height range, very similar sit-
uations occur for all day and convective periods, indicating the pre-
dominance of the convective conditions along the day and homogeneous
wind properties with height. High concentrations of Olea pollen with
more than 700 pollen grains m™ on average are detected for W and NW
winds of more than 4 m s™. For non-convective or nocturnal periods, the
days when higher total concentrations were registered show the prev-
alence of nocturnal winds from W-NW, again observing an advection of
Olea pollen grains from these directions. However, in this case the
transport appears more moderate with concentrations around 600 pol-
len grains m™ on average with wind speeds around 4-5 m s, It is
noteworthy that all directions present a contribution of Olea pollen
grains for low wind speeds (lower than 4 m 5'1), with a contribution of
500 Olea pollen grains m™ from the W sector and 300 pollen grains m™
from E sector on average.

4.1.2. Spearman correlations for Olea

The impact of w becomes evident through a statistically significant
negative correlation observed for all day periods in the lower height
ranges and for non-convective periods in all the altitude ranges (Table 1).
The values of the correlation coefficients are between -0.22 and -0.31,
being higher to the height range from 90 to 150 m. This variable pre-
sents no correlation in the convective period.

The rest of the analyzed variables are not significantly correlated
with the Olea pollen concentration. Hence, there is no monotonic rela-
tionship between the vy, € and sh of the urban ABL and the Olea pollen
concentrations near the surface.
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4.1.3. GLMs for Olea

The large influence of dir on Olea pollen concentrations at the surface
is observed in Table 2. This variable is statistically significant in all
scenarios at any height range. During all day periods and any height
range, S, SW, W and NW directions show a positive coefficient in the
model which indicating an increase of Olea pollen concentrations, with
NE also contributing to the height range between 90-500 m. The situa-
tion changes for convective periods, where only the NW direction shows a
positive effect while the S and SW directions display a negative effect for
any height range. For non-convective periods, as altitude increases, the
number of statistically significant wind directions rapidly decreases.
Regardless of the height range, all these wind directions show a positive
effect on Olea pollen concentrations. Variable w is statistically signifi-
cant, but only during the non-convective periods in the lowest and highest
height ranges where it shows a negative effect on Olea pollen
concentrations.

D? of each model ranges from 16% to 29% depending on the study
scenario (Table 2), values comparable to previous studies (e.g. Kasprzyk
et al., 2014; Carinanos et al., 2020). In all day periods, the percentages
for all height ranges remain close around 27%. According to the ANOVA
test (Table 3), the variable dir is responsible for most of these percent-
ages. The D? of the model is not significantly influenced by the rest of the
variables. For convective periods, the highest D? of all Olea models is
found for the height range from 90 to 500 m (Table 2). As above, the dir
is able to explain almost the entire D? for each model with values up to
27% for the height range from 90 to 500 m. During non-convective pe-
riods, the percentages of D? decrease for larger height ranges. In addi-
tion, according to the ANOVA test, the influence of dir also decreases
with the height, showing no statistical significance in the highest height
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Fig. 3. Bivariate polar plots for the Olea pollen type at different height ranges and sampling periods. Circles represent horizontal wind speed in m s™.
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Table 1
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Spearman correlation coefficients between Olea daily pollen concentrations and each of the selected variables associated with the ABL dynamics for different height
ranges and ABL regimes. Only statistical significant coefficients, i.e. those with a p-value < 0.05, are shown.

Olea [90, 150] m

Olea [90, 250] m Olea [90, 500] m

Vi w 3 sh Vi w € sh Vi w 3 sh
All day -0.29 -0.22 - - - - -
Convective - - - - -
Non-convective -0.31 -0.22 -0.27 -

Table 2

Sign of the coefficient estimates of the linear predictor when applying a GLM model with Olea pollen as the response variable and the selected parameters associated
with the ABL dynamics as the explanatory variables for different height ranges and ABL regimes. Only statistical significant coefficients, i.e. those with p < 0.05 (*), p <
0.01 (**) and p < 0.001 (***) are presented. The percentage of variance explained (D?) of each model is also included.

Vi w e sh dir D? (%)
— N - — N NE E SE S SW w NW
Olea [90, 150] m
All day - - - - - - - - () ()= 27.49
Convective - - - - - - - - ()** _ ()Fs 20.91
Non-convective - * - - (H)*** ()*** (+)** ()*** +)* () (+)** 26.19
Olea [90, 250] m
All day - - - - - - - - (+)** )+ () 27.10
Convective - - - - - - - - ()** _ (4)*** 16.87
Non-convective - - - - - (+)** (+)** (F)*** (F)*** (F)*** () 20.56
Olea [90, 500] m
All day - - - - - (+)** - _ () (F)*e ()*s* (4)*** 27.50
Convective - - - - - - - () ()** _ () 28.63
Non-convective - (-)** - - - - - - - - ()= - 15.92

Table 3

Percentage of D? contributing to the model each of the selected variables related to the ABL dynamics obtained by a type Il ANOVA test applied to each GLM model.

Significance code: p < 0.05 (*), p < 0.01 (**) and p < 0.001 (***).
Olea [90, 150] m Olea [90, 250] m Olea [90, 500] m
D? (%) Vi w e sh dir Vi e sh dir Vh w e sh dir
All day 0.28 1.84 1.00 1.16 18.47 0.01 0.50 3.07 0.60 22.92 0.30 1.38 1.95 0.00 23.03
Convective 1.23 0.14 0.25 1.81 18.52 0.02 0.03 0.57 0.06 15.89 0.04 0.00 2.42 0.26 27.13
ok - ok
Non-convective 1.35 0.02 0.24 2.61 1.75 0.62 1.32 14.99 0.00 5.36 0.03 1.23 9.96

range. However, it is also important to consider the statistical signifi-
cance of w during this period of the day, explaining over 5% of vari-
ability of Olea pollen concentrations at surface in both height ranges,
from 90 to 150 m and 90 to 500 m.

4.2. Cupressaceae

4.2.1. Cupressaceae pollen sources

In order to identify the main sources of the Cupressaceae pollen type
in the city of Granada, Fig. 4 shows the Cupressaceae pollen bivariate
polar plots for different height ranges and ABL regimes.

For all day and non-convective periods, the average concentrations
from SE are high and decrease with the altitude, with mean values
reaching up to 600 Cupressaceae pollen grains m™ for the lowest height
and 400 pollen grains m™ for the height range from 90 to 500 m. The
wind speed associated with these high pollen concentrations generally
remains below 4 m s for all day periods. Furthermore, there is a
contribution from other locations with lower contributions in the
eastern side and in the SW direction with average concentrations be-
tween 300 and 400 pollen grains m>. For non-convective periods, the
days with higher total concentrations consistently show a prevalence of
nocturnal winds from the southeastern quadrant across all detected

wind speeds. During daytime, in convective periods, a higher average
concentration of Cupressaceae pollen grains at the center of the bivar-
iate polar plot is observed across any height range, where any favorable
wind direction and the wind speed is lower than 3 m s. Moreover, when
the wind speed exceeds 8 m s from SE, they show average concentra-
tions of 300-400 pollen grains m™> in the range of 90 to 150 m above the
surface. This value decreases at the other height ranges.

4.2.2. Spearman correlations for Cupressaceae

All height ranges display similar results, with a clear absence of
correlation between Cupressaceae pollen concentrations and w
(Table 4). With respect to vy, it reaches statistical significance in each of
the study scenarios, showing a consistent negative correlation coeffi-
cient with values up to -0.40 during convective periods. Continuing with
the ¢, a very similar situation to the previous variable can be observed.
However, some differences exist, including the absence of statistical
significance in the height range from 90 to 500 m during non-convective
periods, and an overall stronger correlation compared to other variables.
This variable shows the highest correlation coefficient reaching a value
of -0.47 for the lowest height range and convective period. Finally, sh is
negatively correlated, however it does not show statistical significance
for non-convective periods and in the mid-range during all day periods.
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Fig. 4. Bivariate polar plots for the Cupressaceae pollen type at different height ranges and sampling periods. Circles represent horizontal wind speed in m s’

Table 4

Spearman correlation coefficients between Cupressaceae daily pollen concentrations and each of the selected variables associated with the ABL dynamics for different
height ranges and ABL regimes. Only statistical significant coefficients, i.e. those with a p-value < 0.05, are shown.

Cupressaceae [90, 150] m

Cupressaceae [90, 250] m

Cupressaceae [90, 500] m

Vh w e sh Vi w e sh Vh w e sh
All day -0.37 - -0.42 -0.15 -0.35 -0.36 - -0.32 - -0.35 -0.19
Convective -0.40 - -0.47 -0.34 -0.40 -0.45 -0.30 -0.38 - -0.41 -0.31
Non-convective -0.20 - -0.19 - -0.23 -0.17 - -0.21 - - -

During the convective periods, higher correlations are observed which
remain nearly constant (around -0.32) across the different height ranges.

4.2.3. GLMs for Cupressaceae

For the variable vy, stastistical significant negative coefficients
appear in some study scenarios, being its influence most clear in the
height range from 90 to 250 m (Table 5). Regarding the w variable,
GLMs enable it to achieve statistical significance. In the lower height
range during non-convective periods, the positive coefficient implies an
additive effect on surface Cupressaceae pollen concentrations.
Conversely, w shows a negative effect for higher altitude ranges during
convective periods. With respect to ¢, the negative coefficient across all
height ranges and during all day and convective periods indicates that the
presence of high turbulence at any altitude within the ABL leads to a
reduction in surface Cupressaceae pollen concentrations. Additionally,
the model also captures the influence of turbulence in the closest height
range to surface during non-convective periods. On the other hand, the
variable sh shows positive effects for all day and non-convective periods in

the lowest height ranges, disagreeing with Spearman’s correlations.

Finally, the dir variable shows a large number of directions with
statistical significance, especially in the lower height range during all
day and non-convective periods. The E direction displays in all cases a
positive effect on surface Cupressaceae pollen concentrations. As alti-
tude ranges increase, additional wind directions contribute to this pos-
itive effect, with the SE component in the mid-range and NE, SE, and S at
the highest altitude range. The rest of the wind directions that reach the
statistical significance show a negative effect on Cupressaceae pollen
concentration.

Regarding D? of each model (Table 5), the highest values are
observed for all day periods, with percentages between 27% and 37%. In
Table 6, it can be observed that most of the variables are involved during
all day period, presenting statistical significance. The variable dir plays a
significant contribution in D? at any height range, with a maximum
value of 17% observed in the lowest height range. Another variable that
contributes significantly to D? across all height ranges is ¢, which in-
creases its influence on surface Cupressaceae pollen concentrations in
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Table 5
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Sign of the coefficient estimates of the linear predictor when applying a GLM model with Cupressaceae pollen as the response variable and the selected parameters
associated with the ABL dynamics as the explanatory variables for different height ranges and ABL regimes. Only statistical significant coefficients, i.e. those with p <
0.05 (), p < 0.01 (**) and p < 0.001 (***) are presented. The percentage of variance explained, D?, of each model are also included.

Vi w e sh dir D? (%)
- - - - N NE E SE S SW w NW -
Cupressaceae [90, 150] m
All day ¥ - ()Fx* () () ¥ (+)** - ) ()*** () () 36.68
Convective - - (=)= - - - (+)** - - - - - 22.60
Non-convective - (+)* )= +)* )+ () (F)** - () ()= () () 29.41
Cupressaceae [90, 250] m
All day ()** - () () )** - - - - ) ) () 27.35
Convective (-)* -)* ()x* - - - (F)*** - - - - - 21.75
Non-convective ~ ()** - - () ok - (+yre () - OF Ok (s 26.96
Cupressaceae [90, 500] m
All day - - (e - - - ) (Cok - - (* (Ol 25.78
Convective - (-)* (-)x** - - - (4 )*** - - - - - 20.08
Non-convective )* - - - - (F)*** () ()5 (+)* - - - 24.78

the larger height ranges. In addition, the variables v, and sh present a
more limited influence, as demonstrated by their lower contribution to
D? and their restriction to height ranges from 90 to 250 m. For convective
periods, the percentages of D? ranges between 20% and 23%. In addi-
tion, ¢ is shown as the variable with the highest contribution to D?,
taking values from 7 % to 10%. However, the important contribution of
the variable dir to the D? models is drastically reduced during this
period. During non-convective periods, the D? values range between 25%
and 30%, with a continued decrease in D? across broader height ranges.
The influence of nighttime dir on Cupressaceae pollen concentration is
much higher than other study periods, showing a maximum value of
21% in the height range closest to the surface. Moreover, the variable sh
presents a contribution to the D? of 5% in the mid-range, where the
statistical significance observed in the lowest height range in the GLM
output does not persist. The rest of the variables that reach statistical
significance, v, and ¢, display very low values of D? up to 3% and 2%,
respectively.

5. Discussion

The bivariate polar plots indicate that the main source of Olea pollen
is located some distance from the city in the W-NW sector (Alba et al.,
2000), with significant transport occurring during convective periods. On
the other hand, the primary source of Cupressaceae pollen is within the
city in the SE quadrant (Carinanos et al., 2016b), with a higher contri-
bution to the Cupressaceae pollen concentrations during non-convective
periods. The high density of each tree species aligns with typical wind
patterns in Granada, from the W-NW during the day and E-SE at nights
(Ortiz-Amezcua et al., 2022), explaining the observed source locations.

In this study, the dir is the variable most influential and important in
the transport and dispersion of both pollen types. This result could
already be seen in the bivariate plots and, therefore, the GLM analysis
confirms that despite the influence of other variables the direction still

Table 6

carries significant weight. Many authors highlight the importance of the
surface wind direction in the pollen regional and long-distance transport
processes (e.g. Hjelmroos, 1991; Silva Palacios et al., 2000; Rojo et al.,
2015). For Olea pollen type, the concentrations increase when the wind
flows of the main sources at the NW of the city, especially during
convective periods. The dir can explain 27% of the variability of the Olea
pollen concentrations in the height range for 90 to 500 m, where the
model presents the highest D? for Olea with a value of 29%. This suggest
that the Olea pollen grains have already been subjected to mixing and
dispersion processes before entering the urban ABL at higher altitudes
influenced by daytime emissions (Fernandez-Rodriguez et al., 2020),
well-mixed ABL during convective conditions (Stull, 1988), and pre-
vailing diurnal NW winds. In addition, during the flowering season of
Olea, stronger upward and downward currents compared to Cupressa-
ceae make its pollen more influenced by ABL vertical movements.
Studies have shown that daytime turbulence can transport pollen grains
to altitudes of 1-2 km (Helbig et al., 2004; Shang et al., 2020; Robichaud
and Comtois, 2021). At night, however, Olea pollen concentrations near
the surface appears evenly distributed, with no prevailing wind direc-
tion affecting concentrations. At night, however, Olea pollen concen-
trations near the surface appears evenly distributed, with no prevailing
wind direction affecting concentrations

For Cupressaceae pollen concentrations, the dir variable shows sig-
nificant effects, particularly during non-convective periods at any height
range, explaining up to the 22% of the variability of the Cupressaceae
pollen concentrations. The E direction consistently increases surface
concentrations at any moment of the day, influenced by the high density
of cypress trees in the eastern part of the city. As the altitude increases,
more wind directions, including SE, NE, and S, also contribute positively
during nighttime. However, during nighttime and in the lower height
ranges, winds originating from the western sector resulted in a reduction
in Cupressaceae pollen concentrations due to the lack of sources in those
directions.

Percentage of D? contributing to the model each of the selected variables related to the ABL dynamics obtained by a type I ANOVA test applied to each GLM model.

Significance code: p < 0.05 (*), p < 0.01 (**) and p < 0.001 (***).

Cupressaceae [90, 150] m

Cupressaceae [90, 250] m

Cupressaceae [90, 500] m

D? (%) Vi w I3 sh dir Vi w € sh dir Vi w I3 sh dir
All day 1.71 0.25 4.82 3.49 16.70 2.06 0.04 6.82 4.07 10.16 0.06 0.01 8.98 0.10 13.29
* *edesk *ededk Fededk ke ek ek ek Kk ke
Convective 0.30 0.66 7.85 0.08 3.85 1.65 2.56 6.98 0.20 2.08 0.53 2.56 9.71 0.21 1.55
Non-convective 0.01 1.54 1.79 1.10 21.42 2.89 0.05 1.12 4.47 18.48 2.00 0.06 0.07 0.74 19.72
* * dededk ek dedkede ek * e
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The influence of w in each type of pollen is different due to the
different flowering periods and the location of the main sources of each
one. For Olea, w is the other variable that reaches statistical significance.
The fact that the emission sources are located outside the city can be the
reason for this lack of statistical significance with the other remaining
variables. In this case, both GLMs and Spearman correlations are in
concordance. During non-convective periods, when the w is negative
(downward air movement), the concentration of Olea pollen on the
surface increases and vice versa. In stable conditions with reduced tur-
bulence, w significantly influences pollen movement, explaining over
5% of surface variability at the height ranges of 90-150 m and 90-500 m.
In the middle range, v; and sh become more influential, indicating a shift
in ABL dynamics, likely due to the transition between the SBL and the
Residual Layer (RL), as well as the possible formation of nocturnal Low-
Level Jets (e.g. Banta et al., 2003; Duarte et al., 2015; Pichugina et al.,
2017; Tsiringakis et al., 2022).

Despite being lighter than Olea, Cupressaceae pollen concentrations
do not show a statistically significant correlation with w in the Spearman
analysis. This can be due to that w within the ABL has limited influence
on dispersion processes by itself. GLMs, however, reveal a significant
influence of w, likely through interactions with other variables. The
effect of w varies between the height range closest to the surface and the
other two height ranges. In the lower height range during nighttime,
upward air movement (positive w) increases Cupressaceae pollen con-
centrations at surface, explaining about 2% of D2 This likely occurs due
to upward air displacement, caused by the entry of the nocturnal kata-
batic flow in the ABL of the city (Chemel et al., 2009), which is
accompanied by high concentrations of Cupressaceae pollen.
Conversely, w shows a negative effect for higher altitude ranges during
convective periods, resulting in concentration increasing as w is negative
(downward movement), likely due to the high turbulence associated
with this period and the lightweight of the pollen grains. In this case, the
percentage of D? ascend very lightly until 3%.

The Spearman correlation analysis shows a significant negative
relationship between vy, and surface Cupressaceae pollen concentrations
in all the study scenarios. This indicates that v, at altitudes within the
ABL is closely linked to the transport and dispersion processes of pollen
grains when it occurs in the vicinity of the pollen emission source
(Hernandez-Ceballos et al. 2014; Izquierdo et al. 2017; Bogawski et al.,
2019). GLMs also reflect this negative effect but only in specific cases,
with the influence most evident at 90 to 250 m, contributing up to 3% to
D2 This variation across different height ranges may be due to the
combined influence of vy, and dir. The bivariate plot for Cupressaceae
shows that higher wind speeds generally bring lower Cupressaceae
pollen concentrations, even at night, when winds from primary sources
tend to be weaker compared to other directions.

The variable ¢ reaches statistical significance in all study scenarios
for the Spearman correlations, with a strong negative influence,
particularly in the lowest height range during convective periods (cor-
relation coefficient of -0.47). This highlights the significant role of tur-
bulence in dispersing Cupressaceae pollen throughout the ABL, with an
effect that could cover the entire extent of the ABL (e.g. Noh et al., 2013;
Sicard et al., 2016). GLMs confirm this effect, with increased turbulence
corresponding to lower Cupressaceae pollen concentrations. The ¢ is the
second most influential variable after dir, contributing 7% to 10% to D?,
especially during daytime. Cupressaceae pollen, due to its lightweight
structure and potential for long-distance transport, responds rapidly to
variations in turbulence within the ABL.

Finally, for the variable sh, Spearman analysis shows a negative
correlation during all day and convective periods across all height ranges,
indicating that sh in the CBL reduces surface pollen concentrations.
However, GLMs reveal a positive effect on Cupressaceae pollen during
non-convective periods in the lower height ranges, possibly due to wind
shear forming a barrier that traps pollen near the surface (Sun et al.,
2012), but these effects should be analyzed separately to extract more
robust conclusions. Therefore, it is likely that different effects are being

11

Agricultural and Forest Meteorology 371 (2025) 110584

observed in each statistical method. Spearman correlations capture the
negative correlation of sh across all height ranges during convective pe-
riods, while the GLMs capture the positive effect during non-convective
periods, with a more limited scope up to 250 m, and the possible com-
bined effects with other variables.

6. Conclusions

This study underscores the complex relationship between pollen
concentrations and ABL dynamics in Granada, Spain, revealing marked
differences between Olea and Cupressaceae pollen types, due to the
different location of their sources and the intrinsic characteristics of the
pollen, such as grain weight and flowering period. Statistical models
such as GLMs, demonstrated substantial explanatory power considering
the crossed relationships between the investigated variables, accounting
for up to 37% of variability in Cupressaceae pollen concentrations and
29% in Olea. This highlights the importance of including measurements
at several heights within ABL, a novel approach given by this study. Olea
pollen concentrations, primarily transported from cultivated areas
outside the city, show a strong dependency on wind direction and ver-
tical wind speed. Conversely, Cupressaceae pollen, which is emitted
within city boundaries, shows more correlation between pollen con-
centration and ABL dynamics. Therefore, the impact of the ABL on
surface pollen concentrations varies significantly depending on whether
pollen is locally emitted or transported from distant sources. In addition,
the local dynamics of the ABL play a crucial role in the transport and
dispersion of pollen grains, influenced by winds generated by the
topography, diurnal and nocturnal wind patterns, and other factors that
influence the local ABL behaviour.

The novelty of correlating atmospheric variables at height in this
study paves the way for future research on pollen dynamics, particularly
through the inclusion of additional pollen types and other meteorolog-
ical variables, higher temporal resolution pollen data, and similar ana-
lyses conducted in different cities or environments. It demonstrates the
need for pollen forecasting models that account for ABL dynamics in
order to better predict pollen concentrations, improve public health
measures, and optimize urban planning to minimize allergen exposure,
especially in areas where pollen sources and ABL dynamics are closely
intertwined.
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