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Abstract: This study analyzes the behavior of airborne pollen in relation to meteorological
parameters. It may be helpful to understand the consequences of this interaction on
the health of the population of Madrid in the form of respiratory allergic pathologies.
To this end, a multivariate analysis was carried out using Spearman’s linear correlation
coefficient between the concentrations in the Madrid atmosphere of six types of tree pollen
(Cupressaceae, Olea, Platanus, Pinus, Ulmus and Populus) and each of the six meteorological
variables: relative humidity, precipitation, temperature, wind, radiation and insolation.
The meteorological parameters most correlated with pollen types, with monthly values,
are temperature and insolation, followed by radiation and relative humidity. In addition,
there are more significant correlations of meteorological variables with Cupressaceae, Olea,
Pinus and Platanus pollen types. Radiation is the meteorological parameter with the highest
p values, especially with Olea, with p > 0.8. Wind is the only variable with significant
correlations, all of them positive, with pollen types. The number of statistically significant
results obtained from daily values is lower compared to monthly values, and only with
Populus, Cupressaceae and Olea. The inter-relationship of meteorological variables with
pollen grains can lead to an increase in the number of cases of pollinosis, when there are
significant positive correlations.

Keywords: urban trees; pollen; atmospheric phenomena; environmental health; positive
and negative interaction

1. Introduction

A sustainable city implies the existence of trees in the streets and green areas. The
more and better planned the presence of trees, the higher the quality of life in cities.

The benefits offered by each tree are difficult to quantify, from the biophysical (ther-
moregulatory effect, purification of the urban atmosphere, etc.) to the less tangible but
equally important social benefits (improvement of health, prevention of stress, anxiety, and
fatigue syndrome, reduction of criminality, etc.) [1,2].

The presence of trees also implies benefits for residents and visitors in terms of im-
proved quality of life, manifested in the promotion of social relations and the creation of
more favorable environments for the development of daily and work activities. In addition,
there are economic benefits in the medium and long term due to reduced morbidity due to
respiratory infections and, consequently, hospital admissions. Finally, the presence of urban
trees makes it possible to obtain “green space branding”, which generates an economic
benefit by improving tourism and investments in cities considered sustainable [3-5].
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Allergenic airborne pollen is a growing health problem affecting an increasing number
of people. The prevalence of asthma and allergic rhinitis has been increasing severely in
recent years in Japan, Europe, and North America. Moreover, many studies indicate that
air pollution is vital in increasing pollinosis [6,7]. In addition, so-called meteorological
risk factors can have a specific impact on exposure and the nature of pollinosis. From a
population health point of view, significant positive correlations usually indicate meteoro-
logical risk factors, when they favor an increase in pollen concentration, which may lead to
an increase in cases of pollinosis and exacerbations of cases already established, whereas
very often significant negative correlations may indicate the existence of meteorological
factors that may qualify as protective [8]. Thus, a study in Korea [9] shows a positive
correlation between increased air temperature and pollen sensitization rates, and another
in Australia [10] shows an intensification of rhino conjunctivitis symptoms due to increased
rainfall and temperature.

Meteorological parameters act synergistically on atmospheric pollen grains (as well as
on all types of aerobiological particles and pollutants) in the atmosphere. These parameters
strongly influence—in a wide variety of ways and on different time scales—their presence
and concentration in the atmosphere. This occurs before and during flowering, emission,
transport, dispersion, and/or deposition [11,12].

Temperature directly influences all plant phenophases so that it can accelerate or
delay the formation of flower buds, anthesis, emission, and dispersal of pollen [11]. More-
over, solar radiation is the meteorological variable that induces the onset of flowering in
thermophilic species [11].

On the other hand, another dehiscence of each plant occurs after exceeding a specific
temperature threshold. In addition, anthesis and pollen emission usually occur in the
central hours of the day, when temperatures are highest. A sudden drop in temperature
can delay dehiscence or prevent emission. Atmospheric convection, caused by maximum
daytime temperatures, favors the vertical transport of pollen grains and their permanence
in the atmosphere [11].

Precipitation also influences the onset of flowering. This parameter’s greater or lesser
influence on aerobiological phenomena will depend on the moment each plant is in the
phenological phase, the time of day when it occurs, and the intensity, among other factors.
They can act by dragging and causing the sedimentation of pollen grains in suspension. A
shortage of soil moisture caused by a lack of rainfall can cause water stress in plants. Each
plant species has a minimum precipitation requirement to initiate its annual growth cycle.
Evaporation can cause the same effects as periods of drought [11]. During rainfall, pollen
breakdown occurs due to shock or osmotic stress and can cause a severe asthma outbreak
in patients affected by pollinosis. At the onset of heavy rains and in conditions of high
atmospheric humidity, peaks of high pollen and other aerobiological particle concentrations
can occur [13].

Insolation, or hours of sunshine, is related to temperature and photoperiods. Increased
sunshine activates growth hormones (gibberellins and cytokinins) that regulate flower
formation. Once flowering has begun, the increase in the hours of sunshine per day causes
an increase in pollen concentration since dehydration of the anther walls occurs, facilitating
dehiscence and, consequently, the release of pollen [11].

As for relative humidity, it favors plant development and facilitates flowering, but an
increase above a specific threshold prevents another dehiscence and decreases pollen levels
in the atmosphere [11].

The wind is responsible for successfully dispersing and transporting pollen grains of
anemophilous plants. In general, and within certain limits, pollen concentrations increase
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with increasing wind speed and decrease with decreasing wind speed. In addition, wind
can also favor the re-flotation of already settled pollen [11].

The wind intervenes, together with other agents such as rain, atmospheric pressure
and relative humidity, in the emission or release of pollen grains. Wind transports pollen
away from the plant, so that the emitted pollen becomes airborne, to a greater or lesser
extent depending on the wind speed, together with the action of other factors such as the
height of the anther with respect to the surrounding surfaces, atmospheric turbulence,
rainfall and the density of the surrounding vegetation. Approximately three-quarters of
the pollen emitted becomes airborne on windy days [14].

The solar radiation that plants receive, accumulated over time, also causes the stimula-
tion of biological activity, and, together with insolation, both meteorological variables lead
to an increase in pollen concentration values in the atmosphere, even beyond the time of
peak pollen emission [12,13,15].

Plants can take advantage of diffuse radiation within the visible spectrum of light
(what can be called photosynthetic radiation), which they invest in the form of a higher
potential for productive growth and bioaerosol emission. The division of global radiation
into its components serves as a basis for predicting the photosynthetic productivity of the
plant canopy, among many other disciplines [12].

In addition, ultraviolet (UV) radiation, along with drought, salinity, and temperature
extremes (apart from atmospheric pollutants), is a climatic stressor and can lead plants to
produce higher levels of reactive oxygen species (ROS) and reactive nitrogen species (RNS),
with chemical modification of plant proteins, including pollen allergens [13].

The increase in the concentration of CO, in the atmosphere and air temperature is
altering the seasonality (the pollen season is advancing and/or lengthening in time), the
atmospheric concentration and pollen production, which are increasing, as well as the
geographical distribution of pollen (plants are shifting their distribution area towards the
poles, and it rises to higher and higher altitudes in mountainous areas [16]).

Despite its importance for public health, pollen is a very underestimated component
of air quality [17]. The increase in allergy cases, its relationship with air pollutants that
characterize urban settlements and the relationship with the changing meteorology create
a necessity for studies that show the relationship of pollen concentration, both with air
pollutants and meteorological variables.

In regions of Spain, there are many different types of vegetation, and the values of the
main meteorological parameters are very variable, so local studies are necessary [18]. There
are few studies on the relationship between meteorology and pollen concentration in the
Madrid region [19].

This study aims to establish the degree of influence of meteorological variables on the
concentration of airborne pollen grains in the city of Madrid, in the period 2013-2017.

2. Materials and Methods
2.1. Characterization and Location of Study Area

The municipality of Madrid extends over an area of 60,577 ha, of which 15,821 ha
constitutes the Monte de El Pardo, located north of this territory. It is the most extensive
lung of the city, with a majority presence of Quercus ilex in the form of dehesas. It is one
of the best examples of a Mediterranean forest and one of the best-preserved European
forests [20,21].

In addition, the capital of Madrid is densely occupied by arboreal vegetation, with
an area of more than 6000 ha, consisting of historic and unique parks (such as the gardens
of El Buen Retiro or Sabatini), forest parks (including the Casa de Campo), and numerous
parks and gardens scattered throughout the geography of its territory [22].
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Madrid was awarded the title of “Tree City of the World 2019” by the FAO and the
Arbor Day Foundation, which promotes more sustainable and resilient cities. This title was
renewed for the third consecutive year, with the added challenge of overcoming the damage
caused by the devastating storm Filomena, meeting the requirements of proper urban forest
management, among which are initiatives dedicated to promoting and citizen awareness of
the importance of urban trees [23,24]. Together with the city of Arroyomolinos, also located
in the Autonomous Community of Madrid (CAM), they are the only two cities in the world
that have held this title uninterruptedly for the fourth consecutive year, obtaining, again
in 2023, the title of “Tree City of the World 2022”, thanks to the effective management of
trees and green areas [25]. And, finally, Madrid is the only Spanish and world city to have
retained the title for the fifth consecutive time in 2024 [26].

Airborne pollen daily data were collected, coming from the Palinocam Network of
the Consejerfa de Sanidad of the CAM, in addition to meteorological data provided by the
Agencia Estatal de Meteorologia (AEMET) for five years (from 2013 to 2017).

Three AEMET stations and two from the Palinocam Network were selected (Table 1
and Figure 1). Only some of the meteorological variables are recorded at the Retiro station
in the capital of Madrid (the one initially selected due to its more central location within
the territory), and it was necessary to resort to information from the other two stations,
shown in Table 1. Thus, radiation data were not available at the Retiro station and were
available at the Ciudad Universitaria station. The same happens with the isolation data
obtained from the Cuatro Vientos station.

Table 1. Name of the stations of the Palinocam Network and of the AEMET stations. In the right
column, approximate distances between the respective stations, measured with Google Earth.

Palinocam Network AEMET

Station Spacing (m)

Stations Stations

Madrid: Ayuntamiento Retiro 1780
Madrid: Facultad de Farmacia Ciudad Universitaria 755
Madrid: Ayuntamiento Cuatro Vientos 8285

egend

@ AEMET Stations
&« Outline of the territary and districts of Madrid
® PALNOCAM Network Stations

Sampling Stations
AEMET and PALINOCAM Netwark

24
2¢:

Figure 1. Territory of the municipality of Madrid, with the 3 AEMET stations and the 2 stations of the
Palinocam Network, which have provided the necessary data, in the period 20132017, for this study
(Map prepared with Google Earth Pro).
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On the other hand, the Palinocam Network stations closest to the former have been
selected to obtain the most accurate correlation results possible between both variables
(Figure 1). The closest pollen station to Cuatro Vientos is Madrid Ayuntamiento, 8285 m.
The 755 m between the AEMET Ciudad Universitaria station and the Palinocam Network
station, Madrid Facultad de Farmacia (Table 1), represents the closest proximity between
both types of stations.

The CAM has a strongly continental climate. The warmest and driest climates are
found in the lower altitude areas, in the south of the region, while the coldest and most
humid climates are found in the regions with the most rugged terrain, in the mountains of
Madrid. Temperatures vary in a northwest—southeast direction [27].

Within the Képpen-Geiger climate classification, the CAM has a type C classification
corresponding to Temperate Climates. As for the territory of the municipality of Madrid, it
has a Csa type climate which is characterized by being temperate, with markedly dry and
hot summers and cold winters, and with scarce rainfall in winter, but usually abundant in
autumn and spring, although with large interannual fluctuations, which leads to variations
in the concentrations of pollen in the atmosphere. This climatic subtype is present in most
of the geography of the Madrid region, but especially in the central area, where the city of
Madrid is located [27,28].

In the urban area of Madrid, the climate is modified by the heat island effect. The heat
energy generated and released by urban activity causes an increase in average thermal
values, increasing night-time temperatures. In addition, the absolute humidity of the air is
lower than that which would correspond to a non-urban area located in the exact location
due to low evaporation from the ground and a lower presence of vegetation [27].

2.2. Airborne Pollen Data

The daily data of “airborne pollen grain concentration” come from 2 sampling stations
in the municipality of Madrid, out of the total of 11 available to the Palinocam Network in
the CAM. Daily data are converted to monthly data using the mean values.

The six selected pollen types, all of them with allergenic capacity, as described below,
correspond to mainly arboreal taxa, with a significant representation in Madrid’s parks,
gardens, and streets, and produce pollinosis in different degrees.

Cupressaceae pollen is the most abundant in the winter months and is almost the only
allergenic pollen with a high atmospheric incidence during this period. The pollen season
of Cupressaceae usually begins in November and lasts until late March or early April.
Perhaps Hesperocyparis arizonica is the primary source of pollen, given its great abundance
and the coincidence of its flowering season with the time of highest incidence. Platanus’s
pollination period is short since it usually begins in the second half of March and lasts
only 2 to 4 weeks. Its allergenic capacity is classified as moderate. It reaches the highest
concentrations in Madrid [29], one of the Spanish cities with the highest atmospheric
incidence of Platanus pollen, as shown in a study carried out in 14 Spanish cities with
different biogeographical and climatic characteristics [30].

Olea pollen shows the highest allergenicity, and in Madrid, it is the most frequent
cause of PCP (positive skin tests) among patients with pollinosis and the second most
important cause of rhinitis and/or asthma of pollen origin in Spain [30]. However, it is
much less critical than Gramineae pollen. Its pollination period usually begins in April and
lasts until June [29].

Pinus pollen is considered to have a low allergenic capacity. It usually remains in the
atmosphere of the CAM from March to July [29]. Populus pollen, of deficient allergenic
capacity, begins to concentrate in the atmosphere from February to March, while Ulmus
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pollen, considered of low allergenic capacity, has a pollination period that extends from
January to March [29].

At this time, the system adopted by the International Association of Aerobiology, of
which the Spanish Aerobiology Network is a part, and by the PALINOCAM network of the
Community of Madrid is the volumetric system, with a Hirst-type capture device marketed
by the Burkard house that allows daily samples to be obtained. These collectors have a
sampling coverage of about 20 km under normal orographic and settlement conditions
and a potentiometrically controlled suction flow rate of 10 L/min. All its components are
enameled or anodized to prevent corrosion, and they have a built-in suction pump and
turbine, with a work selector with 220 V alternating current or with a 12 V battery, and a
clock timer for taking samples continuously for seven days [29,31].

The technique followed for the mounting and analysis of the samples, obtained
by the Burkard collector, consisted of using fluid silicone as an adhesive substance and
glycerogelatin dyed with fuchsin as a mounting medium for the preparations. Several
bands were read on the same slide and an arithmetic mean of the results was made, because
due to the turbulence and inequalities of the shock of the wind, some areas of the slide
were different from others. For a reading of the preparations at 400 x magnification, on
four longitudinal bands, the surface examined corresponds to approximately 10% of the
total surface of the sample. The data obtained express the average daily concentrations
in number of pollen grains per m3 of air. The data were subsequently analyzed in the
laboratory by expert personnel [29,31].

2.3. Data on Meteorological Variables

The meteorological variables chosen for this study (relative humidity, precipitation,
temperature, wind, radiation, and insolation) have been divided into several subtypes,
provided by the AEMET, in order to provide more precise information about the possible
interactions with the concentration of pollen grains in the atmosphere of Madrid.

A double study was carried out on the meteorological variables, one with monthly
values and the other with daily values. For this reason, 2 sets of subtype designations of
meteorological variables were established. Thus, those corresponding to monthly values
are detailed below:

1.  Relative humidity: monthly average humidity (HMed), monthly average of the
maximum daily humidity (HMax), and monthly average of the minimum daily

humidity (HMin).
2. Precipitation: monthly total precipitation (PT) and maximum daily precipita-
tion (PMax).

3. Temperature: monthly mean of the maximum daily temperature (TMax), monthly
mean of the minimum daily temperature (TMin), and monthly mean tempera-
ture (TMed).

4. Wind: maximum monthly gust speed (VMax) and number of days with wind
speed >36 km/h (V36).

5. Radiation: monthly average of daily diffuse radiation (DR), monthly average of daily
global radiation (GR), and monthly average of daily ultraviolet radiation (UVR).

6. Insolation: monthly total insolation (IT) and average daily insolation (IMed).

And the subtypes of the meteorological variables, corresponding to daily values, are
shown below:

1.  Relative humidity: daily maximum humidity (dHMax), daily minimum humidity
(dHMin) and daily mean humidity (dHMed).

2. Precipitation: daily total precipitation (dPT) and daily maximum precipitation intensity
(dPMax).
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3.  Temperature: daily maximum temperature (dTMax), daily minimum temperature
(dTMin), and daily mean temperature (dTMed).

4. Wind: maximum daily wind gust speed (dVMax).

5. Radiation: total daily diffuse radiation (dRD), total daily global radiation (dRG) and
total daily ultraviolet radiation (dRUV).

6. Insolation: total daily insolation (dIT) and daily insolation percentage (dIP).

2.4. Methods

This study was approached in two distinct phases. The first phase involved calculating
the correlation between the two types of variables (airborne pollen and meteorological)
described in the previous section. In this first stage, monthly meteorological data were
used, which were initially provided by the AEMET. In the case of atmospheric pollen, the
data provided by the Palinocam Network are daily data, which is why these were taken as
the basis for calculating the monthly values, finding the average values month by month,
as shown in Table A1 (Appendix A).

In a second phase, it was decided to carry out an analysis of the inter-relationships of
these variables within the main pollination periods (MPPs) of each of the 6 pollen types.
This required the request of new data, this time daily, to the AEMET.

It was considered of interest to study the inter-relationships between pollen grain
concentration and meteorological factors throughout the year, in addition to the MPPs,
since the analysis of the results obtained from monthly data reveals relevant information
on the behavior of the variables that would remain uncovered if only their correlations
were studied from daily data.

The MPPs were calculated, ignoring the lowest and null pollen concentration values
of the whole year, namely 10%, according to the criteria of Nilsson and Persson [32], i.e.,
the main pollen period was defined as the period from which the sum of the (daily mean)
concentrations reaches 5% of the total sum until the time when the sum reaches 95%, i.e.,
the main pollen season with 90% of the total amount of pollen.

For the two phases indicated, a rank correlation coefficient was used because airborne
pollen concentrations do not have a normal distribution [31]. Spearman’s linear correlation
coefficients were calculated for each of the six variables, corresponding to the pollen types,
with each of the 15 meteorological sub-variables under study, in the case of the monthly
values. Statgraphics Centurion 18 was used, because it was the one available at the time.
And in the case of daily values, the 14 sub-variables were analyzed, together with the daily
values of pollen types, with a more advanced version of Statagraphics, Centurion 19.

Although AEMET was asked to ensure that the sub-variables, with daily data, which
make up the 6 meteorological variables, were exactly the same as those initially provided
with monthly data, this coincidence did not occur precisely in all cases.

Thus, with regard to precipitation, the sub-variable ‘maximum daily precipitation
intensity’ (dPMax) was included, replacing ‘maximum daily monthly precipitation” (Pmax).
On the other hand, the monthly total precipitation (TP) is the result of the sum of the
daily total precipitation (dPT), the latter taken from 7:00 h of each day to 7:00 h of the
following day.

As far as temperature is concerned, there is a precise equivalence between the monthly
sub-variables TMax, TMin and TMed, and the daily ones, dTMax, dTMin and dTMed,
since the former are the result of finding the monthly average value of the latter. Exactly
the same is true for the radiation sub-variables.

Also, the values of the daily humidity subtypes coincide with those of the monthly
results, which is why they are comparable with each other. In fact, in the case of HMax and
HMin, their values are the result of the monthly average of the daily values of the dHMax
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and dHMin sub-variables, respectively. And, as for the average monthly humidity (HMed),
it results from finding the average value of the relative humidities quantified at 7:00 h, at
13:00 h, and at 18:00 h, which, in turn, are the result of the calculation of the average of the
daily relative humidities, taken at those times.

With regard to wind, there was no equivalence, with daily values, with the variable
V36, so only the ‘maximum daily wind gust speed’ (dVMax) was studied. The sub-variable
‘maximum monthly gust speed’ (VMax) was obtained from the highest value taken from
the daily data (dVMax); hence, there was no equivalence that allows comparison between
Vmax and dVMax.

Finally, in respect of the variable insolation, it was not possible to study the average
daily insolation (IMed), which was obtained by dividing the sum of the total daily insolation
values for each month by the number of days in each month. As an alternative, we chose to
include the daily insolation percentage (dIP), in order to provide more information on this
variable. As for the monthly total insolation (IT), this was the result of the sum of the daily
values of the daily total insolation, dIT, which is why the results of both are comparable.

3. Results
3.1. Results with Monthly Values

The mean values, standard deviation (SD), and coefficient of variation (CV) for the
data of the six pollen types under study obtained at the Madrid Ayuntamiento and Madrid
Facultad de Farmacia stations can be seen in Table A1 (Appendix A). A similarity can be
observed in the results of Olea at both stations, interestingly during its pollination period
(April to June), both in terms of mean values and in the dispersion measures themselves.

The rest of the pollen types show appreciably different values in both stations, except
in the isolated cases highlighted in Table A1.

Platanus is the pollen type with the highest presence in the atmosphere at the two sta-
tions in Madrid, (in March and April, when its values literally skyrocket). It is followed
by Cupressaceae pollen (with very high values in January, February and March), Pinus
(in April, May and June), Populus in March (with particularly high concentration at the
Madrid Facultad de Farmacia station), Ulmus in February and Olea in May and June as can
be seen in Table Al. In all cases, their values are confirmed within the pollination periods
discussed in Section 2.2.

There is a substantial variation in the values of pollen concentrations around the
average values (significantly different from 0, i.e., greater than or equal to 1), with CVs
ranging from 27.145% (in the case of Platanus in the Madrid Ayuntamiento station) to
162.424% for Olea in the same station (as can be seen in Table A1), as a consequence of
the existence of annual maximum values of pollen concentration that occur during a time
somewhat longer than the pollination (from 1 month in the case of Platanus to about five
months in the case of Cupressaceae and Pinus). These values decrease during the rest of
the year to almost zero.

The mean values and dispersion measures of the meteorological variables can be seen
in Table A2 (Appendix A). Judging by the CV values, which are, in general, much lower
than those recorded for the pollen types, it can be stated that the meteorological parameters
show a more excellent stability within the study period. The exception lies mainly in the
precipitation variable, with very scattered values (CV for Pmax, in August, of 196.098%),
which reflects the type of Mediterranean climate typical of Madrid, with large interannual
fluctuations, which leads to variations in pollen concentrations in the atmosphere.

The Spearman rank correlation coefficient analysis (p) results can be seen in Table A3
(Appendix B). The p values are higher (close to “1” or “—1") in the case of Olea with RG and
with RUV, with respective values of 0.8132 and 0.8063, and, in both cases, with a p-value
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of “0”. This can be seen in the graph in Figure 2, and how the meteorological variable
PMax does not present results of p > 0.3 and p-value < 0.05, as can be seen too in Table A3
(Appendix B).

Cupressaceae [ Olea [DPinus OPlatanus [IPopulus |LIUImMus

Figure 2. Graph showing the correlation results between the 2 study variables, obtained from monthly
values, in the period 2013-2017.

Given the results detailed in Figure 2 and Table A3 (Appendix B), the following can
be seen:

- The proportion of correlations significantly different from “0” concerning the total
is 64.44%.

In general, there are more significant correlations of the meteorological variables with
the Cupressaceae, Olea, Pinus, and Platanus pollen types (76.67%) than with the Populus and
Ulmus types (40.00%). Moreover, with the three subtypes of the variable relative humidity,
there are none with Populus and Ulmus. Moreover, in the case of radiation, only one case of
p > 0.3 (0.5371) and p-value < 0.05 (0.000) occurs in the case of Populus with RD.

- Atotal of 63.64% of the significant correlations of meteorological variables with Cu-
pressaceae pollen are negative. Meanwhile, with Olea, Pinus, and Platanus pollen, it
is 28.57%. Interestingly, in all cases with significant negative correlations of meteoro-
logical parameters with Cupressaceae, positive correlations occur with Olea, Pinus,
and Platanus types, and vice versa. The same occurs between the pollen types of Olea,
Pinus, and Platanus with the types Populus and/or Ulmus in almost all cases, except
with the variables PT, V36, and RD.

- In the three subtypes of the relative humidity variable, values of p > 0.3 and
p-values < 0.05 are given, with all pollen types except Populus and Ulmus. The pos-
itive correlation with Cupressaceae suggests that the higher the relative humidity,
the higher the airborne pollen concentration. This is in contrast to Olea, Pinus, and
Platanus, with which there are negative correlations. Precipitation only shows signifi-
cant correlations (only PT) with Olea and Populus, and these are among the weakest of
all the correlations obtained in the study. With Olea, the correlation is negative, so it
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can be affirmed that the higher the precipitation, the lower the pollen concentration,
contrary to what occurs with Populus pollen.

- The temperature variable (in its three subtypes) is the one that provides the most
information, together with insolation, about the possible inter-relationship with the
concentration of pollen grains since all the correlations are significant, except in three
cases. With temperature, it is evident what was commented before, in that the group of
pollen types Olea, Pinus, and Platanus present positive correlations (so that the higher
the temperature, the higher the concentration of these types of pollen), while for the
rest of the types, the opposite occurs. With this meteorological variable, the strongest
correlations occur with Cupressaceae, with values of p > 0.7. As for wind, all the
results of significant correlations are positive, so it can be affirmed that the higher the
wind speed, the higher the pollen concentration (VMax), and that with wind speeds
higher than 36 km/h (V36), in general, there is also a higher concentration of pollen in
the atmosphere.

- Radiation is the meteorological parameter with the highest p values, especially
with Olea above all (in this case, it is with p > 0.8—the highest values in this
study—specifically with RG and RUV), and also with Pinus and Platanus (with
p > 0.6377). Positive correlations occur with these three types, as well as with Populus.
In these cases, the higher the diffuse radiation, the higher the pollen concentration.
And with Olea, Pinus, and Platanus, the higher global and ultraviolet radiation, the
higher the presence of pollen grains in the atmosphere. With Cupressaceae, the
opposite is true, as mentioned above.

- Finally, insolation also provides essential information on its possible influence on
pollen grains in the atmosphere of the pollen types under study. Only with Populus
were no significant correlations obtained. With Olea, Pinus, and Platanus, the results
were positive, so it can be affirmed that the more hours of sun exposure, the more
pollen is expelled from the anthers of the flowers of these pollen types. However, the
opposite occurs with Cupressaceae and Ulmus.

3.2. Result with Daily Values

As with the monthly values (Table A1 Appendix A), the highest mean values occur
with Platanus at both study stations. The results in Table 2 reflect the eminently ‘explosive’
character of the pollination of this pollen type, especially highlighted because the time
frame of this analysis corresponds to this time for the MPP. It shows a clearly high standard
deviation, although with a coefficient of variation significantly below that obtained in the
case of Cupressaceae.

While Populus (Table 2) is the second pollen type with the highest mean values at the
Facultad de Farmacia station, with 188.474 g/ m3, at the Madrid Ayuntamiento station, it is
Ulmus, with 100.213 g/ m3. In third place is Olea, in both stations, with values of 86.823 and
73.490 g/m?3, respectively.

Figure 3 shows the pollen calendars of the two study stations, within the Palinocam
Network. At the same time, in Table A5 (Appendix C), the minimum and maximum values
of the MPP duration can be seen in detail, as well as the maximum value for each of the
pollen types studied. It also shows the start and end days of the MPPs, as well as the dates
on which the maximum values occur, within the study period.

As can be seen in Figure 3, there is a significant similarity in terms of the duration of
the start and end periods, as well as the peak days of the MPPs, between the two stations.
There is an appreciable difference in the peak values.
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Table 2. Values of the mean, standard deviation (in pollen grains per cubic meter of air, g/m?), and
coefficient of variation (in percent), obtained with daily values, within the MPP, for the 6 pollen types
studied, during the study period (2013-2017), in the 2 stations of the Palinocam Network already
reflected in Table 1 and described previously.

Mean  Standard Deviation Coe.fﬁ.mentoof Mean  Standard Deviation Coe.fﬁFlentoof
Variation (%) Variation (%)

56.727 183.183 322.920 72.174 220.406 305.380

86.823 110.656 127.450 73.490 96.181 130.876
48.463 66.354 136.916 64.652 101.092 156.364
668.351 1045.950 156.498 989.333 1610.450 162.781
58.790 71.124 120.981 188.474 284.654 151.031
100.213 139.169 138.872 33.131 39.437 119.036

POLLEN CALENDAR MADRID AYUNTAMIENTO
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Figure 3. Graph showing the pollen calendars of the two stations of the Palinocam Network of this
study, within the period 2013-2017. It reveals the intervals at the beginning of the MPPs, those at
the end, those for the rest of the period, as well as those in which the peak values occur, the same
information that is set out in more detail in Table A5 Appendix C.

Morover, Table 3 shows the mean values and dispersion measures of the meteorological
variables, obtained from daily data. As can be seen, as with the results obtained from
monthly data, the CV values are generally lower than those recorded for the pollen types
(Table 2), so it can be said that the meteorological parameters are more stable over the
study period. An exception to this rule is presented by the precipitation sub-variables,
with CV values above 300%, which implies that there are many days with no or almost no
precipitation, coinciding with the summer period, with a markedly dry character and with
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scarce precipitation in winter, and, in contrast, abundant in autumn and spring, and also
with large interannual fluctuations (all of which imply variations in pollen concentrations
in the atmosphere), in accordance with the Csa type climate, typical of the city of Madrid,
as already noted in the section on Materials.

Table 3. Values of the mean, standard deviation (in the units reflected in the table itself) and coefficient
of variation (in percent) obtained from the daily data, during the study period (2013-2017), from the
3 AEMET stations already described above and reflected in Table 1. Results for subtypes comparable
to those obtained from monthly data (Table A2 Appendix A) are shaded in light blue.

Standard Coefic. of Standard
Deviation Variac. (%) Deviation
75.913 15.782 20.789 16.105
42.728 15.630 36.580

Coefic. of
Variac. (%)
7.799 48.426
32.632 12.059 36.953

| dHMed (%) = 56.89 16.699 29350 | dRD (MJ/m?) @ 5.194 2.822 54.335
0.992 3.270 329.696 | dRG (MJ/m?) | 17.352 8.792 50.670
dPMax (mm/h) [J¥A 4.022 334.960 26.517 17.852 67.324

21.232 9.054 42.645 8.260 3912 47.362

[ dTMin (°C) 10.969 6.723 61.287 dIP (%) 66.476 28.673 43.133

These particularly higher CV values, typical of the precipitation subtypes, also occur
with monthly values, as already mentioned (as can be seen in Table A2 Appendix A), but
in a much smaller proportion than with daily data.

As can be seen in the graph in Figure 4 (and with more detail in Table A4, Appendix B),
only three pollen types, Cupressaceae, Olea and Populus, show statistically significant

correlations with at least one of the meteorological variables. At the same time, no results
with values of p > 0.3 and p < 0.05 are given for any pollen type with the only wind variable,
dVMax, nor with the radiation sub-variable dRD, nor with the insolation sub-variable
dIT. In Figure 4, it can be checked how the highest p indices are reached in the case of
Cupressaceae with the three thermal sub-variables, with values exceeding 0.5. And also,
the majority of correlations are negative, as can be seen in Table A4 Appendix B.

Cupressaceae--Olea- 1 Pinus-ElPlatanus— = Populus- = -Ulmus

Figure 4. Graph showing the correlation results between the 2 study variables, obtained from daily
values, in the period 2013-2017.
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The statistically significant results are 19.05%, with the meteorological variables. All
except wind and radiation for Populus, which obtains 8 out of 16 statistically significant
results. This contrasts with the results obtained from monthly data (as can be seen in
Table A3), according to which Populus is one of the two pollen types worst correlated with
meteorological variables. The other is Ulmus, which, in this case, as mentioned above, does
not obtain statistically significant correlation results with the meteorological variables (as
can be seen in Table A4).

Cupressaceae is the second best correlated pollen type, with five favorable results and
the only pollen type significantly correlated with any of the radiation variables (specifically
with dRG and dRUYV). Moreover, together with Olea (which obtains three results signifi-
cantly different from ‘0’), they are the only ones with values of p > 0.3 and p < 0.05, with
the three temperature subtypes. With Populus, these values are given with dTMax and
dTMed only.

4. Discussion

The complex interplay between environmental and biological factors affects the re-
lations of pollen with meteorological variables [33,34]. The increase in ultraviolet (UV)
radiation and the induction of spatial and temporal changes in temperature and humid-
ity lead to changes in vegetation patterns (plant cover) and plant physiology (including
pollination periods and chemical modifications of plant proteins). In addition, an increase
in temperature can lead to a higher concentration of pollen in the atmosphere. The urban
environment is particularly sensitive to warming due to the tight sealing of the soil, which
causes soil drought, especially in the Mediterranean area [13,35].

The variability in the pollen concentrations in the atmosphere of the six pollen types
studied is very high. This may be due to the maximum rates during the pollination
season, which are one month in the case of Platanus and up to five months in the case of
Cupressaceae and Pinus. Outside these periods, concentrations decrease to zero or almost
zero during the rest of the year. Similar results are observed for all 11 stations of the CAM
Palinocam Network, and the study period is compared with the 1994-1999 period [31]. At
the same time, more recent studies show a trend towards a higher concentration of pollen
in the atmosphere, in recent years, of the most abundant tree pollen taxa in the city of
Madrid, as well as in the rest of the most populous cities in the Community of Madrid, i.e.,
Cupressaceae, Platanus, Quercus, Olea and Pinus, among others [19].

In addition, given the interannual variability of meteorological parameters, especially
in terms of precipitation (which shows differences in the amount and period of occurrence
in the Mediterranean region), as evidenced in other studies [12,36], it would be interesting
to carry out a detailed analysis by year.

Flowering and pollination periods depend on meteorological conditions, which influ-
ence the pollen concentrations in the atmosphere and the duration of these periods [37].
Other studies show significant and positive correlations with temperature (as for Olea,
Pinus, and Platanus, with monthly values, as well as Populus, with daily values, in this
study, and contrary to the other pollen types) and precipitation (as for Olea), as well as
negative correlations with wind speed (contrary to this study) [38]. In particular, anther
dehiscence requires overcoming a specific temperature threshold, associated with solar
radiation, for each plant. Moreover, anthesis and pollen emission normally occur when
temperatures are highest, i.e., in the middle of the day. For these reasons, the positive
correlations found in this study, of both meteorological variables, may support these events,
especially since convective phenomena, which facilitate the vertical transport of pollen
grains and can prolong increases in pollen concentration in the atmosphere, are favored by
maximum temperatures [11].
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In general, higher temperatures correlated with earlier and longer pollination seasons
and higher average daily pollen concentrations [37].

On the other hand, with regard to wind speed, as mentioned above, the positive
correlations obtained with monthly values in this study, with all pollen types except Olea,
may justify the fact that, generally, and within certain limits, pollen concentrations increase
proportionally to the increase in this meteorological variable. In addition, pollen that has
already settled can be pushed upwards in the atmosphere by the action of the wind [11].

In addition, increased rainfall can have a short-term effect by causing low pollen
concentrations due to the ‘washout’ effect [39]. Such a phenomenon could explain the
negative correlations found in this study. The long-term effects of rainfall varied for trees
and weeds [39].

In the case of trees, 63.8% of the analyses resulted in significant positive correlations
with temperature [39], which coincides with the results obtained from daily data within the
MPP by the present study, where both Olea and Populus obtained significant positive corre-
lations, while the opposite was true for Cupressaceae, with significant negative correlations
with this meteorological variable.

At the same time, 41% of the tree analyses found a positive correlation between
precipitation and MPP onset date, with increases in precipitation leading to a later onset of
the pollen season. And higher precipitation correlated with lower average daily tree pollen
concentrations in 67.5% of the analyses [39]. This coincides with the present study, as it was
verified, from the results obtained with daily data within the Populus MPP, the only type of
pollen for which significant correlations with precipitation were obtained, that the higher
the precipitation, the lower the concentration of this pollen.

Alterations in pollen seasonality vary according to the taxon studied and the geo-
graphical location. In the United Kingdom, from 1995 to 2020, an association was detected
between the increase in temperature and an earlier onset of the pollen season of Quercus,
as well as with a peak day of pollen concentration in the atmosphere of Poaceae [40]. In
southern Spain, for several tree taxa with winter pollination and with the meteorological
variables of temperature and precipitation, in the period 1994-2017, it was found that flow-
ering was delayed, especially in the case of taxa with flowering closer to spring (Populus
and Ulmus) [40]. At the same time, Platanus, which generally begins its pollination period
somewhat later than Populus and Ulmus, may have a different start to flowering in two
cities such as Badajoz and Malaga, the former with a markedly continental climate and
the latter a coastal city with mild winters and warm summers, but both with the same
Mediterranean macro-bioclimate. In fact, in Malaga, there is a very clear delay in the onset
of flowering, due in turn to a delay in the cold requirement accumulated during the winter
that is needed before flowering occurs [41].

Likewise, the taxa with an earlier flowering of those studied [40] (Cupressaceae, Alnus,
and Fraxinus) are more influenced by temperature and precipitation before flowering,
while these parameters have more influence on the taxa with a later flowering during the
pollen season.

This is seen in this study, according to the results obtained from monthly data; however
Populus, Ulmus, and Cupressaceae taxa, contrary to the previous study, show negative
correlations with temperature, and only the positive correlation with precipitation coincides
in Populus [40].

The study conducted in the city of Granada, which also used a rank correlation analysis
and coincided in some of the selected pollen types with those of this study, states that the
meteorological variables that most influence, in general, the concentration of pollen of these
types are maximum daily temperature, relative humidity, global radiation, and insolation,
although with different effects on the different types of pollen. Specifically, those most
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correlated with pollen types in that study were daily mean relative humidity, precipitation,
daily minimum temperature, and vapor pressure [12]. In the NW of the Iberian Peninsula,
between 1993 and 2000 [42], a significant and positive correlation of pollen release and
dispersion of Pinus, Platanus and Quercus with temperature and insolation was found, as
well as a negative correlation with precipitation.

In the case of the present study, temperature and insolation were obtained, followed
by radiation and relative humidity, in all 4 cases in all their sub-variables. Specifically,
regarding sunshine, the mostly positive correlation results found in this study can be
supported by the fact that the increase in hours of sunshine during the day can cause the
release of pollen from the anthers as a consequence of the dehydration of the walls of the
anthers, but this meteorological variable is also related to temperature and photoperiods, so
the increase in hours of sunshine leads to the release of gibberellins and cytokinins, which
ultimately cause flowering [11].

Precipitation in the city of Granada obtained results of negative sign with all pollen
types [12] (the same occurs with the sub-variable PT with Olea in this study, but a result
contrary to what occurs with Populus, with which a positive correlation is given, was seen).
A negative value of p can be associated with the effect of washing by dragging, which rain
produces in aerobiological particles [12]. Relative humidity in Granada also gave negative
correlations in all cases, except with Cupressaceae and Urticaceae (there is a coincidence
in these results with those obtained in this study) [12]. Significant negative correlations of
relative humidity with most pollen types are frequent, as is the case in other areas of Europe
with a temperate continental climate [12]. On the other hand, abrupt changes in relative
humidity indices can cause the breakage of pollen grains and the release of submicron
particles, which can more easily affect the lower respiratory tract with a more negative
effect on the health of patients affected by pollinosis.

Furthermore, in the study carried out in the city of Granada, the Cupressaceae pollen
type was the most strongly correlated with the meteorological variables, specifically with
the minimum and maximum daily temperature and the global insolation [12]. In the case
of this study, there is a coincidence in the results, in terms of Tmax and TMin, since within
the thermal sub-variables, Cupressaceae is the pollen type (among the six studied) that
achieves the highest correlations, although these are negative, followed by Olea. It is Olea
that correlates more strongly with global radiation (GR); in fact, it reaches the highest value
of p (0.8132) of the whole study. The value of TMin is of particular importance in that its
variations come to cause the onset of the vegetative period after the stoppage caused by
the autumn season of deciduous plant species upon reaching the temperature threshold
necessary for this and thus being able to resume the reproductive period [12].

The solar radiation that plants receive, accumulated over time, also causes, as al-
ready mentioned, the stimulation of biological activity, and, together with insolation, both
meteorological variables lead to an increase in the values of pollen concentration in the
atmosphere, even beyond the time of peak pollen emission [12,15]. Thus, in the present
study, as already mentioned, there are significant correlations, mainly positive (except in
the case of Cupressaceae, with radiation, and Ulmus, with insolation).

Regarding current results, a positive relationship between global radiation and
Platanus pollen concentration was observed in Valladolid during the three years of the
study (2009-2011) [11].

In this study, higher correlation occurs with monthly data because the main pollen
season does not usually overpass this period of time. The analysis based on monthly data
provides relevant information that is missing in the analysis based only on daily values. It
is also interesting to analyze the behavior of the variables, their inter-relationship, outside
and inside the MPP.
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The statistically significant correlation results between the two study variables are
only 19.05%, compared to 64.44% obtained from monthly values.

As with the results obtained from monthly data, the significant correlations obtained
for Cupressaceae, from daily data, with the temperature and radiation variables are nega-
tive. Thus, it can be interpreted that the higher the temperature and radiation (specifically
with dRG and dRUV), the lower the concentration of pollen of this pollen type, and vice
versa. Also, with respect to temperature (and with the insolation subtype dIP only with
Populus), both Olea and Populus obtain statistically significant positive correlation results.
The statistically significant results for Populus with humidity and precipitation, however,
are negative.

The difference in the correlation results, obtained with monthly and daily values, may
be due to the fact that the days of the year (10% according to the criteria of Nilsson and
Persson [32]) on which there is a lower pollen concentration are discarded. This means that
for all pollen types, except Cupressaceae, the correlation with meteorological variables is
only studied for a small part of the year. One only has to look at the sample size of each
of the results obtained for Olea, Pinus, Platanus, Populus and Ulmus, which is far from the
1826 days of the total study period, 2013-2017.

However, in the case of Cupressaceae, the sample size is around 1000 days. This fact is
confirmed by the fact that the coefficient of variation of this pollen type is well over 300%,
a value much higher than those calculated for the rest of the pollen types.

At the same time, the sample size, relative to the correlations calculated from monthly
values, is between 59 and 60 months, practically the entire study period.

Therefore, the fact of discarding most of the study period from the correlation study
implies perhaps getting closer to the reality of the maximum involvement that can occur
between meteorological variables and pollination, but it also means ignoring another part
of the temporal reality in which the lowest pollen concentrations occur.

5. Conclusions

The significant positive correlations found between the concentration of pollen grains
and meteorological variables allow for considering the latter as meteorological risk factors
from the point of view of citizens” health since an increase in the values of meteorological
variables may lead to an increase in the concentration of pollen grains in the atmosphere
and a consequent higher probability of an increasing number of cases of pollinosis.

The two types of variables in this study show a very high variability. This is most
noticeable in the case of pollen concentrations in the atmosphere.

The meteorological variables most strongly correlated with the concentration of air-
borne pollen grains of the six pollen types under study are temperature and insolation,
followed by radiation and relative humidity (in all four cases in all their sub-variables).

In general, there are more significant correlations of meteorological variables with
Cupressaceae, Olea, Pinus, and Platanus pollen types. Radiation is the meteorological
parameter with which the highest p values occur, especially with Olea.

The only meteorological variable that presents significant positive correlations, all
of them, with the pollen types (with all except Olea, with which there is no significant
correlation in this case) is wind. Therefore, it can be affirmed that the higher the wind
speed, the higher the pollen concentration (VMax), and with wind speeds higher than
36 km/h (V36), there is also a higher pollen concentration in the atmosphere.

The statistically significant results obtained from daily values, within the MPPs, are
significantly lower than those obtained with monthly data, and are only obtained with
Cupressaceae, Olea and Populus. Therefore, there is no significant correlation of Pinus,
Platanus and Ulmus with any of the meteorological variables analyzed.
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The pollen type best correlated with the meteorological variables (all except wind and
radiation) is Populus, followed by Cupressaceae and Olea.

At the same time, no statistically significant results are observed for any pollen type
with the only wind variable, dVMax, nor with the radiation sub-variable dRD, nor with the
insolation sub-variable dIT.

As in the results obtained from the monthly data, the significant correlations obtained
for the Cupressaceae with the variables temperature and radiation are negative. Also, with
respect to temperature (and with the insolation subtype dIP only with Populus), both Olea
and Populus obtain statistically significant positive correlation results. The statistically
significant results for Populus with humidity and precipitation, however, are negative.

The fact of discarding, in the part of the analysis carried out with daily values, a large
part of the study period may explain the fact of obtaining statistically significant correlation
results that are weaker than those obtained from monthly data, as this implies ignoring a
part of the temporal reality in which, in general, the lowest pollen concentrations occur.
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Appendix A. Tables Describing the Atmospheric Pollen Concentration
and Meteorological Variables

Table Al. Values of the mean, standard deviation (in pollen grains per cubic meter of air, g/ m3),
and coefficient of variation (in percent), obtained from the monthly data, during the study period
(2013-2017), for the 6 pollen types studied in the 2 stations of the Palinocam Network already reflected
in Table 1 and described previously. Similar values (significantly different from 0) for both measuring
stations are highlighted in bold.

Madrid Ayuntamiento Madrid Facultad de
Station Farmacia Station
Pollen Types Month Mean Standard Deviation S::iifiic:;n(toz)f Mean S?:;:;Zi S::ifi;::;n(t(;z )f
Cupressaceae Jan. 146.487 101.629 69.38% 163.064 115.212 70.655%
Feb. 118.759 81.9394 69.00% 185.834 148.656 79.994%
Mar. 118.036 74.5236 63.14% 150.873 76.750 50.871%
Apr. 5.2534 2.31013 43.97% 7.588 3.019 39.789%
May. 7.0428 3.12636 44.39% 5.897 2.428 41.173%
Jun. 6.038 5.45904 90.41% 6.180 4.698 76.030%
Jul. 1.5426 1.68971 109.54% 2.020 2.006 99.345%
Aug. 0.3528 0.140503 39.83% 0.644 0.310 48.064%
Sep. 0.46775 0.431454 92.24% 0.846 0.369 43.538%
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Table Al. Cont.

Madrid Ayuntamiento Madrid Facultad de
Station Farmacia Station
Pollen Types Month Mean Standard Deviation ngiif:ic:)enn:o/:)f Mean gt:z:;fi S/::if;ﬂic(l);n(t"/(z )f

Oct. 2.3566 1.1057 46.92% 3.748 1.062 28.335%

Nov. 10.473 12.7933 122.16% 16.127 21.490 133.256%

Dec. 27.9118 35.0603 125.61% 30.703 37.706 122.807%

Olea Jan. 0.0194 0.043 223.607% 0.014 0.032 223.607%
Feb. 0.0282 0.046 164.701% 0.014 0.019 137.024%

Mar. 0.0194 0.043 223.607% 0.006 0.014 223.607%

Apr. 1.1998 1.861 155.080% 1.108 1.559 140.771%

May. 62.372 47.036 75.411% 59.529 45.615 76.626%

Jun. 55.460 57.818 104.252% 46.233 46.911 101.467%

Jul. 5.032 8.174 162.424% 4.806 7.405 154.075%

Aug. 1.255 1.976 157.425% 0.984 1.164 118.307%
Sep. 0.230 0.193 84.022% 0.587 0.617 105.186%

Oct. 0.106 0.169 159.486% 0.200 0.145 72.373%

Now. 0.120 0.197 163.677% 0.107 0.104 97.544%
Dec. 0.049 0.093 189.354% 0.019 0.043 223.607%

Pinus Jan. 0.3145 0.236 75.082% 0.404 0.125 30.855%
Feb. 0.34475 0.161 46.718% 0.573 0.179 31.253%

Mar. 5.22575 4.488 85.891% 4.685 4.499 96.045%

Apr. 27.6835 14.687 53.053% 36.201 16.150 44.611%

May. 75.221 48.904 65.014% 112.735 47.806 42.406%

Jun. 40.432 34.585 85.540% 56.687 42.829 75.553%
Jul. 2.799 1.942 69.379% 6.652 7.451 112.012%

Aug. 1.193 0.649 54.438% 1.660 0.858 51.658%

Sep. 0.802 0.374 46.625% 1.280 0.465 36.329%

Oct. 0.747 0.139 18.557% 2.265 0.862 38.055%

Now. 0.834 0.130 15.657% 3.507 2.300 65.581%

Dec. 0.315 0.183 58.184% 0.645 0.153 23.722%
Platanus Jan. 0.0646 0.065 99.846% 0.032 0.046 141.313%
Feb. 0.0496 0.060 120.737% 0.050 0.040 81.280%
Mar. 371.139 477.493 128.656% 201.038 235.833 117.308%

Apr. 358.78 97.390 27.145% 912.621 421.584 46.195%

May. 10.807 8.857 81.953% 15.761 9.238 58.614%

Jun. 3.698 2.662 71.989% 6.273 4.202 66.975%

Jul. 2.081 2.331 112.003% 2.781 2.299 82.670%

Aug. 1.227 1.730 140.955% 1.835 1.600 87.205%

Sep. 0.638 0.621 97.449% 1.447 1.419 98.100%

Oct. 0.626 0.453 72.403% 0.690 0.401 58.061%

Novw. 0.613 0.823 134.102% 0.327 0.284 87.052%
Dec. 0.328 0.364 110.907% 0.316 0.461 145.946%

Populus Jan. 0.000 0.000 0.000% 0.000 0.000 0.000%
Feb. 0.8376 0.338 40.331% 2.708 2.136 78.875%

Mar. 54.1504 18.525 34.210% 194.078 91.582 47.188%

Apr. 10.5532 10.015 94.900% 22.830 15.535 68.048%
May. 0.2412 0.240 99.529% 0.297 0.325 109.338%

Jun. 0.020 0.045 223.607% 0.033 0.024 71.354%
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Table Al. Cont.

Madrid Ayuntamiento Madrid Facultad de
Station Farmacia Station
Pollen Types Month Mean Standard Deviation S/Z:ifaf:ictl)enn(t"/:)f Mean g,:ea\:;:;:l S::if:iic(l);n(to/(z )f

Jul. 0.000 0.000 0.000% 0.019 0.029 149.556%
Aug. 0.000 0.000 0.000% 0.013 0.018 136.931%
Sep. 0.000 0.000 0.000% 0.007 0.015 223.607%
Oct. 0.000 0.000 0.000% 0.006 0.014 223.607%

Now. 0.000 0.000 0.000% 0.000 0.000 0.000%
Dec. 0.021 0.048 223.607% 0.006 0.014 223.607%
Ulmus Jan. 0.7542 1.008 133.644% 0.576 0.554 96.226%
Feb. 108.86 79.438 72.973% 34410 15.362 44.644%
Mar. 23.8102 16.101 67.624% 9.806 8.179 83.403%
Apr. 1.260 0.596 47.310% 0.547 0.346 63.228%
May. 0.112 0.145 129.917% 0.058 0.042 72.546%
Jun. 0.055 0.076 137.080% 0.033 0.024 71.354%
Jul. 0.085 0.092 107.973% 0.006 0.014 223.607%

Aug. 0.006 0.014 223.607% 0.000 0.000 0.000%
Sep. 0.040 0.049 122.908% 0.013 0.018 136.931%
Oct. 0.006 0.014 223.607% 0.013 0.018 136.931%

Now. 0.020 0.030 149.541% 0.000 0.000 0.000%
Dec. 0.032 0.046 141.313% 0.019 0.029 149.556%

Table A2. Values of the mean, standard deviation (in the units reflected in the table itself) and coeffi-
cient of variation (in percent) obtained from the monthly data, during the study period (2013-2017),
from the 3 AEMET stations already described above and reflected in Table 1. Results for subtypes
comparable to those obtained from daily data (Table 3) are shaded in light blue.

Meteorological Standard Coeffic. of Meteorological Standard Coeffic. of
Variable§ Month Mean Deviation  Variation (%) Variable§ Month Mean Deviation  Variation (%)
HMax (%) Jan. 88.600 4.278 4.828% (ilr\nlllal):) Jan. 74.200 7.362 9.922%

Feb. 84.800 4.438 5.234% Feb. 71.600 12.661 17.683%
Mar. 80.400 5.727 7.123% Mar. 65.400 5.079 7.767%
Apr. 77.400 7.956 10.279% Apr. 59.800 9.365 15.660%
May. 72.200 6.834 9.465% May. 58.400 5.177 8.865%
Jun. 64.600 2.702 4.182% Jun. 54.800 6.380 11.642%
Jul. 59.800 2.490 4.164% Jul. 50.600 7.266 14.360%
Aug. 62.400 4.561 7.309% Aug. 55.000 12.309 22.379%
Sep. 69.600 6.693 9.617% Sep. 55.200 6.496 11.768%
Oct. 80.200 7.328 9.137% Oct. 47.800 10.060 21.046%
Novw. 87.600 4.561 5.206% Now. 56.200 9.524 16.946%
Dec. 86.400 1.673 1.937% Dec. 50.600 11.327 22.385%
HMin (%) Jan. 57.000 6.364 11.165% V36 (d) Jan. 13.000 2.828 21.757%
Feb. 51.600 3.209 6.220% Feb. 15.000 1.871 12.472%
Mar. 44.200 5.630 12.738% Mar. 14.600 2.881 19.733%
Apr. 40.200 5.933 14.759% Apr. 14.600 2.302 15.768%
May. 35.400 5.320 15.028% May. 13.600 3.362 24.717%
Jun. 30.400 1.817 5.976% Jun. 14.000 3.000 21.429%
Jul. 28.000 1.414 5.051% Jul. 14.800 3.033 20.494%
Aug. 30.200 1.789 5.923% Aug. 12.000 1.581 13.176%
Sep. 35.800 3.033 8.472% Sep. 7.200 1.483 20.601%
Oct. 48.200 5.404 11.211% Oct. 4.000 1.581 39.529%
Now. 54.800 7.294 13.310% Now. 8.000 5.477 68.465%
Dec. 57.600 3.435 5.964% Dec. 6.200 4.764 76.846%
HMed (%) Jan. 72.200 5.541 7.674% RD (MJ/m?) Jan. 3.208 0.454 14.159%

Feb. 67.200 4.658 6.932% Feb. 4.550 0.101 2.225%
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Table A2. Cont.
Meteorological Standard Coeffic. of Meteorological Standard Coeffic. of
Variable§ Month Mean Deviation  Variation (%) Variable§ Month Mean Deviation  Variation (%)
Mar. 60.000 6.442 10.737% Mar. 5.800 0.506 8.718%
Apr. 55.000 6.819 12.398% Apr. 7.018 0.847 12.069%
May. 49.800 6.611 13.274% May. 7.902 0.595 7.525%
Jun. 42.400 2.074 4.891% Jun. 6.828 0.366 5.360%
Jul. 39.800 1.924 4.833% Jul. 5.818 0.445 7.651%
Aug. 42.600 2.302 5.404% Aug. 5.370 0.656 12.216%
Sep. 48.800 4.868 9.976% Sep. 5.462 0.499 9.144%
Oct. 63.400 6.618 10.439% Oct. 4.610 0.700 15.194%
Nov. 69.800 6.760 9.685% Nov. 3.176 0.520 16.387%
Dec. 71.800 3.271 4.556% Dec. 2.590 0.415 16.036%
PT (mm) Jan. 32.540 18.547 56.999% RG (M]/mz) Jan. 7.396 1.197 16.183%
Feb. 35.460 13.314 37.546% Feb. 10.274 0.670 6.520%
Mar. 44.240 32.579 73.641% Mar. 15.350 1.828 11.909%
Apr. 52.820 28.850 54.620% Apr. 20.770 1.921 9.251%
May. 24.500 20.726 84.597% May. 24.452 1.933 7.904%
Jun. 14.060 17.735 126.141% Jun. 27.988 0.538 1.921%
Jul. 14.280 19.880 139.214% Jul. 28.174 0.182 0.646%
Aug. 6.040 11.239 186.082% Aug. 25.166 0.749 2.976%
Sep. 13.160 10.676 81.127% Sep. 19.404 0.976 5.030%
Oct. 55.160 21.156 38.354% Oct. 12.906 1.389 10.761%
Nov. 44.560 38.375 86.121% Nov. 8.982 1.097 12.210%
Dec. 25.340 17.914 70.694% Dec. 7.318 0.508 6.942%
PMax (mm) Jan. 10360  2.554 24.653% (IJI‘]I/J;’Z) Jan. 6.068 0.694 11.429%
Feb. 11.560 5.461 47.241% Feb. 10.354 0.979 9.455%
Mar. 14.900 5.757 38.639% Mar. 19.664 2.440 12.408%
Apr. 17.540 8.423 48.020% Apr. 31.736 2.794 8.803%
May. 8.600 6.639 77.197% May. 41.026 3.616 8.813%
Jun. 7.080 7.868 111.131% Jun. 49.930 2.830 5.668%
Jul. 7.940 9.762 122.951% Jul. 51.294 1.420 2.769%
Aug. 5.540 10.864 196.098% Aug. 44.206 1.646 3.725%
Sep. 7.060 4.355 61.689% Sep. 30.450 1.494 4.906%
Oct. 23.660 8.744 36.958% Oct. 17.582 1.770 10.065%
Nowv. 13.260 6.161 46.466% Now. 9.044 1.118 12.361%
Dec. 12.820 6.326 49.341% Dec. 5.872 0.291 4.950%
TMax (°C) Jan. 10.660 0.658 6.173% It (h) Jan. 159.460 41.355 25.934%
Feb. 11.400 1.027 9.010% Feb. 159.520 20.405 12.792%
Mar. 15.820 1.875 11.854% Mar. 211.960 30.569 14.422%
Apr. 19.920 2.365 11.871% Apr. 254.660 32.939 12.934%
May. 23.880 2.876 12.044% May. 303.960 29.137 9.586%
Jun. 30.280 2.023 6.681% Jun. 348.400 14.455 4.149%
Jul. 34.160 1.888 5.526% Jul. 374.280 2.005 0.536%
Aug. 33.000 0.922 2.794% Aug. 351.980 14.629 4.156%
Sep. 27.540 1.060 3.848% Sep. 268.100 18.919 7.057%
Oct. 21.740 1.587 7.299% Oct. 216.800 38.756 17.876%
Nov. 14.400 1.373 9.534% Nov. 186.400 38.693 20.758%
Dec. 11.500 1.279 11.119% Dec 181.040 21.286 11.758%
TMin (°C) Jan. 3.360 1.736 51.661% IMed (h) Jan. 5.160 1.335 25.878%
Feb. 4.060 0.956 23.535% Feb. 5.640 0.669 11.868%
Mar. 5.980 0.912 15.253% Mar. 6.820 0.998 14.641%
Apr. 9.000 1.384 15.376% Apr. 8.500 1.084 12.753%
May. 12.000 1.880 15.668% May. 9.800 0.930 9.490%
Jun. 17.120 1.941 11.337% Jun. 11.600 0.490 4.223%
Jul. 20.520 1.674 8.157% Jul. 12.080 0.084 0.693%
Aug. 19.800 0.707 3.571% Aug. 11.340 0.488 4.302%
Sep. 16.220 0.743 4.581% Sep. 8.940 0.623 6.968%
Oct. 12.700 0.860 6.773% Oct. 6.980 1.248 17.877%
Nov. 6.580 1.276 19.385% Novw. 6.200 1.308 21.091%
Dec. 3.880 1.555 40.069% Dec 5.840 0.688 11.777%
TMed (°C) Jan. 7.020 1.101 15.683%
Feb. 7.760 1.002 12.906%
Mar. 10.920 1.316 12.052%
Apr. 14.480 1.819 12.559%
May. 17.960 2.323 12.936%
Jun. 23.720 1.984 8.365%
Jul. 27.380 1.794 6.551%
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Table A2. Cont.
Meteorological Standard Coeffic. of Meteorological Standard Coeffic. of
Variables Month Mean Deviation  Variation (%) Variables Month Mean Deviation  Variation (%)
Aug. 26.440 0.792 2.997%
Sep. 21.900 0.875 3.994%
Oct. 17.240 1.197 6.944%
Nov. 10.500 1.164 11.086%
Dec. 7.720 1.425 18.465%

Appendix B. Tables Describing the Correlations Between Pollen
Concentration and Meteorological Variables

Table A3. Correlations between meteorological variables and the concentration of airborne pollen
grains of the 6 tree pollen types studied, obtained from monthly data, during the study period,
2013-2017 (significant results are shaded in orange). The results highlighted in orange correspond to
correlation values greater than “0.3” in absolute value and p-values less than 0.05, which indicate
correlations significantly different from “0”, with a confidence level of 95% (*), p-values less than 0.01,
which indicate correlations significantly with a confidence level of 99% (**) and p-values less than
0.001, which indicate correlations significantly with a confidence level of 99.9% (***).

Meteorological Variables Cupressaceae Olea Pinus Platanus Populus Ulmus
0.5235 —0.6763 —0.5855 —0.4477 0.0719 0.2124
HMed (%) (59) (59) (59) (59) (59) (59)
0.0001 *** 0.0000 *** 0.0000 *** 0.0007 *** 0.5841 0.1058
0.5314 —0.6295 —0.5152 —0.3920 0.0935 0.2570
HMax (%) (59) (59) (59) (59) (59) (59)
0.0001 *** 0.0000 *** 0.0001 *** 0.0028 ** 0.4762 0.0503
0.5223 —0.6724 —0.5994 —0.4535 0.0541 0.2073
HMin (%) (59) (59) (59) (59) (59) (59)
0.0001 *** 0.0000 *** 0.0000 *** 0.0006 *** 0.6804 0.1144
0.2941 —0.3212 —0.2017 —0.0295 0.3607 0.2771
PT (mm) (59) (59) (59) (59) (59) (59)
0.0251 * 0.0144 * 0.1244 0.8224 0.0060 ** 0.0348 *
0.1431 —0.2933 —0.1982 0.0099 0.2697 0.1321
PMax (mm) (59) (59) (59) (59) (59) (59)
0.2758 0.0255 * 0.1312 0.9396 0.0400 * 0.3144
—0.7042 0.6350 0.5509 0.3834 —0.2712 —0.4477
TMax (°C) (59) (59) (59) (59) (59) (59)
0.0000 *** 0.0000 *** 0.0000 *** 0.0035 ** 0.0389 * 0.0007 ***
—0.7323 0.5850 0.4769 0.2949 —0.3352 —0.4821
TMin (°C) (59) (59) (59) (59) (59) (59)
0.0000 *** 0.0000 *** 0.0003 *** 0.0247 * 0.0107 * 0.0002 ***
—0.7239 0.6125 0.5150 0.3455 —0.2942 —0.4607
TMed (°C) (59) (59) (59) (59) (59) (59)
0.0000 *** 0.0000 *** 0.0001 *** 0.0085 ** 0.0251 * 0.0005 ***
0.5806 —0.2645 —0.1794 —0.1031 0.3486 0.5309
VMax (Km/h) (59) (59) (59) (59) (59) (59)
0.0000 *** 0.0439 * 0.1717 0.4324 0.0079 ** 0.0001 ***
0.2724 0.2417 0.3400 0.3150 0.4083 0.5068
V36 (d) (59) (59) (59) (59) (59) (59)
0.0381 * 0.0656 0.0096 ** 0.0164 * 0.0019 ** 0.0001 ***
—0.2101 0.6981 0.7295 0.7712 0.5371 0.1385
RD (MJ/m?) (60) (60) (60) (60) (60) (60)
0.1065 0.0000 *** 0.0000 *** 0.0000 *** 0.0000 *** 0.2874
—0.5145 0.8132 0.6565 0.6829 0.2142 —0.2175
RG (MJ/m?) (60) (60) (60) (60) (60) (60)
0.0001 *** 0.0000 *** 0.0000 *** 0.0000 *** 0.0999 0.0947
—0.5338 0.8063 0.6377 0.6559 0.1924 —0.2329
RUV (MJ/m?) (60) (60) (60) (60) (60) (60)
0.0000 *** 0.0000 *** 0.0000 *** 0.0000 *** 0.1395 0.0736
—0.5746 0.6976 0.6130 0.4773 —0.1646 —0.3414
It (h) (59) (59) (59) (59) (59) (59)
0.0000 *** 0.0000 *** 0.0000 *** 0.0003 *** 0.2100 0.0093 **
—0.5606 0.7142 0.6260 0.4763 —0.1427 —0.3131
IMed (h) (59) (59) (59) (59) (59) (59)
0.0000 *** 0.0000 *** 0.0000 *** 0.0003 *** 0.2771 0.0171 **

p: Correlation (Spearman). (Sample size). Valor-p; p< 0.05 (*), p < 0.01 (**), p < 0.001 (***).
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Table A4. Correlations between meteorological variables and the concentration of airborne pollen
grains of the 6 tree pollen types studied, obtained from daily data within the MPP, during the
study period, 2013-2017 (significant results are shaded in orange). The results highlighted in orange
correspond to correlation values greater than “0.3” in absolute value and p-values less than 0.05, which
indicate correlations significantly different from “0”, with a confidence level of 95% (*), p-values less
than 0.01, which indicate correlations significantly with a confidence level of 99% (**), and p-values
less than 0.001, which indicate correlations significantly with a confidence level of 99.9% (***).

Meteorological

. Cupressaceae Olea Pinus Platanus Populus Ulmus
Variables
0.2128 —0.0160 —0.2971 —0.0892 —0.4312 0.2479
dHMed (%) (1008) (181) (421) (151) (152) (164)
0.0000 *** 0.8304 0.0000 *** 0.2746 0.0000 *** 0.0015 **
0.1567 —0.0560 —0.2511 —0.1532 —0.4275 0.2176
dHMax (%) (892) (161) (376) (132) (138) (145)
0.0000 *** 0.4789 0.0001 *** 0.0796 0.0000 *** 0.0090 **
0.2097 —0.0144 —0.2881 —0.0899 —0.3968 0.1727
dHMin(%) (892) (161) (376) (132) (138) (145)
0.0000 *** 0.8550 0.0000 *** 0.3035 0.0000 *** 0.0382 *
—0.0256 —0.0609 —0.2763 —0.2109 —0.3515 —0.0228
dPT (mm) (1008) (181) (421) (151) (152) (164)
0.4172 0.4142 0.0000 *** 0.0098 ** 0.0000 *** 0.7709
—0.0316 —0.0655 —0.2700 —0.2100 —0.3512 —0.0102
dPMax (mm/h) (1004) (181) (421) (151) (151) (164)
0.3163 0.3792 0.0000 *** 0.0101 * 0.0000 *** 0.8969
—0.5098 0.3003 0.2180 0.0120 0.4678 0.0484
dTMax (°C) (1008) (181) (421) (151) (152) (164)
0.0000 *** 0.0001 *** 0.0000 *** 0.8831 0.0000 *** 0.5362
—0.5937 0.3542 0.1237 —0.0453 0.2866 0.1675
dTMin (°C) (1008) (181) (421) (151) (152) (164)
0.0000 *** 0.0000 *** 0.0112 * 0.5787 0.0004 *** 0.0325 *
—05537 0.3297 0.1870 —0.0143 0.4348 0.1014
dTMed (°C) (1008) (181) (421) (151) (152) (164)
0.0000 *** 0.0000 *** 0.0001 *** 0.8612 0.0000 *** 0.1955
0.0189 0.0000 0.1300 0.0269 —0.2817 —0.1514
dVMax (Km/h) (1001) (180) (418) (149) (149) (162)
0.5510 0.9996 0.0080 ** 0.7432 0.0006 *** 0.0547
—0.2653 0.1716 —0.0400 —0.2656 —0.2456 0.0310
dRD (MJ/m?) (1050) (204) (480) (144) (154) (176)
0.0000 *** 0.0145 * 0.3809 0.0015 ** 0.0024 ** 0.6815
—0.3834 —0.1923 0.1296 —0.1966 —0.1626 —0.0735
dRG (MJ/m?) (1050) (204) (480) (144) (154) (176)
0.0000 *** 0.0061 ** 0.0046 ** 0.0187 * 0.0442 * 0.3312
—0.4708 —0.0565 0.0791 —0.2456 0.0783 —0.0950
dRUV (MJ/m?) (1050) (204) (480) (144) (154) (176)
0.0000%** 0.4206 0.0835 0.0033 ** 0.3330 0.2089
—0.2068 —0.1374 0.2921 —0.0919 0.2738 —0.1155
dIT (h) (1008) (181) (421) (151) (152) (164)
0.0000 *** 0.0652 0.0000 *** 0.2605 0.0008 *** 0.1404
—0.0128 —0.1585 0.2509 0.0234 0.3322 —0.0404
dIP (%) (1008) (181) (421) (151) (152) (164)
0.6846 0.0335 * 0.0000 *** 0.7746 0.0000 *** 0.6062

p: Correlation (Spearman). (Sample size). Valor-p; p< 0.05 (*), p < 0.01 (**), p < 0.001 (***).
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Appendix C. Table Describing the Date Ranges and MPP Values for Each
of the 6 Pollen Types Studied, Within the Period 2013-2017, for the 2
Sampling Stations of the Palinocam Network

Table A5. Pollen types studied, within the period 2013-2017, for the 2 sampling stations of the
Palinocam Network. This table shows the minimum and maximum values of the MPP duration, as
well as the peak value for each of the pollen types studied. It also displays the start and end days of
the MPPs, as well as the dates on which the peak values occur within the study period. Thus, for
example, in the case of Cupressaceae, at the Madrid Ayuntamiento station, the minimum duration of
the MPP within the study period is 68 days, and the maximum is 347 days. At the same time, the
minimum peak value, within the period 2013-2017, is 699 g/m?3, and the maximum is 2390 g/m3.
And in the same case mentioned above, the initial day of the MPP occurs on 5 January at the earliest
and 12 January at the latest; the peak value occurs on 24 January as the earliest date within the
2013-2017 period, and on 8 March as the latest.

Madrid Ayuntamiento Cupressaceae Olea Pinus Platanus Populus Ulmus
Initial day 5-12 January 4-27 May 20 March-16 April 18 March—4 April 5-9 March 6-15 February
Final day 2%212:;}];;5 6June-11July 13 June—6 August 11 April-2 June 25March-17 April 11-21 March
MPP duration (days) 68-347 29-48 70-113 18-60 2040 25-43
Peak value (g/m?) 699-2390 252-572 179-447 919-6656 147-378 139-884
Peak date 24 January-8 March 9 May-16 June 13 May-23 June 20 March-19 April 11-21 March 13-27 February
Madrli:d Facu}tad de Cupressaceae Olea Pinus Platanus Populus Ulmus
armacia
Initial day 6-23 January 4-27 May 29 March-27 April 28 March-13 April 1-14 March 1-16 February
Final day 1]931;122}1;50 8 June-20 July 26 June—4 August 16 April-18 June 25 March-21 April 6-18 March
MPP duration (days) 67-345 34-55 82-130 18-67 20-45 27-46
Peak value (g/ m?) 703-4243 251-678 387-737 2280-9240 435-1891 68-218
Peak date 25 January-13 March 9 May-6 June 9 May-23 June 30 March-14 April 10-21 March 11-26 February
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