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Abstract
Precipitation is one of the meteorological variables usually involved in the aerobiological studies, which presents a complex 
relationship with atmospheric levels of pollen and fungal spores and the temporal characteristics of their seasons. This com-
plexity is due in a large part to rainfall’s twofold impact of having, prior to pollination, a positive influence on subsequent 
pollen production and of contributing, during pollination, to pollen removal from the air through a wash-out effect. To bet-
ter explore this impact, we place particular emphasis on extreme rainfall by calculating the correlation between airborne 
pollen and fungal spore parameters and the precipitation indices that the Expert Team on Climate Change Detection and 
Indices (ETCCDI) proposed for characterising climate extremes. Parameters for twenty-seven pollen and fungal spore taxa 
measured in six aerobiological stations in the NE Iberian Peninsula have been considered. We have distinguished between 
annual and winter ETCCDI in order to compare the correlations between extreme rainfall and airborne pollen concentra-
tions and to avoid the wash-out effect as far as possible. Results show a positive influence from an increase in moderately 
extreme winter rainfall, specifically on subsequent pollen/fungal spore production: the percentage of all possible significant 
correlations is higher for winter than for annual rainfall. Furthermore, while annual rainfall in this region has nearly the 
same number of positive as negative correlations, the positive correlations for winter rainfall are more than twice that of the 
negative ones. The seasonal consideration on rainfall ETCCDI made with the aim to avoid the confounding overlapping of 
different rainfall impacts has led to more sharpened observations of its positive and negative effects on airborne pollen and 
fungal spore concentrations.

Keywords Extreme rainfall · Climate extremes · Winter rainfall · Wash-out effect · Aerobiology

Introduction

It has been known since the last century that the relationship 
between plant biology and meteorological variables (mainly 
temperature and precipitation) has a great influence on the 
release of pollen grains and the amount of time they remain 
in the air (Caramiello et al. 1994; Jato et al. 2002). While 
temperature has shown a positive correlation with airborne 
pollen concentration, this relationship remains unclear for 
precipitation due to its twofold impact: on the one hand, 
rainfall prior to pollination has a positive influence on pol-
len production; on the other, a wash-out effect from rainfall 
during pollination contributes to inhibiting pollen emission 
and removing airborne pollen as well as, to a lesser extent, 
fungal spores (Jones and Harrison 2004; Dahl et al. 2013; 
Sofiev et al. 2013; Rathnayake et al. 2017; Majeed et al. 
2018; Kluska et al 2020).
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Recently, the influence of climate change on pollen pro-
duction has generated interest from the scientific community 
(Tormo et al. 2010; Oteros et al. 2012; Fernández-Martínez 
et al. 2012; Fernández-Llamazares et al. 2014; Ziska et al. 
2019; Anderegg et al., 2021) because its understanding 
may contribute to the correct interpretation of the pollen 
records dynamics. Although changes in the interdependence 
between precipitation events and droughts are uncertain and 
subjected to controversy, and the expected increases and 
decreases in precipitation amount depend on geographical 
area (Sheffield et al. 2012), vegetation might be affected by 
the very likely future occurrence of more intense and more 
frequent extreme precipitation events.

To detect changes in climate extremes, the World Mete-
orological Organization decided to characterise weather and 
climate extremes by defining some indices that form part 
of a set of descriptive indicators proposed by the Expert 
Team on Climate Change Detection and Indices (ETCCDI) 
(Klein-Tank et al. 2009). The ETCCDI are typically used 
to describe moderate extremes like temperature and rain-
fall episodes with a return period of one year or less by 
comparing them to more extreme events, such as 20-year 
return period values (Kharin et al. 2007). These indices have 
been widely used due to their robustness and the possibil-
ity of comparing results from different locations (Zhang 
et al. 2011). They have also proven to be useful for analys-
ing changes in observed extremes (Alexander and Arblaster 
2009; Sillmann et al., 2013) and in future climate projections 
(Sillmann and Roeckner 2008; Orlowsky and Seneviratne 
2012). In the case of precipitation, the ETCCDI are based 
on thresholds calculated from the sample of all wet days in 
the base period (Zhang et al. 2011).

Different studies suggest that the precipitation extremes 
trends are more significant than those for the mean precipi-
tation in all seasons (Casanueva et al. 2014), especially for 
R95pTOT, the ETCCDI index measuring the contribution 
to total precipitation from very wet days. That might be 
due to the increased water holding capacity and the conse-
quent increased water vapour content of air caused by heat-
ing (Trenberth, 2011), with a stronger effect on convective 
precipitation than in large-scale precipitation. Changes in 
the frequency of precipitation extremes may also be related 
to variations in the atmospheric circulation and the occur-
rence of air flows anomalies (Van den Besselaar et al. 2012). 
Casanueva el al. (2014) found that one of the most affected 
European regions by changes in the precipitation patterns is 
the Iberian Peninsula, with an important decrease of both the 
seasonal mean precipitation and the CWD index (maximum 
number of consecutive wet days, i.e., maximum length of 
wet spell) during the year except in autumn, when CWD 
and the mean precipitation do not change but R95pTOT 
increases. In addition, the CDD index (maximum number 
of consecutive dry days, i.e., maximum length of dry spell) 

increases in winter and decreases in autumn. Specifically for 
Barcelona (NE Iberian Peninsula), Rodríguez et al. (2014) 
and Casas-Castillo et al. (2019) estimated a slight decrease 
in the future mean annual precipitation in this city, while 
extreme precipitation is expected to increase due to a higher 
occurrence of short and intense convective-type rain events.

Among the recent studies dedicated to the impact of rain-
fall on atmospheric pollen concentrations highlighting the 
direct wash-out effect, independently from pollen produc-
tion, it is worth to mention the work carried out by Kluska 
et al. (2020) in Poland using bi-hourly measurements of 
rainfall and airborne pollen concentration of Betula, Pinus, 
Poaceae, and Urtica, who found that rainfall intensity was a 
decisive factor in the pollen removal process. Pollen concen-
trations only decreased after rainfall intensities higher than a 
threshold value of 5 mm  h−1, and other factors such as the air 
temperature and relative humidity, the time of day, and pos-
sibly the plant phenophase or the pollen season phase, also 
influenced on the pollen concentrations recovery following 
the rainfall events (Kluska et al. 2020).

A different approach consists on focusing on the effect of 
extreme rainfall on pollen production, for which few studies 
have been conducted so far. In Hungary, Makra et al. (2012) 
found that the total annual pollen amount and the annual 
peak pollen concentration for Poaceae had a positive corre-
lation with strong precipitation, as well as warmer and drier 
conditions favour a decrease of these pollen count param-
eters for both Poaceae and Ambrosia, while they increase 
for Populus. For Ambrosia, the coldest and the wettest years 
highly facilitate pollen production, while for both Poaceae 
and Populus, the warmest and wettest years favour higher 
pollen release. Thus, Makra et al. (2012) found that although 
each taxon can give a specific response to the yearly chang-
ing weather conditions, an increase in temperature and pre-
cipitation is favourable for the pollen production of the spe-
cies flowering in spring, while they have a smaller influence 
on species flowering in summer. Also in Hungary, Matyas-
ovszky et al. (2015) found that for Ambrosia, Populus and 
Poaceae airborne pollen concentration the most important 
rainfall events in the growing season could be more relevant 
than meteorological variables in later stages, such as the pol-
len release season, at least for a certain period determined 
by the season length. For shorter pollen seasons, there are 
longer periods during which the past weather has influence 
between the last and the forthcoming pollen seasons, and 
vice versa (Matyasovszky et al. 2015).

When investigating the influence of past weather con-
ditions on the phenological phases of different taxa, the 
distinction between trees and herbaceous plants is usually 
relevant due to their different behaviour to precipitation 
and soil water availability. Weather conditions during the 
months prior to flowering seem to affect more the flowering 
of arboreal species (Cariñanos et al. 2004), while herbaceous 
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plants usually show a prompt response to current conditions 
(Matyasovszky et al. 2015) and present high water stress 
sensitivity (Alcázar et al. 2009).

In order to explore the impact of precipitation on airborne 
pollen parameters with a particular emphasis on extreme 
rainfall, several precipitation ETCCDI have been calculated 
and correlated with 25 pollen taxa and two fungal spore taxa 
in six aerobiological stations in the NE Iberian Peninsula 
for the period 1994–2018. We have calculated the ETCCDI 
for annual and winter rainfall and conducted a comparative 
correlation study.

Data and Methods

Airborne pollen and fungal spore data

The data were extracted from the Catalan Aerobiological 
Network (Xarxa Aerobiològica de Catalunya, XAC) data-
base, from six aerobiological stations located in NE Spain 
(Western Mediterranean basin, Fig. 1). Three of the stations 
are considered to be urban environments: Barcelona (BCN), 

Girona (GIC), and Tarragona (TAU); one station is closer 
to rural than to urban conditions: Lleida (LLE); and two are 
urban/rural stations: Bellaterra (BTU) and Manresa (MAN). 
The BCN and TAU stations are in coastal areas; GIC and 
BTU are pre-littoral; and MAN and LLE are located inland. 
These stations provided series of different lengths, all of 
them between 1994 and 2018, depending on data availabil-
ity: 25 yearly series for BCN and BTU; and 23 for GIC, 
MAN, LLE, and TAU. The data were obtained from samples 
collected in Hirst traps (Hirst 1952) and analysed following 
the standard methodology proposed by the Spanish Aerobi-
ology Network (REA) (Galán Soldevilla et al., 2007). The 
terminology used in this paper follows the recommenda-
tions of the European Aerobiology Society (EAS) (Galán 
et al. 2017). The data are expressed as the mean number of 
daily pollen/fungal spores per cubic meter of air (Pollen/
m3- Spores/m3).

This paper considers two fungal spores (Alternaria 
(ALTE) and Cladosporium (CLAD)) and 25 pollen taxa. 
Of this latter, one includes all taxa together (Total Pol-
len (PTOT)); 14 are from trees (Alnus (ALNU), Betula 
(BETU), Castanea (CAST), Cupressaceae (CUPR), Fagus 

Fig. 1  Location of the Xarxa 
Aerobiològica de Catalunya aer-
obiological stations considered 
in this study, with the numbers 
of statistically significant Spear-
man correlations for 8 winter 
and annual ECCTDI
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(FAGU), Fraxinus (FRAX), Olea (OLEA), Pinus (PINU), 
Platanus (PLAT), Populus (POPU), Quercus deciduous 
type (QUCA), Quercus evergreen type (QUPE), Quercus 
Total (QTOT), and Ulmus (ULMU)); three are from shrubs 
(Corylus (CORY), Ericaceae (ERIT), Pistacia (PIST)); and 
seven are from herbs (Amaranthaceae (AMAR), Artemisia 
(ARTE), Mercurialis (MERC), Plantago (PLAN), Poaceae 
or Gramineae (POAC), Polygonaceae (POLY), and Urti-
caceae (URTI)). The pollen/fungal spore parameters that 
we use follow Galán et al. (2017) and Andersen (1991), and 
they are listed in Table 1: the sum of average daily pollen/
fungal spore concentrations in a year (APIn/ASIn); the sum 
of average daily pollen/fungal spore concentrations during 
the Main Pollen/fungal Spore Season (SPIn/SSIn), consid-
ering the Main Pollen/fungal Spore Season (MPS/MSS) as 
a temporal period which begins and ends when 2.5% and 
97.5% of the APIn/ASIn (Andersen, 1991); the number of 
days with pollen/fungal spores (Days P/S), the maximum 

pollen/fungal spore concentration recorded (Max), the date 
of the maximum daily pollen/fungal spore concentration 
(Peak); and the data of start and end and length of the MPS 
(Start, End, Length, respectively).

Meteorological data and precipitation ETCCDI

Daily rainfall is the meteorological variable considered in 
this study. Data were obtained from the Servei Meteorològic 
de Catalunya, subject to quality controls (Llabrés-Brustenga 
et al. 2019). The precipitation data period is the same as 
the pollen/fungal spore period, between 1994 and 2018 for 
BCN and BTU, and between 1996 and 2018 for GIC, LLE, 
MAN, and TAU.

A total of ten precipitation ETCCDI (see Table 2 for 
description) have been considered for every studied location 
and for two periods in each one, year and winter. The annual 
records considered to calculate the ETCCDI corresponded to 

Table 1  Pollen/fungal spore parameters

Pollen/fungal 
spore param-
eters

Description

APIn/ASIn Annual pollen/fungal spore integral (Pollen * day/m3, Spore * day/m3): sum of the daily pollen/fungal spore concentrations in 
a year

MPS/MSS Main pollen/fungal spore season: temporal period, which begins and ends when 2.5% and 97.5% of the APIn/ASIn is reached 
(Andersen, 1991)

SPIn/SSIn Seasonal pollen/fungal spore integral (Pollen * day/m3, Spore * day/m3): sum of the daily pollen/fungal spore concentrations in 
the MPS/MSS of the year

Days P/S Days with pollen/fungal spores: number of days in the year with presence of pollen/fungal spores
Max Maximum daily concentration (Pollen/m3, Spore/m3) in the year
Peak Date of the maximum daily concentration in the year
Start Start date of the MPS/MSS
End End date of the MPS/MSS
Length Number of days of the MPS/MSS

Table 2  Precipitation ETCCDI and other parameters considered

Yearly/winter index Description

RX1day Maximum daily rainfall amount (mm) in the year/winter
RX5day Maximum rainfall amount (mm) over five consecutive days in the year/winter
SDII Simple daily intensity index. Ratio of total yearly/winter rainfall to the number of yearly/winter 

wet days (≥ 1 mm)
R10mm Number of days in the year/winter with rainfall greater than 10 mm
R20mm Number of days in the year/winter with rainfall greater than 20 mm
R50mm Number of days in the year/winter with rainfall greater than 50 mm
CWD Maximum number of consecutive wet days (≥ 1 mm) in the year/winter
R95p Total rainfall (mm) in the year from days exceeding the  95th percentile
R99p Total rainfall (mm) in the year from days exceeding the  99th percentile
PRCPTOT Total wet-day precipitation (mm) in the year/winter
Return period Estimated average time (years) between the occurrence of similar episodes in a particular location
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the same year (Jan 1 to Dec 31) of that of the pollen/fungal 
spore season with whose parameters the correlation study 
has been carried out. Winter rainfall is considered to be that 
which was collected in December of the previous year, and 
from Jan 1 to March 31 of the same year. The calculation 
of the winter rainfall indices has been made whenever pos-
sible, as some of them do not make sense due to the char-
acteristic rainfall regime of the studied area. For instance, 
index R99p gives the total precipitation for days in which 
rainfall amounts exceed the  99th percentile of the year, i.e., 
extremely rainy days. In addition, index R50mm indicates 
the number of days with rainfall greater than 50 mm. These 
kinds of extreme rainfall events occur mostly in autumn and 
spring in the NE Iberian Peninsula (Llabrés-Brustenga et al. 
2020; Lana et al., 2021). Consequently, this study calcu-
lates only the annual rainfall correlations for both the R99p 
and R50mm indices, since these indices in the studied areas 
would mostly be null for winter rainfall. Although the ETC-
CDI are usually used to describe moderate extremes, some 
of them for Catalonia in fact characterise severe extremes, 
especially when describing winter events. Regarding the 
return period, which is linked to the occurrence frequency 
of rain episodes, the rainfall amounts contributing to the 
annual R99p index have a return period of about 2–3 years 
while the winter R99p index involves amounts that are less 
frequent in winter episodes and which generally have a 
return period greater than 5 years (Casas et al. 2007). On 
the other hand, amounts contributing to the annual R50mm 
index have a return period of 1–2 years for nearly all the 
aerobiological stations considered here. The one exception is 
LLE, the station where the lowest amount of annual rainfall 
is recorded and for which this index gathers amounts with a 
return period greater than 5 years. In turn, the return period 
of the LLE amounts accounting for the winter R50mm index 
is even much higher, about 20 years, while it is 3–5 years for 
all the other stations. The winter R95p index corresponds to 
much more moderate extreme episodes and is obtained from 
the sum of the rainfall amounts with a return period slightly 
greater than 1 year (Casas et al. 2007). Similarly, the winter 
R20mm index corresponds to the number of rainy days with 
amounts that have a return period of about 0.5 years, except 
for LLE (2 years). The winter R10mm index is usually given 
by the rainfall amount occurring over 4–6 days each winter 
and corresponds to a return period of about 0.2 years.

Data analysis and statistical processing

Although other correlation methods such as Pearson and 
Kendall’s are usually applied, the non-parametric Spearman 
method has been found to provide the most reliable results 
(Wilks 2011; Fernández-Martínez et  al., 2012; Majeed 
et al. 2018) because it evaluates the monotonic relationship 
between two variables, that is, how these variables tend 

to change together, not necessarily at a constant rate. The 
Spearman correlation coefficient � between two ranked vari-
ables compares the ranks of each variable X

i
 and Y

i
 , and it 

can be computed for a sample of size n (integer), as in (1):

with d
i
 being the difference between the two ranks of each 

observation. The Spearman correlation coefficient takes val-
ues from +1 to −1 , its sign indicating the direction of asso-
ciation between the variables. Then, if Y tends to increase 
(decrease) when X increases (decreases), this coefficient 
is positive; and if Y tends to decrease (increase) when X 
increases (decreases), it is negative.

The study was performed by calculating—for every loca-
tion (6 stations) and throughout the considered temporal 
periods of 23/25 years—the Spearman correlations between 
every pollen/fungal spore taxon (27 taxa), every aerobio-
logical variable (8 parameters), and every rainfall index (10 
ETCCDI for the year and 8 for the winter). The total amount 
of calculated correlations is 10,368 for winter rainfall and 
12,960 for annual rainfall. Their statistical significance was 
analysed using a significance level of 95% (p-value < 0.05).

Qualitative correlations

Together with the amount of correlations, we analysed their 
positive and negative coefficient values and the correspond-
ing positive/negative ratio, that is, the ratio between the 
amount of positive and negative coefficient values. Due to 
the characteristics of some MPS/MSS parameters that are 
linked to dates (Peak and Start), we introduce here the con-
cept of “qualitative positive/negative correlation” (shown as 
n
∗ ). Because the parameters Peak and Start are calculated 

from the corresponding dates as the number of days since 
the beginning of the year (with a value of 1 for January 
 1st), a smaller value for these two parameters means that the 
event occurred earlier. Therefore, in this paper, we take this 
as positive for the pollen/fungal spore taxa and interpret it 
as favouring pollination/sporulation timing. Thus, negative 
correlations for the parameters Start and Peak date have been 
tagged as “qualitative” positives, meaning that they mostly 
point to favouring pollination/sporulation due to rainfall 
increase, in the same way that positive correlations do for 
the other parameters.

Results

For winter precipitation, a total of 583 significant correla-
tions were found, i.e., 5.6% of the 10,368 possible correla-
tions between the pollen/fungal spore parameters and all the 

(1)� = 1 −

6
∑n

i=1
d

i

2

n
�

n2 − 1
� ,
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ETCCDI, with the exception of R99p and R50mm (Table 3). 
These two latter indices provided null results for most of 
the studied winters: 88% in the case of R99p and 82% for 
R50mm.

For annual precipitation and the same eight ETCCDI 
parameters, we found only 450 correlations (4.2%). When 
considering the 10 ETCCDI parameters for annual rainfall, 
the number of significant correlations increases to 577, 
which is 4.5% of the 12,960 possible correlations. Table 3 
shows the number of statistically significant correlations 
found for the winter (eight parameters) and for the annual 
(eight and ten parameters) precipitation indices at every con-
sidered aerobiological station.

The station with the highest number of correlations for 
winter precipitation is LLE (155 out of 1,728; 9%), and 
MAN has the lowest (49; 3%). Regarding annual precipita-
tion, MAN shows the highest number of correlations (113) 
and TAU the lowest (20). It is remarkable that TAU’s num-
ber of significant winter correlations (105) is more than 5 
times the number of annual ones (20), whereas it is almost 
double for LLE (155/90). Taking into consideration the total 
number of annual and winter correlations, LLE shows the 
highest number followed by GIC, BTU-MAN, BCN, and 
TAU.

Whereas annual rainfall has almost the same number of 
positive and negative correlations (ratio of 0.9), the positive 
correlations for winter rainfall are more than twice the num-
ber of negative ones; specifically, 407 positive and 176 nega-
tive correlations. The ratio of significant positive/negative 
winter correlations is high in the littoral and inland areas: 
above 6 at TAU and LLE, and approximately 3 at BCN and 
MAN. In the pre-littoral area, it is near to 1 at GIC and lower 
than 1 (0.5) at BTU, which has almost twice the number of 
significant negative correlations (59) than positive (31). For 
annual rainfall, this ratio is 5.4 at LLE station, 1.7 at GIC, 
around 1 at the coastal stations TAU (1.2) and BCN (0.9), 
and it is far below 1 at BTU and MAN (0.3 each). This ratio 
is higher everywhere for winter rainfall, except for GIC. 
Figure 1 shows the significant winter and annual correla-
tions for eight ETCCDI parameters at every station. In all 

stations (except MAN), the number of correlations for winter 
rains was higher than those for annual rains. In general, the 
number of positive correlations was greater than the nega-
tive ones (except for BTU and annual MAN), although each 
aerobiological station showed different behaviour.

Correlations according to the studied precipitation 
ETCCDI

The numbers of significant positive and negative correla-
tions for every annual and winter precipitation ETCCDI 
from all stations together are shown in Fig. 2, along with 
the positive/negative ratios. Notice how this ratio for all indi-
ces is higher for winter rainfall than for annual rainfall. The 
winter precipitation ETCCDI with the highest percentages 
of significant correlations are R10mm (7.0%) and R20mm 
(6.6%). For annual rainfall, the highest percentages (5.6%) 
were found for indices R10mm and R99p (not shown). All 
winter rainfall indices have more positive than negative cor-
relations, while some annual indices do not (SDII, CWD, 
and RX5day). The winter indices PRCPTOT, R10mm, and 
R20mm have the largest ratios between positive and negative 
correlations: 3.5, 3.3, and 2.7, respectively. This result seems 
to indicate that moderate winter rainfall has a greater impact 
on pollen/fungal spore production than extreme winter rain-
fall. In Fig. 2, we can see that, for all ETCCDI, the ratios of 
significant positive/negative correlations are considerably 
higher for winter than for annual rainfall: while this ratio 
ranges from 1.4 to 3.5 for winter, it is lower than 1.8 for 
annual rainfall. Table 4 shows the corresponding number of 
significant Spearman correlations for each aerobiological 
station.

Correlations according to the pollen/fungal spore 
parameters

Figure 3 shows the number of significant winter and annual 
correlations (including qualitative ones) and the positive/
negative ratios for the different pollen parameters. The 
pollen variable with the highest percentage of significant 

Table 3  Number of statistically 
significant Spearman 
correlations between the pollen/
fungal spore variables and 
the eight common winter and 
annual precipitation ETCCDI 
at all stations. The positive/
negative correlations ratio is 
also displayed. Values in italics 
refer to correlations between 
pollen/fungal spore variables 
and ten annual rainfall ETCCDI

Station Number of significant correlations 
Winter ETCCDI

Number of significant correlations 
Annual ETCCDI

Positive Negative Ratio Total Positive Negative Ratio Total

Littoral BCN 67 22 3.0 89 31/46 36/55 0.9/0.8 67/101
TAU 90 15 6.0 105 11/15 9/14 1.2/1.1 20/29

Pre-littoral BTU 31 59 0.5 90 17/22 55/61 0.3/0.4 72/83
GIC 47 48 1.0 95 55/78 33/57 1.7/1.4 88/135

Inland LLE 135 20 6.8 155 76/80 14/19 5.4/4.2 90/99
MAN 37 12 3.1 49 29/36 84/94 0.3/0.4 113/130

Total 407 176 2.3 583 219/277 231/300 0.9/0.9 450/577
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Fig. 2  Numbers of significant 
positive and negative Spear-
man correlations and ratios for 
each parameter of winter (blue) 
and annual (grey) precipitation 
ETCCDI

Table 4  Numbers of significant 
Spearman correlations 
between the pollen/fungal 
spore variables and every of 
the eight winter precipitation 
ETCCDI considered at every 
aerobiological station

Littoral
BCN Positive Negative Total TAU Positive Negative Total
RX1day 6 2 8 RX1day 10 3 13
RX5day 8 1 9 RX5day 7 1 8
SDII 7 1 8 SDII 11 3 14
R10mm 6 5 11 R10mm 15 1 16
R20mm 12 1 13 R20mm 19 3 22
CWD 0 5 5 CWD 10 1 11
R95p 15 3 18 R95p 6 3 9
PRCPTOT 13 4 17 PRCPTOT 12 0 12
Total 67 22 89 Total 90 15 105
Pre-littoral
BTU Positive Negative Total GIC Positive Negative Total
RX1day 3 7 10 RX1day 3 2 5
RX5day 6 9 17 RX5day 9 10 19
SDII 4 13 17 SDII 13 7 20
R10mm 1 6 7 R10mm 3 2 5
R20mm 3 6 9 R20mm 8 9 17
CWD 4 2 6 CWD 6 13 19
R95p 5 10 15 R95p 3 2 5
PRCPTOT 5 6 11 PRCPTOT 2 3 5
Total 31 59 90 Total 47 48 95
Inland
LLE Positive Negative Total MAN Positive Negative Total
RX1day 17 2 19 RX1day 1 1 2
RX5day 12 1 13 RX5day 5 1 6
SDII 15 3 18 SDII 2 1 3
R10mm 40 3 43 R10mm 5 4 9
R20mm 11 4 15 R20mm 9 0 9
CWD 8 1 9 CWD 7 3 10
R95p 12 4 16 R95p 0 0 0
PRCPTOT 20 2 22 PRCPTOT 8 2 10
Total 135 20 155 Total 37 12 49
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correlations for the winter rainfall indices was Days P/S, at 
8.0% (104 of the 1,296 total possible correlations); while for 
annual indices it was SPIn, at 4.8% (62 out of 1,296), which 
is very close to APIn (61) and Days P/S (60). Figure 3 also 
shows that the variables with the highest positive/negative 
ratios were SPIn (9.7), followed by APIn (8.7) and Days P/S 
(8.5), all of which correspond to the winter indices.

Regarding the parameters related to the MPS/MSS and 
the winter indices, 59 qualitatively positive (59*) and 23 
qualitatively negative (23*) correlations were significant 
with the Start parameter (Fig. 3). In other words, there 
were 59 cases in which rainfall favoured pollination (Start 
occurred earlier) and 23 in which it made it difficult (Start 
occurred later). Clearly related to Start, the End parameter 
had more negative (54) than positive (35) winter correla-
tions, with the negative correlations being due to an earlier 
end of MPS/MSS as a consequence of an increase in winter 
rainfall. The Length parameter had a few more positive (40) 
than negative (37) winter correlations.

Table 5 shows the number of significant positive and 
negative winter Spearman correlations specifically for each 
pollen/fungal spore parameter and each aerobiological sta-
tion. The Days P/S parameter had the highest number of 
significant correlations for winter rainfall at LLE (39), all of 
them positive, while the number of significant correlations 
for annual rainfall was only six (five positive and one nega-
tive, not shown). In the same way, a total of 31 winter corre-
lations (all positive) were found at TAU for Days P/S, while 
there was only a single negative correlation for annual rain-
fall (not shown). It is also worth noting the significance of 
the APIn/ASIn and SPIn/SSIn parameters in BCN, where we 
found, respectively, 19 and 23 positive winter correlations 
and no negative correlations. For annual indices, only one 
significant negative correlation was found at BCN for both 
the parameters APIn/ASIn and SPIn/SSIn (not shown). It 
can be concluded that the APIn/ASIn, SPIn/SSIn, and Days 

P/S parameters generally increase with winter rainfall, as 
we found for five of the six aerobiological stations; while 
the pollen/fungal spore season starts earlier (this occurred 
at four of the six stations), the Peak day parameter occurs 
earlier (at three of the six stations), and the duration of pol-
lination/sporulation was longer at three stations.

Correlations according to the studied pollen/fungal 
spore taxa

The pollen taxa with the highest number of significant cor-
relations with winter rainfall ETCCDI (see Table 6) cor-
respond to the shrub ERIT (12.5%) and to all herbaceous 
plants except for MERC (ranging from 7.8% to 11.7%). 
ERIT and ARTE exceeded 10% of the 384 possible signifi-
cant correlations (Table 6); and POAC and AMAR exceeded 
10% in three stations. The taxa that registered the lowest 
number of significant correlations with winter rainfall ETC-
CDI were BETU, ULMU (both at 1.6%), and CORY (1.3%). 
Concerning the fungal spores, the percentages of signifi-
cant correlations ranged between 6.8% (ALTE) and 4.9% 
(CLAD).

With regard to the sign of the significant winter correla-
tions, we observe the following. For pollen from herbs, 185 
positive and 43 negative correlations were found (Fig. 4), 
which correspond to a positive/negative ratio of 4.3. For 
pollen from shrubs, there were 44 positive and 27 negative 
correlations (ratio 1.6). Pollen from arboreal taxa showed 
143 positive and 82 negative, i.e., a positive/negative ratio of 
1.7. Fungal spores showed the lowest ratio (0.89) with more 
negative (24) than positive (21) correlations. ALT spores 
showed greater significant positive correlations (18 positives 
vs 8 negatives, ratio 2.3), and CLAD inverse results, with 
negative correlations being more frequent (16 negatives vs 
3 positives, ratio 0.2).

Fig. 3  Numbers of significant 
positive and negative Spearman 
correlations and ratios for the 
pollen/fungal spore parameters 
in winter (blue) and annual 
(grey) periods. Qualitative 
correlations are shown as n∗ 
(see 2.4)
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In fact, taxa with more negative than positive winter cor-
relations correspond to the spore CLAD (Cladosporium, 
ratio 0.2), followed mostly by tree taxa, of which those 
with the lowest positive/negative ratios were QTOT (Total 
Quercus, ratio 0.4), POPU (Populus, ratio 0.6), FRAX 
(Fraxinus, ratio 0.8), and PLAT (Platanus, ratio 0.4). 
Figure 4 shows the significant winter and annual correla-
tions for the different pollen/fungal spore taxa. Among the 
arboreal species, the taxa from the Quercus genus (QUCA, 
QUPE, and the sum of the previous QTOT) presented the 
highest number of correlations (60), one-third of them (24) 
having been observed at BTU (one positive and 23 nega-
tive) and one-fourth at GIC (seven positive and nine nega-
tive), both of which are Pre-littoral. The QUCA pollen type 
contains all Quercus deciduous species (oaks) and the ever-
green Q. suber (cork oak). The species in this group tend 
to pollinate earlier than the other Quercus species, which 

are included in the QUPE pollen type. An analysis of the 
correlations shows that QUCA is affected more by rain than 
QUPE is, and, further, that in both cases the number of 
positive and negative correlations coincide. However, when 
considering a single pollen type (QTOT) that sums up the 
two previous results, this new result changes the relation-
ship in favour of more negative than positive correlations. 
As shown in Fig. 1 and Table 3, the Pre-littoral station BTU 
is the only one with more numerous negative than posi-
tive correlations from the winter ETCCDI, and the main 
cause of this is the contribution of arboreal species. For 
the 90 significant winter correlations at BTU station, 32 
correspond to herbs and fungi, and 58 to trees and shrubs 
(Table 6). Taking into account the fungal spores, the locali-
ties where more winter correlations were found (60% of 
the total) were BCN (14 positive for ALTE) and GIC (11 
negative correlations for CLAD).

Table 5  Numbers of significant 
Spearman correlations 
between the winter ETCCDI 
and the pollen/fungal fungal 
spore parameters for every 
aerobiological station. 
Qualitative correlations are 
shown as n∗ (see 2.4)

Littoral
BCN Positive Negative Total TAU Positive Negative Total
APIn/ASIn 19 0 19 APIn/ASIn 11 0 11
SPIn/SSIn 23 0 23 SPIn/SSIn 12 0 12
Days P/S 9 3 12 Days P/S 31 0 31
Max 5 3 8 Max 5 0 5
Peak 5* 0* 5 Peak 7* 4* 11
Start 3* 5* 8 Start 15* 0* 15
End 3 7 10 End 3 9 12
Length 0 4 4 Length 6 2 8
Total 67 22 89 Total 90 15 105

Pre-littoral
BTU Positive Negative Total GIC Positive Negative Total
APIn/ASIn 5 1 6 APIn/ASIn 2 5 7
SPIn/SSIn 5 1 6 SPIn/SSIn 2 5 7
Days P/S 1 6 7 Days P/S 8 2 10
Max 10 3 13 Max 4 14 18
Peak 1* 7* 8 Peak 5* 5* 10
Start 8* 1* 9 Start 4* 8* 12
End 1 25 26 End 13 4 17
Length 0 15 15 Length 9 5 14
Total 31 59 90 Total 47 48 95

Inland
LLE Positive Negative Total MAN Positive Negative Total
APIn/ASIn 11 0 11 APIn/ASIn 4 0 4
SPIn/SSIn 12 0 12 SPIn/SSIn 4 0 4
Days P/S 39 0 39 Days P/S 5 0 5
Max 8 0 8 Max 8 2 10
Peak 7* 0* 7 Peak 1* 5* 6
Start 22* 6* 28 Start 7* 3* 10
End 13 9 22 End 2 0 2
Length 23 5 28 Length 2 6 8
Total 135 20 155 Total 33 16 49
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An average value of the Spearman correlation coefficient 
can be calculated weighting every positive and negative 
significant correlation by its specific correlation coefficient. 

Calculated globally for all the winter correlations a value 
of 0.2 is obtained, while it is 0.0 for annual correlations. 
Figure 5 shows the winter and annual average value of the 

Table 6  Numbers of significant 
positive/negative Spearman 
correlations between the winter 
ETCCDI and the pollen/fungal 
spore parameters for every 
taxon at every station, sorted by 
the percentage of correlations 
from the total possible

Station

Taxon Positive / 
Negative

Total Percentage BCN TAU BTU GIC LLE MAN

Plants Trees CUPR 21 6 27 7.0% 8/1 0/0 1/0 1/5 10/0 1/0
QUCA 12 12 24 6.3% 0/2 6/0 0/7 3/3 3/0 0/0
QTOT 6 16 22 5.7% 0/0 1/0 1/12 2/4 2/0 0/0
CAST 20 0 20 5.2% 2/0 1/0 1/0 5/0 4/0 7/0
FRAX 9 11 20 5.2% 0/4 4/0 0/5 0/2 5/0 0/0
POPU 7 11 18 4.7% 0/2 3/6 0/3 1/0 3/0 0/0
ALNU 17 0 17 4.4% 0/0 8/0 0/0 0/0 9/0 0/0
FAGU 14 2 16 4.2% 3/0 0/1 0/0 0/1 7/0 4/0
PLAT 4 11 15 3.9% 0/0 2/1 0/0 0/4 2/5 0/1
QUPE 7 7 14 3.6% 0/1 3/0 0/4 2/2 2/0 0/0
OLEA 10 1 11 2.9% 1/0 1/0 3/0 1/0 3/1 1/0
PINU 6 3 9 2.3% 0/0 4/0 0/3 0/0 2/0 0/0
BETU 5 1 6 1.6% 4/0 0/0 0/0 0/1 0/0 1/0
ULMU 5 1 6 1.6% 1/0 0/0 0/0 4/0 0/1 0/0

Shrubs ERIT 33 15 48 12.5% 4/0 8/1 10/8 0/5 7/1 4/0
PIST 8 10 18 4.7% 2/0 0/4 2/0 0/0 4/6 0/0
CORY 3 2 5 1.3% 1/1 0/0 1/0 0/1 1/0 0/0

Herbs ARTE 28 17 45 11.7% 12/0 6/0 0/6 0/1 10/6 0/4
PLAN 38 0 38 9.9% 4/0 9/0 3/0 6/0 16/0 0/0
URTI 29 9 38 9.9% 10/5 9/0 0/3 4/1 5/0 1/0
POAC 34 1 35 9.1% 0/1 7/0 0/0 10/0 13/0 4/0
AMAR 24 9 33 8.6% 0/0 8/2 2/2 1/3 7/0 6/2
POLI 27 3 30 7.8% 0/2 4/0 2/0 4/1 13/0 4/0
MERC 5 4 9 2.3% 1/2 0/0 2/0 1/1 0/0 1/1

PTOT 14 0 14 3.6% 0/0 5/0 0/0 1/0 5/0 3/0
Moulds ALTE 18 8 26 6.8% 14/1 1/0 3/4 0/2 0/0 0/1

CLAD 3 16 19 4.9% 0/0 0/0 0/2 1/11 2/0 0/3

Fig. 4  Numbers of significant 
positive and negative Spearman 
correlations and overall winter 
ratios for the pollen/fungal 
spore taxa
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Spearman coefficient for every ETCDDI and every pollen/
fungal spore variables.

Discussion

In this work, the possible influence of moderate to extreme 
rainfall occurred mostly prior to the pollen release season 
has been studied. The role of past weather, in general, in 
the later phenological phases and development of plants has 
been an object of study in several investigations (Spieksma 
et al. 1995; Giner et al. 1999; Emberlin et al. 1997, 2007; 
Matyasovszky et al. 2015). For instance, Emberlin and Nor-
ris-Hill (1991) observed that the effect of weather conditions 
during pollen formation seemed to be more relevant than 
that during the pollen release season for the cumulative air-
borne Urticaceae pollen concentrations. Pollen production 
of different taxa might decrease after extremely dry past sea-
sons and vice versa (Matyasovszky et al. 2015). With regard 
to the two fungal spore types under study, Vélez-Pereira 
et al. (2019) found that temperature and cumulative rainfall 
in the last 3 days showed a positive correlation with airborne 
fungal spore levels, while the rain on the same day had a 
negative correlation, and Grinn-Gofroń et al. (2019) refer-
enced the complex relationship of these taxa with rainfall.

The correlation study comparison of the winter (Decem-
ber to March) and annual rainfall indices has made it pos-
sible to rather avoid the wash-out effect on taxa which do 
not flower in the winter period, thereby allowing us to find a 
general positive influence on pollen/fungal spore production 
from an increase in moderately extreme winter rainfall. The 
global average percentage of significant correlations only 
experienced a slight increase from 4.2% for annual rainfall 
to 5.6% for winter rainfall, which could be interpreted as a 
sign of very low influence, in general, of moderately extreme 
rainfall on pollen and fungal spore parameters. In fact, the 
possible global influence of annual moderately extreme 
rainfall on pollen and fungal spore seasons obtained by 

averaging all the Spearman correlation coefficients for all 
the available taxa cannot be observed, even though there 
could be some evidences of this influence for some species 
considered individually. In any case, this global influence 
begins to be observed when the previous winter rainfall is 
considered. For some of the indices and parameters consid-
ered individually, higher percentages have been found for 
winter than for annual rainfall, the latter being generally low.

The observation of a low global influence of moderately 
extreme annual precipitation can be explained as a conse-
quence of the limitations of the methodology used. Due to 
their extensive use in many fields to characterize extreme 
climate, the precipitation ETCCDI indices have been 
employed in their standardized annual form in the first part 
of the correlation analysis. However, at the locations of the 
present study, approximately 44%—49% of the total rainfall 
is collected in the first semester of the year, the period in 
which there usually are the most part of the pollen seasons; 
in fact, the seasons of nine of the twenty-five studied taxa 
have already ended by the end of the first semester. These 
limitations are one of the reasons for which the standardized 
annual indices have been modified by calculating them only 
for winter and compare the obtained results. The refinement 
of the correlation analysis by the definition and calculation 
of the winter indices is one of the essential objectives of 
this work.

The distinction between previous winter and annual rain-
fall indices has led to a bit different outcome in most cases. 
The seasonal division of rainfall records show a significant 
increase in the positive/negative correlations ratio: the posi-
tive correlations were found to be more than twice (ratio 
2.3) the number of negative ones for winter rainfall, while 
for annual rainfall this average ratio was 1. At some stations, 
these differences proved to be especially remarkable: at TAU 
(Tarragona), the number of winter correlations was more 
than five times the number of annual ones, with a positive/
negative winter correlations ratio of 6. The winter ratio was 
even higher (6.8) at LLE (Lleida), the location for which the 

Fig. 5  Average Spearman cor-
relation coefficient for (a) every 
ETCCDI and (b) every pollen/
fungal spore variables in winter 
(blue) and annual (grey) periods
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percentage of significant winter correlations among the total 
was the highest, above 9%.

All winter ETCCDI had more positive than negative 
correlations with the pollen variables that were significant, 
being the positive/negative correlations ratios notably higher 
than the annual ones. The highest ratios corresponded to 
PRCPTOT (3.5), R10mm (3.3), and R20mm (2.7), these two 
last indices presenting also the highest percentage of signifi-
cant winter correlations (around 7% of the total). Due to the 
fact that in the most part of our region the winter R20mm 
and R10mm indices are related to moderate rain events, with 
a return period of about half year in the case of the first one, 
and occurring over 4–6 days each winter in the case of the 
second one, it seems that moderate winter rainfall might 
have a greater impact on pollen/fungal spore production than 
extreme winter rainfall, which would be better represented 
by index R95p (Casas et al. 2007). It must be borne in mind 
that the rain amounts corresponding to the R20mm index 
can be considered more extreme in arid and semi-arid areas, 
as it is almost the case of Lleida in our study, for which the 
R20mm is involving daily rainfall with a return period of 
about 2 years (Casas et al. 2007). Both indices, R10mm and 
R20mm, seem to be very good indicators, together or indi-
vidually, for measuring the lagged effects of rain on pollen 
production, since a notable rainwater amount can be stored 
in the soil and be available in later dry periods (Matyasovs-
zky et al. 2015).

Among the aerobiological variables, the one presenting 
the highest percentage of significant winter correlations 
(8%) was Days P/S; and those with the highest positive/
negative ratios were SPIn/SSIn (9.7), APIn/ASIn (8.7), 
and Days P/S (8.5), while for annual rainfall this ratio 
came out lower than 1.4 for all variables. These results 
might be indicating that pollination, in general, was 
favoured by rainier previous winters. It is difficult to find 
studies investigating only the relationship between precipi-
tation and pollen/fungal spore parameters, as they usually 
deal with temperature or with both. Then, as the influence 
of temperature usually shows better correlations, results 
on rainfall remain silenced. Galán et al. (2016) highlighted 
the important contribution of rainfall and photoperiod 
to plant phenology. As an example, for Spieksma et al. 
(1995); Emberlin et al. (1997, 2007); Munuera Giner et al. 
(1999), and Matyasovszky et al. (2015) past weather con-
ditions, especially air temperature in the preceding weeks, 
has been found to influence the onset of the pollen season. 
Only Fuhrmann et al. (2016) concluded that mean Febru-
ary temperatures and increased antecedent precipitation 
during the months of November to February was asso-
ciated with higher peak daily tree pollen concentrations. 
An important conclusion of the present study is that cor-
relations involving the timing of pollen parameters sug-
gest that for rainier winters the subsequent pollen/fungal 

spore season clearly tends to start earlier, while, to a lesser 
extent, the Peak day tends to occur earlier, and the duration 
of pollination/sporulation tends to be longer. The compre-
hension of the relationship between rainfall and flowering 
phenology is of paramount interest as water availability is 
a major drive of climate change in the Mediterranean area 
(Peñuelas et al. 2004).

The positive/negative correlations ratio for winter rain-
fall reached its highest value for herbs, 4.3, while it was 
only 1.6–1.7 for shrubs and trees. This result may indicate 
that herbs are much quicker than woody plants (shrubs and 
trees) to react to the increased availability of water, specifi-
cally in their ability to generate new flowers as well as to 
begin, increase, and prolong their pollination (Cariñanos 
et al. 2004; Galán et al. 2016). Despite their usually higher 
sensibility to climate disturbances such as water stress, 
herbaceous plants are in general more able to recover than 
arboreal plants. In their comparative study between the 
influence of current and past climate conditions on current 
pollen concentrations of three different taxa, Matyasovszky 
et al. (2015) found a higher water sensitivity of the studied 
herbaceous taxa (Ambrosia and Poaceae) compared to the 
arboreal (Populus). Galán et al. (2016), in their study about 
airborne pollen trends in the Iberian Peninsula and the cor-
relation between the Annual Pollen Index (sum of daily pol-
len concentration during the year) for several taxa and the 
North Atlantic Oscillation (NAO) index, linked in part to the 
Iberian rainfall pattern (Gallego et al. 2005), found a high 
correlation with the previous winter NAO for all tree species 
flowering in winter or early spring. In the Mediterranean 
area, the correlations for arboreal species were found to be 
more significant in general than for other plants, ratifying 
the relevance of rainwater prior to flowering, especially in 
the driest regions. Besides the lower sensitivity of trees to 
water availability during flower development compared to 
herbs, another reason that could partially explain the low 
value of the positive/negative ratio for the arboreal species 
and the fact that taxa with more negative than positive winter 
correlations correspond mostly to trees could be a washing-
out effect from winter rainfall, since in many cases (such as 
CUPR (Cupressaceae), FRAX (Fraxinus), PLAT (Platanus), 
and POPU (Populus)), the pollination season already begins 
in winter.

The fungal taxa ALTE (Alternaria) and CLAD (Clad-
osporium) are integrated by multiple species and are ubiq-
uitous organisms that live mostly on soil and on plants 
but also, although in minor proportion, on animals and 
anthropized environments. Their spores are present all the 
year round, with the lowest incidence in winter (Vélez-
Pereira et al. 2019). The complex biology and ecology of 
these taxa, and the results obtained in the present study make 
the authors deduce that more detailed research is still needed 
in this field.
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Conclusions

The seasonal consideration on rainfall ETCCDI made with the 
aim to avoid the overlapping of different rainfall impacts has led 
to more sharpened observations of its positive and negative effects 
on airborne pollen and fungal spore concentrations, as well as to 
overcome the limitations of the use of annual indices in a correlation 
study with aerobiological variables corresponding to seasons the 
most part of which are limited to the first semester of the year. The 
use of winter rainfall indices has made possible to rather avoid the 
wash-out effect on taxa which do not flower in this period, thereby 
allowing us to find a positive influence on pollen/fungal spore pro-
duction from an increase in moderately extreme winter rainfall.

All winter precipitation ETCCDI had more positive than nega-
tive correlations that were significant, being total precipitation 
PRCPTOT, R10mm, and R20mm those with the highest positive/
negative ratio. R10mm and R20mm were also the indices with 
the highest percentage of significant winter correlations, so it can 
be concluded that both could be very good indicators, together or 
individually, for measuring the lagged effects of rainfall on pollen 
production. In our region the winter R10mm and R20mm indices 
are related to moderate rain events occurring each winter, so it 
seems that moderate winter rainfall might have a greater impact 
on pollen/fungal spore production than extreme winter rainfall.

Pollen/fungal spore variables APIn/ASIn, SPIn/SSin, and 
Days P/S presented a remarkable high positive/negative cor-
relations ratio for winter, indicating a possible link between 
the increase of the magnitude and duration of the pollen/fungal 
spore seasons and the increase of the moderate rainfall occurred 
in the previous winter. Correlations involving timing pollen 
parameters suggest that for rainier previous winters the subse-
quent pollen/fungal spore season clearly tends to start earlier, 
while, to a lesser extent, the Peak day tends to occur earlier 
and the duration of pollination/sporulation tends to be longer.

The increase of moderate rainfall in the precedent winter 
appeared to be positively correlated with the increase of the 
pollen amount from herbaceous taxa in later seasons, while 
for the arboreal taxa the proportion of positive correlations 
was clearly lower. This result could be indicating a potentially 
lower sensitivity of trees to water availability during flower 
development than shrubs and herbs, even though this aspect 
might be masked by a confounding washing-out effect from 
winter rainfall due to the fact that, in many cases the pollina-
tion season already begins in winter.

References

Alcázar P, Stach A, Nowak M, Galán C (2009) Comparison of air-
borne herb pollen types in Córdoba (Southwestern Spain) and 
Poznan (Western Poland). Aerobiologia 25:55–63. https:// doi. 
org/ 10. 1007/ s10453- 009- 9109-7

Alexander LV, Arblaster JM (2009) Assessing trends in observed and 
modelled climate extremes over Australia in relation to future 

projections. Int J Climatol 29:417–435. https:// doi. org/ 10. 1002/ 
joc. 1730

Anderegg WRL, Abatzoglou JT, Anderegg LDL, Bielory L, Kin-
ney PL, Ziska L (2021) Anthropogenic climate change is wors-
ening North American pollen seasons. Proc Natl Acad Sci 
118(7):e2013284118. https:// doi. org/ 10. 1073/ pnas. 20132 84118

Andersen TB (1991) A model to predict the beginning of the pollen 
season. Grana 30(1):269–275. https:// doi. org/ 10. 1080/ 00173 
13910 94278 10

Caramiello R, Siniscalco C, Mercalli L, Potenza A (1994) The rela-
tionship between airborne pollen grains and unusual weather 
conditions in Turin (Italy) in 1989, 1990 and 1991. Grana 
33(6):327–332. https:// doi. org/ 10. 1080/ 00173 13940 94290 20

Cariñanos P, Galán C, Alcázar P, Domínguez E (2004) Airborne 
pollen records response to climatic conditions in arid areas of 
the Iberian Peninsula. Environmental and Experimental Botany 
52(1):11–22. https:// doi. org/ 10. 1016/j. envex pbot. 2003. 11. 008

Casanueva A, Rodríguez-Puebla C, Frías MD, González-Reviriego 
N (2014) Variability of extreme precipitation over Europe and 
its relationships with teleconnection patterns. Hydrol Earth Syst 
Sci 18:709–725. https:// doi. org/ 10. 5194/ hess- 18- 709- 2014

Casas MC, Herrero M, Ninyerola M, Pons X, Rodríguez R, Rius A, 
Redaño A (2007) Analysis and objective mapping of extreme 
daily rainfall in Catalonia. Int J Climatol 27(3):399–409. https:// 
doi. org/ 10. 1002/ joc. 1402

Casas-Castillo MC, Rodríguez-Solà R, Lana X, Serra C, Martínez 
MD, Biere R, Arellano B, Roca J (2019). Consecuencias 
hidrológicas del cambio climático en entornos urbanos. In 
XIII CTV 2019 Proceedings: XIII International Conference on 
Virtual City and Territory: “Challenges and paradigms of the 
contemporary city”: UPC, Barcelona, October 2–4, 2019. Bar-
celona: CPSV, 2019, p. 8291. E-ISSN 2604–6512. https:// doi. 
org/ 10. 5821/ ctv. 8291

Dahl A, Galán C, Hajkova L, Pauling A, Sikoparija B, Smith M, 
Vokou D (2013) The onset, course and intensity of the pollen 
season. In M. Sofiev and K-C. Bergmann (eds.), Allergenic Pol-
len: A Review of the Production, Release, Distribution and Health 
Impacts. Springer Science Business Media. https:// doi. org/ 10. 
1007/ 978- 94- 007- 4881-1_3

Emberlin J, Norris-Hill J (1991) Annual, daily and diurnal variation 
of Urticaceae pollen in North-Central London. Aerobiologia 
7(1):49–56. https:// doi. org/ 10. 1007/ BF024 50017

Emberlin J, Mullins J, Corden J, Millington W, Brooke M, Savage M, 
Jones S (1997) The trend to earlier Birch pollen seasons in the 
U.K.: a biotic response to changes in weather conditions? Grana 
36(1):29–33. https:// doi. org/ 10. 1080/ 00173 13970 93625 86

Emberlin J, Smith M, Close R, Adams-Groom B (2007) Changes in the 
pollen seasons of the early flowering trees Alnus spp. and Corylus 
spp. in Worcester, United Kingdom, 1996–2005. Int J Biometeorol 
51(3):181–191. https:// doi. org/ 10. 1007/ s00484- 006- 0059-2

Fernández-Llamazares A, Belmonte J, Delgado R, De Linares C (2014) 
A statistical approach to bioclimatic trend detection in the air-
borne pollen records of Catalonia (NE Spain). Int J Biometeorol 
58:371–382. https:// doi. org/ 10. 1007/ s00484- 013- 0632-4

Fernández-Martínez M, Belmonte J, Espelta JM (2012) Masting in 
oaks: disentangling the effect of flowering phenology, airborne 
pollen load and drought. Acta Oecol 43:51–59. https:// doi. org/ 
10. 1016/j. actao. 2012. 05. 006

Fuhrmann CM, Sugg MM, Konrad CE (2016) Airborne pollen char-
acteristics and the influence of temperature and precipitation 
in Raleigh, North Carolina, USA (1999–2012). Aerobiologia 
32(4):683–696. https:// doi. org/ 10. 1007/ s10453- 016- 9442-6

Galán C, Ariatti A, Bonini M, Clot B, Crouzy B, Dahl A, Fernandez-
González D, Frenguelli G, Gehrig R, Isard S, Levetin E, Li 
DW, Mandrioli P, Rogers CA, Thibaudon M, Sauliene I, Skjoth 
C, Smith M, Sofiev M (2017) Recommended terminology for 

AQ3

683

684

685

686

687

688

689

690

691

692

693

694

695

696

697

698

699

700

701

702

703

704

705

706

707

708

709

710

711

712

713

714

715

716

717

718

719

720

721

722

723

724

725

726

727
728
729
730
731
732

733
734
735
736
737
738
739
740
741
742
743
744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775
776
777
778
779
780
781
782
783
784
785
786
787
788
789
790
791
792
793
794
795
796
797
798

https://doi.org/10.1007/s10453-009-9109-7
https://doi.org/10.1007/s10453-009-9109-7
https://doi.org/10.1002/joc.1730
https://doi.org/10.1002/joc.1730
https://doi.org/10.1073/pnas.2013284118
https://doi.org/10.1080/00173139109427810
https://doi.org/10.1080/00173139109427810
https://doi.org/10.1080/00173139409429020
https://doi.org/10.1016/j.envexpbot.2003.11.008
https://doi.org/10.5194/hess-18-709-2014
https://doi.org/10.1002/joc.1402
https://doi.org/10.1002/joc.1402
https://doi.org/10.5821/ctv.8291
https://doi.org/10.5821/ctv.8291
https://doi.org/10.1007/978-94-007-4881-1_3
https://doi.org/10.1007/978-94-007-4881-1_3
https://doi.org/10.1007/BF02450017
https://doi.org/10.1080/00173139709362586
https://doi.org/10.1007/s00484-006-0059-2
https://doi.org/10.1007/s00484-013-0632-4
https://doi.org/10.1016/j.actao.2012.05.006
https://doi.org/10.1016/j.actao.2012.05.006
https://doi.org/10.1007/s10453-016-9442-6


UNCORRECTED PROOF

Journal : Large 484 Article No : 2267 Pages : 15 MS Code : 2267 Dispatch : 9-3-2022

 International Journal of Biometeorology

1 3

aerobiological studies. Aerobiologia 33(3):293–295. https:// doi. 
org/ 10. 1007/ s10453- 017- 9496-0

Galán C, Smith M, Thibaudon M, Frenguelli G, Oteros J, Gehrig R, 
Berger U, Clot B, Brandao R, EAS QC Working Group (2014) 
Pollen monitoring: minimum requirements and reproducibility 
of analysis. Aerobiologia 30:385–395. https:// doi. org/ 10. 1007/ 
s10453- 014- 9335-5

Galán Soldevilla C, Cariñanos González P, Alcázar Teno P, 
Domínguez Vilches E (2007) Manual de Calidad y Gestión de 
la Red Española de Aerobiología. Servicio de Publicaciones, 
Universidad de Córdoba

Galán C, Alcázar P, Oteros J, García-Mozo H, Aira MJ, Belmonte 
J, Diaz de la Guardia C, Fernández-González D, Gutierrez-
Bustillo M, Moreno-Grau S, Pérez-Badía R, Rodríguez-Rajo J, 
Ruiz-Valenzuela L, Tormo R, Trigo MM, Domínguez-Vilches 
E (2016) Airborne pollen trends in the Iberian Peninsula. Sci 
Total Environ 550:53–59. https:// doi. org/ 10. 1016/j. scito tenv. 
2016. 01. 069

Gallego MC, García JA, Vaquero JM (2005) The NAO signal in daily 
rainfall series over the Iberian Peninsula. Clim Res 29(2):103–
109. https:// doi. org/ 10. 3354/ cr029 103

Giner MM, García JSC, Sellés JG (1999) Aerobiology of Artemisia 
airborne pollen in Murcia (SE Spain) and its relationship with 
weather variables: annual and intradiurnal variations for three 
different species. Wind vectors as a tool in determining pollen 
origin. Int J Biometeorol 43(2):51–63. https:// doi. org/ 10. 1007/ 
s0048 40050 116

Grinn-Gofroń A, Nowosad J, Bosiacka B, Camacho I, Pashley C, Bel-
monte J, De Linares C, Ianovici N, Maya Manzano JM, Sadyś M, 
Skjøthj C, Rodinkova V, Tormo-Molina R, Vokou D, Fernández-
Rodríguez S, Damialis A (2019) Airborne Alternaria and Clad-
osporium fungal spores in Europe: Forecasting possibilities and 
relationships with meteorological parameters. Sci Total Environ 
653:938–946. https:// doi. org/ 10. 1016/j. scito tenv. 2018. 10. 419

Hegerl GC, Zwiers FW, Braconnot P, Gillett NP, Luo Y, Marengo 
Orsini JA, Nicholls N, Penner JE, Stott PA. Understanding and 
attributing climate change. In: Solomon S, Qin D, Manning M, 
Chen Z, Marquis M, Averyt KB, Tignor M, Miller HL editors, 
editor/s. IPCC, 2007: Climate Change 2007: the physical science 
basis. contribution of Working Group I to the Fourth Assessment 
Report of the Intergovernmental Panel on Climate Change. Cam-
bridge, U.K.: Cambridge University Press; 2007. http:// hdl. handle. 
net/ 102. 100. 100/ 124109? index=1http:// www. ipcc. ch/ publi catio 
ns_ and_ data/ publi catio ns_ ipcc_ fourth_ asses sment_ report_ wg1_ 
report_ the_ physi cal_ scien ce_ basis. htm

Hirst JM (1952) An automatic volumetric spore trap. Ann Appl Biol 
39:257–265. https:// doi. org/ 10. 1111/j. 1744- 7348. 1952. tb009 04.x

Jato V, Dopazo A, Aira MJ (2002) Influence of precipitation and tem-
perature on airborne pollen concentration in Santiago de Com-
postela (Spain). Grana 41(4):232–241. https:// doi. org/ 10. 1080/ 
00173 13023 21012 022

Jones AM, Harrison RM (2004) The effects of meteorological factors 
on atmospheric bioaerosol concentrations—a review. Sci Total 
Environ 326:151–180. https:// doi. org/ 10. 1016/j. scito tenv. 2003. 
11. 021

Kharin VV, Zwiers FW, Zhang X, Hegerl GC (2007) Changes in 
temperature and precipitation extremes in the IPCC ensemble 
of global coupled model simulations. J Climate 20:1419–1444. 
https:// doi. org/ 10. 1175/ JCLI4 066.1

Klein-Tank AMG, Zwiers FW, Zhang X (2009) Guidelines on Analysis 
of extremes in a changing climate in support of informed deci-
sions for adaptation. Rep WCDMP-No. 72, WMO-TD no. 1500, 
World Meteorological Organization, Geneva, 55 pp. https:// www. 
ecad. eu/ docum ents/ WCDMP_ 72_ TD_ 1500_ en_1. pdf

Kluska K, Piotrowicz K, Kasprzyk I (2020) The impact of rainfall on 
the diurnal patterns of atmospheric pollen concentrations. Agric 

for Meteorol 291:108042. https:// doi. org/ 10. 1016/j. agrfo rmet. 
2020. 108042

Lana X, Rodríguez-Solà R, Martínez MD, Casas-Castillo MC, Serra 
C, Kirchner R (2021) Autoregressive process of monthly rainfall 
amounts in Catalonia (NE Spain) and improvements on predict-
ability of length and intensity of drought episodes amounts in Cat-
alonia (NE Spain) and improvements on predictability of length 
and intensity of drought episodes. Int J Climatol 41(S1):E3178–
E3194. https:// doi. org/ 10. 1002/ joc. 6915

Llabrés-Brustenga A, Rius A, Rodríguez-Solà R, Casas-Castillo MC 
(2020) Influence of regional and seasonal rainfall patterns on the 
ratio between fixed and unrestricted measured intervals of rainfall 
amounts. Theor Appl Climatol 140(1):389–399. https:// doi. org/ 
10. 1007/ s00704- 020- 03091-w

Llabrés-Brustenga A, Rius A, Rodríguez-Solà R, Casas-Castillo MC, 
Redaño À (2019) Quality control process of the daily rainfall 
series available in Catalonia from 1855 to the present. Theor 
Appl Climatol 137(3–4):2715–2729. https:// doi. org/ 10. 1007/ 
s00704- 019- 02772-5

Majeed HT, Periago C, Alarcón M, Belmonte J (2018) Airborne pollen 
parameters and their relationship with meteorological variables in 
NE Iberian Peninsula. Aerobiologia 34:375–388. https:// doi. org/ 
10. 1007/ s10453- 018- 9520-z

Makra L, Matyasovszky I, Páldy A, Deák AJ (2012) The influence of 
extreme high and low temperatures and precipitation totals on 
pollen seasons of Ambrosia, Poaceae and Populus in Szeged, 
southern Hungary. Grana 51:215–227. https:// doi. org/ 10. 1080/ 
00173 134. 2012. 661764

Matyasovszky I, Makra L, Csépe Z, Sümeghy Z, Deák ÁJ, Pál-Molnár 
E, Tusnády G (2015) Plants remember past weather: a study for 
atmospheric pollen concentrations of Ambrosia, Poaceae and 
Populus. Theor Appl Climatol 122:181–193. https:// doi. org/ 10. 
1007/ s00704- 014- 1280-2

MunueraGiner M, CarriónGarcía JS, García Sellés J (1999) Aerobiol-
ogy of Artemisia airborne pollen in Murcia (SE Spain) and its 
relationship with weather variables: annual and intradiurnal vari-
ations for three different species. Wind vectors as a tool in deter-
mining pollen origin. International Journal of Biometeorology 
43(2):51–63. https:// doi. org/ 10. 1007/ s0048 40050 116

Orlowsky B, Seneviratne SI (2012) Global changes in extreme events: 
regional and seasonal dimension. Clim Change 110:669–696. 
https:// doi. org/ 10. 1007/ s10584- 011- 0122-9

Oteros J, García-Mozo H, Hervás-Martínez C, Galán C (2012) 
Year clustering analysis for modelling olive flowering phenol-
ogy. Int J Biometeorol 57:545–555. https:// doi. org/ 10. 1007/ 
s00484- 012- 0581-3

Peñuelas J, Filella I, Zhang X, Llorens L, Ogaya R, Lloret F, Comas 
P, Estiarte M, Terradas J (2004) Complex spatiotemporal phe-
nological shifts as a response to rainfall changes. New Phy-
tol 161:837–846. https:// doi. org/ 10. 1111/j. 1469- 8137. 2004. 
01003.x

Rathnayake CM, Metwali N, Jayarathne T, Kettler J, Huang Y, 
Thorne PS, O’Shaughnessy PT, Stone EA (2017) Influence of 
rain on the abundance of bioaerosols in fine and coarse parti-
cles. Atmos Chem Phys 17:2459–2475. https:// doi. org/ 10. 5194/ 
acp- 17- 2459- 2017

Rodríguez R, Navarro X, Casas MC, Ribalaygua J, Russo B, Pouget 
L, Redaño À (2014) Influence of climate change on IDF curves 
for the metropolitan area of Barcelona (Spain). Int J Climatol 
34:643–654. https:// doi. org/ 10. 1002/ joc. 3712

Sheffield J, Wood EF, Roderick ML (2012) Little change in global 
drought over the past 60 years. Nature 491(7424):435–438. https:// 
doi. org/ 10. 1038/ natur e11575

Sillmann J, Roeckner E (2008) Indices for extreme climate events in 
projections of anthropogenic climate change. Clim Change 86:83–
104. https:// doi. org/ 10. 1007/ s10584- 007- 9308-6

799
800
801
802
803
804
805
806
807
808
809
810
811
812
813
814
815
816
817
818
819
820
821
822
823
824
825
826
827
828
829
830
831
832
833
834
835
836
837
838
839
840
841
842
843
844
845
846
847
848
849
850
851
852
853
854
855
856
857
858
859
860
861
862
863
864

865
866
867
868
869
870
871
872
873
874
875
876
877
878
879
880
881
882
883
884
885
886
887
888
889
890
891
892
893
894
895
896
897
898
899
900
901
902
903
904
905
906
907
908
909
910
911
912
913
914
915
916
917
918
919
920
921
922
923
924
925
926
927
928
929
930

https://doi.org/10.1007/s10453-017-9496-0
https://doi.org/10.1007/s10453-017-9496-0
https://doi.org/10.1007/s10453-014-9335-5
https://doi.org/10.1007/s10453-014-9335-5
https://doi.org/10.1016/j.scitotenv.2016.01.069
https://doi.org/10.1016/j.scitotenv.2016.01.069
https://doi.org/10.3354/cr029103
https://doi.org/10.1007/s004840050116
https://doi.org/10.1007/s004840050116
https://doi.org/10.1016/j.scitotenv.2018.10.419
http://hdl.handle.net/102.100.100/124109?index=1
http://hdl.handle.net/102.100.100/124109?index=1
http://www.ipcc.ch/publications_and_data/publications_ipcc_fourth_assessment_report_wg1_report_the_physical_science_basis.htm
http://www.ipcc.ch/publications_and_data/publications_ipcc_fourth_assessment_report_wg1_report_the_physical_science_basis.htm
http://www.ipcc.ch/publications_and_data/publications_ipcc_fourth_assessment_report_wg1_report_the_physical_science_basis.htm
https://doi.org/10.1111/j.1744-7348.1952.tb00904.x
https://doi.org/10.1080/001731302321012022
https://doi.org/10.1080/001731302321012022
https://doi.org/10.1016/j.scitotenv.2003.11.021
https://doi.org/10.1016/j.scitotenv.2003.11.021
https://doi.org/10.1175/JCLI4066.1
https://www.ecad.eu/documents/WCDMP_72_TD_1500_en_1.pdf
https://www.ecad.eu/documents/WCDMP_72_TD_1500_en_1.pdf
https://doi.org/10.1016/j.agrformet.2020.108042
https://doi.org/10.1016/j.agrformet.2020.108042
https://doi.org/10.1002/joc.6915
https://doi.org/10.1007/s00704-020-03091-w
https://doi.org/10.1007/s00704-020-03091-w
https://doi.org/10.1007/s00704-019-02772-5
https://doi.org/10.1007/s00704-019-02772-5
https://doi.org/10.1007/s10453-018-9520-z
https://doi.org/10.1007/s10453-018-9520-z
https://doi.org/10.1080/00173134.2012.661764
https://doi.org/10.1080/00173134.2012.661764
https://doi.org/10.1007/s00704-014-1280-2
https://doi.org/10.1007/s00704-014-1280-2
https://doi.org/10.1007/s004840050116
https://doi.org/10.1007/s10584-011-0122-9
https://doi.org/10.1007/s00484-012-0581-3
https://doi.org/10.1007/s00484-012-0581-3
https://doi.org/10.1111/j.1469-8137.2004.01003.x
https://doi.org/10.1111/j.1469-8137.2004.01003.x
https://doi.org/10.5194/acp-17-2459-2017
https://doi.org/10.5194/acp-17-2459-2017
https://doi.org/10.1002/joc.3712
https://doi.org/10.1038/nature11575
https://doi.org/10.1038/nature11575
https://doi.org/10.1007/s10584-007-9308-6


UNCORRECTED PROOF

Journal : Large 484 Article No : 2267 Pages : 15 MS Code : 2267 Dispatch : 9-3-2022

International Journal of Biometeorology 

1 3

Sillmann JV, Kharin V, Zhang X, Zwiers FW, Bronaugh D (2013) Cli-
mate extremes indices in the CMIP5 multimodel ensemble: Part 
1. Model evaluation in the present climate. J Geophys Res Atmos 
118:1716–1733. https:// doi. org/ 10. 1002/ jgrd. 50203

Sofiev M, Belmonte J, Gehrig R, Izquierdo R, Smith M, Dahl A, 
Siljamo P (2013) Airborne pollen transport. In M. Sofiev and 
K-C. Bergmann (eds.), Allergenic Pollen: A Review of the Pro-
duction, Release, Distribution and Health Impacts, Springer 
Science+Business Media Dordrecht. https:// doi. org/ 10. 1007/ 
978- 94- 007- 4881-1_3

Spieksma FTM, Emberlin JC, Hjelmroos M, Jäger S, Leuschner RM 
(1995) Atmospheric birch (betula) pollen in Europe: Trends and 
fluctuations in annual quantities and the starting dates of the sea-
sons. Grana 34(1):51–57. https:// doi. org/ 10. 1080/ 00173 13950 
94290 33

Tormo R, Gonzalo MA, Silva-Palacios I, Muñoz AF (2010) General 
trends in airborne pollen production and pollination periods at a 
Mediterranean site (Badajoz, Southwest Spain). J Investig Aller-
gol Clin Immunol 20(7):567–574 (PMID: 21313997)

Trenberth KE (2011) Changes in precipitation with climate change. 
Clim Res 47:123–138. https:// doi. org/ 10. 3354/ cr009 53

Van den Besselaar EJM, Klein Tank AMG, Buishand TA (2012) Trends 
in European precipitation extremes over 1951–2010. Int J Clima-
tol 33:2682–2689. https:// doi. org/ 10. 1002/ joc. 3619

Vélez-Pereira AM, De Linares C, Canela MA, Belmonte J (2019) 
Logistic regression models for predicting daily airborne Alter-
naria and Cladosporium concentration levels in Catalonia (NE 
Spain). Int J Biometeorol 63(12):1541–1553. https:// doi. org/ 10. 
1007/ s00484- 019- 01767-1

Wilks DS (2011) Statistical methods in the atmospheric sciences, vol 
100. Academic Press International geophysics series

Zhang X, Alexander L, Hegerl GC, Jones P, Tank AK, Peterson TC, 
Trewin B, Zwiers FW (2011) Indices for monitoring changes in 
extremes based on daily temperature and precipitation data. Wires 
Clim Change 2:851–870. https:// doi. org/ 10. 1002/ wcc. 147

Ziska LH, Makra L, Harry SK, Bruffaerts N, Hendrickx M, Coates F, 
Saarto A, Thibaudon M, Oliver G, Damialis A, Charalampopou-
los A, Vokou D, Heiđmarsson S, Guđjohnsen E, Bonini M, Oh 
JW, Sullivan K, Ford L, Brooks GD, Myszkowska D, Severova 
E, Gehrig R, Ramón GD, Beggs PJ, Knowlton K, Crimmins AR 
(2019) Temperature-related changes in airborne allergenic pol-
len abundance and seasonality across the northern hemisphere: a 
retrospective data analysis. Lancet Planet Health 3(3):E124–E131. 
https:// doi. org/ 10. 1016/ S2542- 5196(19) 30015-4

931
932
933
934
935
936
937
938
939
940
941
942
943
944
945
946
947
948
949
950
951
952
953
954

955
956
957
958
959
960
961
962
963
964
965
966
967
968
969
970
971
972
973
974

https://doi.org/10.1002/jgrd.50203
https://doi.org/10.1007/978-94-007-4881-1_3
https://doi.org/10.1007/978-94-007-4881-1_3
https://doi.org/10.1080/00173139509429033
https://doi.org/10.1080/00173139509429033
https://doi.org/10.3354/cr00953
https://doi.org/10.1002/joc.3619
https://doi.org/10.1007/s00484-019-01767-1
https://doi.org/10.1007/s00484-019-01767-1
https://doi.org/10.1002/wcc.147
https://doi.org/10.1016/S2542-5196(19)30015-4



