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Abstract The study’s main objective was to specify

the extent to which weather conditions were related to

the course of birch pollen seasons in the years

1997–2020. The impact of atmospheric conditions

on the daily concentrations of birch pollen grains, the

Annual pollen integral (APIn), and the length of pollen

seasons were studied. The dependency between each

meteorological condition and various features of the

birch pollen season was determined using Spearman’s

rho correlation, the Kruskal–Wallis test, and cluster

analysis with the k-means method. It has been shown

that the duration of sunshine and average air temper-

ature occurring within 14 days preceding the season

has the most significant influence on the beginning of a

birch pollen season. The value of daily birch pollen

concentrations in Sosnowiec showed a statistically

significant positive correlation with the duration of

sunlight and the average and maximum wind speed.

The daily concentration also depended on the synoptic

situation: the mass airflow direction, the type of air

mass inflow, and the type of weather front. The near-

ground temperature influenced the APIn of birch

pollen grains during the period of 14 days before the

beginning of the season and the meteorological

conditions occurring in the summer of the preceding

year such as the maximum temperature, duration of

sunlight, the maximum and average wind speed, and

the relative air humidity. It was concluded that the

length of birch pollen seasons decreased year by year.

Keywords Birch pollen � Betula � Weather

conditions � Statistical analysis

1 Introduction

The Betula tree range is limited to the northern

hemisphere, where they mainly occur in the temperate

and cold zones. In Poland, the most common are

Betula pendula and Betula pubescens (Szweykowska

& Szweykowski, 2003). Birch pollen grains occur in

almost all of Europe, from Scandinavia to central

Spain and Italy. The highest pollen concentrations of

this taxon are recorded in the Boreal regions, in Latvia,

Finland, and Poland, among others. Poland was

recognized as an area with a high birch pollen

concentration (Skjøth et al., 2013). According to

Skjøth et al. (2008), the density of Betula sp. in

deciduous forests is between 5 and 40 per cent in the

lowland areas of the country. The tree pollen release is

determined by a few factors, including the time of day,
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biological and meteorological parameters, such as

pollination progression, temperature, relative humid-

ity, and wind speed (Nowosad, 2015). Both the

beginning and the amount of daily pollen release

depend mainly on daily temperatures. If the specified

thresholds are not reached, pollination will not start. A

similar correlation is observed in many species, which

means that slight temperature variation (e.g. 2 �C) can

have a significant impact on daily pollen release

(Dosio & Paruolo, 2011; Skjøth et al., 2015).

Birch pollen may appear in the air in April and May,

and its allergens are one of the most potent allergens

among the Polish population (Samoliński et al., 2014).

There is a high degree of cross-reactivity within the

Betulaceae (e.g. Corylus, Alnus, Betula) family (Ebner

et al., 1995). Hazel and alder pollen may cause more

severe and more prolonged clinical symptoms in the

birch pollen season (D’Amato et al. 2007). Further-

more, the extension of pollen seasons and their

subsequent overlapping becomes alarming, as it may

cause a higher incidence of cross-reactivity among

allergens of the Betulaceae family (Dalen & Voor-

horst, 1981; Eriksson et al., 1987; Mothes & Valenta,

2004).

Pollen grains constitute a vital problem affecting

human health since they cause allergic diseases such

as asthma, rhinitis, and allergic conjunctivitis (Traidl-

Hoffmann et al., 2003). The intensification of symp-

toms is strictly dependent on the degree of exposure to

a given allergen and the ambient concentration of the

allergen (Lipiec et al., 2005; Rapiejko et al., 2007).

Individual plants, however, pollinate with various

intensities. The maximum concentration of grass

pollen usually does not exceed 300–500 grains/m3

per day in urban conditions (Rapiejko et al., 2003). In

contrast, the birch pollen concentration in the majority

of Polish cities usually exceeds 1500 grains/m3per day

(sometimes reaching even 8000 grains/m3) (Rapiejko

et al., 2006).

Usually, the concentration threshold at which

allergy symptoms occur depends on the taxon, yet

sometimes symptoms of various intensity may arise in

the same concentration level (Veriankaite et al., 2010).

The correlation between the clinical image of allergic

diseases and the level of pollen concentration in

Poland was examined by Rapiejko et al. (2007). Their

study showed that the first symptoms in the upper

respiratory tract in patients allergic to birch pollen

were visible during exposure to the pollen at a

concentration of 20 grains/m3 (25% of participants

were allergic to birch pollen). The symptoms were

found in all study participants allergic to birch pollen

at a concentration higher or equal to 75 grains per m3,

and dyspnoea occurred at a concentration of 155

grains/m3 (Table 1).

The main objective of the study was to specify the

extent to which weather conditions such as air

temperature, duration of sunlight, wind speed, humid-

ity, precipitation, and synoptic situations (the direction

of air mass inflow, the type of mass air, and the

movement of weather fronts) were related to the

course of birch pollen seasons in the years 1997–2020.

2 Materials and methods

Birch pollen grain concentrations were analysed based

on data obtained in Sosnowiec in the years 1997–2020.

Sosnowiec is located in the south of Poland, in the

eastern part of the Silesian Upland (Fig. 1). Despite its

substantial density of residential and industrial devel-

opment, the city is a habitat for many species of

vascular plants of many botanic families. According to

Jędrzejko (1993), green areas make up approximately

24.7% of the city’s territory. The climate conditions of

the Silesian Upland are largely varying and irregular.

The city is located in a temperate climate zone,

transitioning between the maritime and continental

zone. During most days of the year (65%), the weather

is formed under the influence of polar maritime air

moving in from the Atlantic Ocean. The average

annual temperature is 9.2 oC, with July being the

hottest month (19.5 oC), and January the coldest

(- 1.2 �C). The average annual precipitation is

735 mm. Snowfall is recorded approximately 50 days

a year. The average number of days with snow cover is

66, while the average thickness of the snow cover is

25 cm. The movement of weather fronts over Sos-

nowiec is accompanied by high weather changeability

and precipitation for 40.5% of days in the year. As far

as wind in Sosnowiec is concerned, the western wind

is dominant, followed by the southern, north-western,

and south-western winds. The average wind speed in

Sosnowiec is estimated at approx. 3.1 m/s (Niedź-

wiedź & Małarzewski, 2016).

Aerobiological measurements were conducted

using a volumetric method with a Burkard trap placed

on the Institute of Earth Sciences roof at the University

123

Aerobiologia



Table 1 Basic characteristics of birch pollen season during the 1997–2020 time period

Year Day of

season start

Day of

season end

Length of the

season

Maximum

concentration

Date of max

concentration

APIn ‡ 20

grains/m3
‡ 75

grains/

m3

‡ 155

grains/

m3

1997 26.03

(85)

2.07

(183)

99 51 2.06

(153)

205 1 0 0

1998 31.03

(90)

7.06

(158)

69 213 11.04

(101)

1.513 14 10 2

1999 24.03

(83)

15.06

(166)

84 973 8.04

(98)

4.874 20 11 8

2000 11.04

(102)

18.05

(139)

38 1835 22.04

(113)

10.832 25 15 11

2001 4.04

(94)

14.06

(165)

72 2.584 2.05

(122)

11.327 24 9 9

2002 31.03

(90)

21.05

(141)

52 264 19.04

(109)

1.908 21 9 3

2003 19.04

(109)

13.05

(133)

25 9.967 26.04

(116)

28.662 22 17 13

2004 8.04

(99)

13.05

(134)

36 2.203 22.04

(113)

12.871 23 18 13

2005 29.03

(88)

12.06

(163)

76 508 17.04

(107)

2.165 16 5 4

2006 16.04

(106)

21.05

(141)

36 6.022 23.04

(113)

23.025 30 20 13

2007 8.04

(98)

11.05

(131)

34 1.048 16.04

(106)

4.484 23 12 6

2008 7.04

(98)

18.05

(139)

42 3.760 16.04

(107)

24.456 37 25 21

2009 7.04

(97)

18.05

(138)

42 150 19.04

(109)

1.314 19 6 0

2010 4.04

(94)

13.05

(133)

40 1.561 19.04

(109)

10.926 25 20 17

2011 6.04

(96)

13.05

(133)

38 290 19.04

(109)

2.100 20 10 3

2012 10.04

(101)

14.05

(135)

35 5.795 20.04

(111)

17.674 26 20 14

2013 21.04

(111)

11.05

(131)

21 892 24.04

(114)

4058 10 8 5

2014 30.03

(89)

5.05

(125)

37 1.859 8.04

(98)

11.054 28 19 16

2015 11.04

(101)

12.05

(132)

32 476 23.04

(113)

2.515 16 11 6

2016 3.04

(94)

17.05

(138)

45 2.993 13.04

(104)

19.087 39 28 21

2017 31.03

(90)

24.05

(144)

55 1.070 5.04

(95)

4.112 25 12 6
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of Silesia in Katowice, in the Northern Pogoń district

of Sosnowiec, where there is a low-density residential

development. The trap is placed approx. 15 m above

the ground. The geographical coordinates of the

measurement point are as follows: 50� 170 50‘‘N and

19� 080 20’’E. Nearby, at the height of 263 m above

sea level, there is a weather station of the Institute of

Earth Sciences, which was the source of weather data.

Additional data came from a synoptic weather station

of the Institute of Meteorology and Water Manage-

ment in Katowice, which is located approx. 10 km

southwest of Sosnowiec. From the station located in

Katowice, sunshine data from 1997 to 2000, humidity

data for all years, and precipitation data from 1997 to

2001 and 2010–2020 were obtained.

The study used average daily and monthly values of

weather elements such as average, near-ground,

maximum and minimum air temperature, duration of

sunlight, relative humidity, average and maximum

wind speed, precipitation, and the type of atmospheric

circulation (Niedźwiedź, 1981, 2004, 2006).

The microscopic samples were taken from the

palynological material obtained by measurements

with the Burkard trap, and after staining them with

alkaline fuchsine–evaluated on the surface of 4

horizontal strips (Mandrioli et al., 1998) with the help

of a microscope with trans-illumination.

The duration of the pollen season was determined

using the 98% method. It is assumed that it started and

ended on the days with 1% and 99% of APIn,

respectively (Emberlin et al., 1994; Spieksma and

Nikkels 1998). The following seasonal properties

were identified: its start date and end date, its duration,

the Annual pollen integral (APIn), the maximum daily

concentration, the date of the highest concentration,

and the number of days when the concentration

exceeded the threshold values (20–155 grains/m3).

The threshold values were defined based on the

airborne birch pollen concentration, which has caused

allergy symptoms in Poland (Rapiejko et al., 2007).

The dates related to the beginning, end, and peak of

pollen seasons were converted into the day of the year,

counting from 1 January. Descriptive statistics were

used for the analysis of differences in the course of

pollen seasons in the years examined: the arithmetic

mean, the minimum and maximum pollen concentra-

tion, standard deviation, and the coefficient of varia-

tion. The following interpretation was applied to

assess the coefficient of variation (V): V\ 20%—low

variation, 20%\V\ 40%—average variation,

40%\V\ 100%—high variation,[ 100%—very

strong variation. To check whether the distribution

of variables is similar to the norm, the Kolmogorov–

Smirnov and Shapiro–Wilk tests were conducted

(level 0.05; data not shown). Because the birch pollen

distribution in these years was strongly skewed (this

includes both daily and seasonal data), and there was

high variation in results (the ratio of standard deviation

to the mean), appropriate nonparametric tests were

used to verify the correlation between the measure-

ments: Spearman’s rho correlation analysis and the

Kruskal–Wallis test. The correlation strength was

measured using the following ranges: 0–0.3 poor

correlation, 0.3–0.5 moderate correlation, 0.5–0.7

strong correlation, 0.7–1 very strong correlation. In

order to verify whether there are similar pollen seasons

in terms of the pollen grain concentration and the

season’s duration, grouping was performed using

cluster analysis. A non-hierarchical method of multi-

feature object grouping was applied—the k-means

Table 1 continued

Year Day of

season start

Day of

season end

Length of the

season

Maximum

concentration

Date of max

concentration

APIn ‡ 20

grains/m3
‡ 75

grains/

m3

‡ 155

grains/

m3

2018 9.04

(99)

14.05

(134)

36 2.658 12.04

(102)

9.112 19 12 10

2019 4.04

(94)

9.05

(129)

36 1.894 19.04

(109)

10.420 23 20 15

2020 6.04

(97)

13.05

(134)

38 1.732 13.04

(104)

5.243 25 16 8
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method. However, first (before the k-means method), a

hierarchical cluster analysis using Ward’s method was

performed to see the most reliable number of clusters.

Daily, monthly and annual data on birch pollen grain

concentration and meteorological conditions were

used in the statistical analyses. For daily concentra-

tions, daily data were considered, for the effect of

weather conditions in the year preceding pollination,

monthly data were analysed, and for APIn, annual data

were examined. The periods of 4, 14, and 28 days

before the start of pollen season were used for analyses

of the effects of weather conditions on the start of the

birch pollen season.

Fig. 1 The geographic location of Sosnowiec in central Europe and location of the measuring point at the Institute of Earth Sciences,

University of Silesia, Sosnowiec
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3 Results

A 24-year series of aerobiological data on the course

of birch pollen seasons were analysed. Particular

characteristics of pollen seasons are included in

Table 1. The most unusual season turned out to be

that of 1997. It was characterized by low concentra-

tions and was exceptionally long (Table 1). As regards

the threshold values at which allergic symptoms

occur—the highest number of such days was observed

in 2008 and 2016.

The maximum daily values and APIn were of the

highest variability among the characteristics of birch

pollen seasons studied. The most significant coeffi-

cient of skewness, right-handed in both cases, was

found for maximum daily concentration and the date

of maximum concentration (Table 2).

3.1 The influence of weather conditions

on the daily concentration of birch pollen

To examine the correlation of the daily concentration

of birch pollen grains with weather conditions, a series

of Spearman’s rho correlation analyses was con-

ducted, the results of which are presented in the

table below (Table 3). Use of the series of Spearman’s

rho correlation analysis indicated that the birch pollen

concentration had a statistically significant correlation

with the minimum air temperature rs = - 0.17;

p\ 0.001 and near-ground temperature rs = - 0.18;

p\ 0.001.

It was also demonstrated that the daily birch pollen

grain concentration was statistically significantly

correlated with the duration of sunlight rs = 0.12;

p\ 0.001, average wind speed rs = 0.15; p\ 0.001

and the maximum wind speed rs = 0.20; p\ 0.001.

Negative correlations were found for relative air

humidity rs = - 0.29; p\ 0.001, and precipitation

rs = - 0.15; p\ 0.001 (Table 3).

Next, it was examined whether and how air

circulation had an influence on the amount of birch

pollen grains.

Table 4 presents the percentage share of weather

fronts occurring during the birch pollen season and

descriptive statistics for the pollen concentration

during the movement of the fronts. Due to a strongly

skewed distribution of birch pollen concentration—

the analyses of the average and standard deviation

were supplemented by the median and range values set

by the first and third quartile.

The analysis conducted using the Kruskal–Wallis

test showed that the front type had a statistically

significant (p\ 0.01) influence on the birch pollen

concentration during the pollen season. During birch

pollination, there most often was no front, then a cold

front, more rarely a warm or stationary one. The

highest birch pollen concentration was recorded in the

case of a stationary front and in the case of no front,

and the lowest—during the occluded front (based on

the median value) (Fig. 2).

Table 2 Statistics of the birch pollen season in Sosnowiec

Data from the years 1997–2020

Day of

the season

start

Day of

the season

end

Length

of the

season

Maximum

concentration

Date of

max
concentration

APIn ‡ 20

grains/m3
‡ 75

grains/m3
‡ 155

grains/m3

�X 96 142 47 2.117 110 9.508 22.0 13.8 9.4

Min 83 (1999) 125 (2014) 21 (2013) 51 (2002) 95 (2017) 205 (1997) 1 (1997) 0 (1997) 0 (1997)

Max 111 (2013) 183 (1997) 99 (1997) 9.967 (2003) 153 (1997) 28.662 (2003) 39 (2016) 28 (2016) 21 (2016)

SD 7.02 14.5 19.5 2.320.9 11.1 8.234.7 8.0 6.7 6.3

V (%) 7.31 10.2 41.8 109.6 10.1 86.6 36.4 48.9 66.7

Sk 0.3 1.5 1.3 2.1 2.6 1.0 -0.3 0.1 0.3

�x, Arithmetic mean; Min, Minimal concentration of pollen grains; Max, Maximum concentration of pollen grains; SD, Standard

deviation; V, Coefficient of variation; Sk, Skewness.
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Another analysis by the Kruskal–Wallis test exam-

ined the influence of the air mass on the birch pollen

concentration (Table 5).

Using the Kruskal–Wallis test, demonstrated that

the birch pollen concentration had a statistically

significant variation due to the direction of the mass

air inflow p\ 0.001 (Table 5). Based on the median

Table 3 Results of

Spearman’s rho correlation

analysis relating the daily

pollen count of birch and

meteorological conditions

**p\ 0.01; ***p\ 0.001

Weather conditions Spearman’s rho with daily pollen concentration

Maximum temperature 0.03

Minimum temperature 2 0.17***

Temperature 5 cm near the ground 2 0.18***

Average temperature 2 0.03

Sunlight duration 0.12***

Average wind speed 0.15***

Maximum wind speed 0.20***

Relative humidity 2 0.29***

Precipitation 2 0.15***

Table 4 Results of comparative analysis by Kruskal–Wallis test regarding the daily pollen concentration of birch and the type of

atmospheric front

Front type Frequency % M SD Me (Q1–Q3)

No front 61.00% 182.26 456.26 19.5 (3–121)

Warm 8.41% 344.01 1228.10 15.5 (3–81)

Cold 15.47% 175.40 543.06 10 (2–96)

Occluded 3.31% 48.89 124.12 3 (1–41)

Stationary 7.78% 198.67 421.37 23 (4.5–110.5)

Various fronts 4.03% 396.91 1059.87 12 (2–49)

p p\ 0.01

M, Average; SD, Standard deviation; Q1, First quartile; Me, Median; Q3, Third quartile
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value and the interquartile range can conclude that the

highest concentration of birch pollen was recorded in

the case of mass air inflow from E ? SEc (eastern and

south-eastern cyclonic flow) and E ? SEa (eastern

and south-eastern anti-cyclonic flow). The lowest

birch pollen concentration was recorded in the case of

air inflow from N ? NEc (northern and north-eastern

cyclonic flow), N ? NEa (northern and north-eastern

anti-cyclonic flow), and W ? NWa (western and

north-western anti-cyclonic flow). Low concentrations

also occurred when there was a central anti-cyclonic

situation (high-pressure centre) and anti-cyclonic

ridge or high-pressure ridge (Ca ? Ka), as well as

central cyclonic situation (low-pressure centre) or

low-pressure furrow (Cc ? Bc) (Fig. 3), that is, on

days when the mass air inflow from further areas was

weakened.

Similarly, using the Kruskal–Wallis test, the influ-

ence of the air mass type on the birch pollen grains

during the pollen season was tested (Table 6).

The Kruskal–Wallis test result for comparing of the

birch pollen concentration in terms of air mass type

was statistically significant p\ 0.001. Based on the

median value and interquartile range, it can be

determined that the highest birch pollen concentration

was recorded in the case of an exceptionally warm air

mass T and wmP and the lowest in the case of a cool air

mass fmP and A (Fig. 4).

3.2 Variability in birch pollen concentration

and variation in atmospheric conditions

during pollen season across years

With the help of the series of Spearman’s rho

correlation analyses showed that the birch pollen

grain concentration was increasing year by year over

the analysed period of time rs = 0.42; p\ 0.001, and

the increase was moderately substantial (Table 7).

It was also determined that within the analysed

periods of birch pollination, the minimum air temper-

ature rs = - 0.14; p\ 0.001, the near-ground tem-

perature rs = - 0.11; p\ 0.001 and average

temperature rs = - 0.10; p\ 0.01 were decreasing,

but these correlations were not strong.

Spearman’s rho correlation analyses also showed

that during birch pollen seasons, the average wind

speed rs = 0.17; p\ 0.001 and maximum wind speed

rs = 0.28; p\ 0.001 were increasing yearly, but the

average relative humidity was decreasing rs =

- 0.14; p\ 0.001.

3.3 The effect of weather conditions on APIn

and length of birch pollen seasons

The analysis conducted confirmed the earlier results

obtained for all measurements. The duration of the

birch pollen season was decreasing yearly rs =

- 0.44; p\ 0.05, while the APIn slightly increased

(Table 8, Figs. 5, 6).

The correlation between the APIn and the duration

of the pollen season and weather conditions in a given

year was also examined (Table 9).

The Spearman’s rho correlation analysis showed

that the APIn was not correlated with weather

conditions. It was shown, however, that long pollen

seasons occurred in the years of low average rs =

Table 5 Results of the comparative analysis by Kruskal–

Wallis test for the daily pollen count of birch concerning the air

mass direction

Direction Frequency % M SD Me (Q1–Q3)

N ? NEa 9.21% 154.84 578.69 15 (3–88.5)

E ? SEa 9.93% 169.97 317.91 36 (6.5–141)

S ? SWa 6.08% 222.09 422.82 18.5 (3–226)

W ? NWa 6.26% 159.31 322.37 14 (2–124)

Ca ? Ka 14.40% 147.54 350.77 13 (1–84)

N ? NEc 7.60% 160.29 485.71 10 (1–108)

E ? SEc 7.07% 259.22 587.59 43 (8–177)

S ? SWc 10.29% 287.61 1048.19 24 (6.5–92.5)

W ? NWc 9.93% 159.41 455.27 11 (3–51.5)

Cc ? Bc 16.37% 270.97 790.96 12 (2–81)

x 2.86% 145.44 465.04 15 (2–69.5)

p p\ 0.001

M, Average; SD, Standard deviation, Q1, First quartile, Me,

Median, Q3, Third quartile

Anti-cyclonic situations: N ? NEa, E ? SEa, S ? Swa,

W ? NWa, Ca ? Ka, Ca—central anticyclone situation

(high centre), Ka—anti-cyclonic wedge or ridge of high

pressure

Cyclonic situations: N ? NEc, E ? SEc, S ? SWc,

W ? NWc, Cc ? Bc, Cc—central cyclonic, centre of low,

Bc—the trough of low pressure (different directions of airflow

and frontal system in the trough axis)

x undefined type

The letters: N, NE, E, SE, S, W, NW, SW indicate the

directions of mass air inflow.
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- 0.51; p\ 0.05 and maximum wind speed rs =

- 0.51; p\ 0.05 and in the years of high average

relative air humidity rs = 0.52; p\ 0.05.

The influence of weather conditions from the year

preceding the pollen season on the APIn was also

analysed (Table 10). The conducted series of Spear-

man’s rho correlation analyses have demonstrated that

the APIn of birch pollen concentration was mostly

influenced by the relative humidity from the period of

July–September in the year preceding pollination

rs = 0.68; p\ 0.01. Statistically significant factors

were also observed for the maximum temperature

rs = 0.55; p\ 0.05, duration of sunlight rs = 0.48;

p\ 0.05 and the average rs = - 0.63; p\ 0.05 and

maximum wind speed rs = - 0.49; p\ 0.05 from the

period of July–September of the preceding year.
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Fig. 3 Median of the daily

pollen concentration of

birch by the direction of

inflow of the atmospheric

front

Table 6 Results of a comparative analysis conducted using the Kruskal–Wallis test for the daily birch pollen concentration in terms

of air mass type

Air mass type Frequency (%) M SD Me (Q1–Q3)

A 10.20 62.07 113.89 11.5 (2–65)

fmP 12.70 116.94 340.78 6 (1–61)

omP 31.93 232.74 701.65 16 (2–102)

cP 21.11 185.78 377.40 26.5 (4–150.5)

wmP 10.73 299.38 636.11 25 (6–162.5)

T 3.85 164.04 325.91 30 (5.5–119.5)

v.a.m 9.48 286.28 1060.43 16 (3–81)

p p\ 0.001

M, Average; SD, Standard deviation; Q1, First quartile; Me, Median; Q3, Third quartile

omP, Old maritime polar air (transformed)

wmP, Warm maritime polar air

fmP, Fresh maritime polar air

cP, Continental polar air

A, Arctic air

T, Tropical air

v.a.m., Various air masses on days with atmospheric fronts
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3.4 The effects of pre-season weather conditions

on different characteristics of birch pollen

seasons

Another series of analyses was conducted to examine

to what extent the weather conditions occurring 4, 14,

and 28 days before the beginning of the birch pollen

season influenced the beginning of this season, the

APIn, and the length of the pollen season. The

table below presents the results of the Spearman’s

rho correlation analyses for the variables (Table 11).

Spearman’s rho correlation analysis showed that

weather conditions occurring two weeks before the

start of the pollen season have the most significant

effect on the date of the beginning of the birch pollen

season, APIn, and season length. The pollen season

started faster when the average temperature and

sunlight duration were high (rs = - 0.41; p\ 0.05

and rs = - 0.44; p\ 0.05). This pollen season char-

acteristic was negatively influenced by the average

wind speed rs = 0.42; p\ 0.05, maximum wind speed

rs = 0.40; p\ 0.05 and precipitation rs = 0.50;

p\ 0.05. It has also been that the APIn of birch
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Fig. 4 Median of the daily

pollen concentration of

birch by air mass

Table 7 Results of Spearman’s rho correlation analysis for

changes in the daily pollen concentration of birch and meteo-

rological conditions from 1997 to 2020

Spearman’s rho coefficient

Daily pollen concentration 0.42***

Maximum temperature - 0.05

Minimum temperature - 0.14**

Ground temperature - 0.11**

Average temperature - 0.10**

Sunlight duration - 0.01

Average wind speed 0.17***

Maximum wind speed 0.28**

Relative humidity - 0.14**

Precipitation - 0.05

*p\ 0.05; **p\ 0.01; ***p\ 0.001

Table 8 Results of Spearman’s rho correlation analysis

regarding the change in the APIn of birch and duration of the

pollen season and meteorological conditions for mean results

from 1997 to 2020

Spearman’s rho coefficient

APIn 0.28

Duration of the pollen season - 0.44*

Maximum temperature - 0.23

Minimum temperature - 0.43*

Ground temperature - 0.38

Average temperature - 0.41*

Sunlight duration - 0.06

Average wind speed 0.40*

Maximum wind speed 0.90***

Relative humidity - 0.23

Precipitation 0.02

*p\ 0.05; **p\ 0.01; ***p\ 0.001
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Fig. 6 Variability in the

length of birch pollen

seasons from 1997 to 2020

Table 9 Results of

Spearman’s rho correlation

analysis examining the

correlation between the

birch pollen grain

concentration and the

duration of a pollen season

and weather conditions

*p\ 0.05

Weather conditions APIn Length of the season

Maximum temperature 0.04 - 0.36

Minimum temperature 0.04 - 0.11

Temperature 5 cm near the ground 0.21 - 0.18

Average temperature - 0.01 - 0.24

Sunlight duration - 0.01 - 0.26

Average wind speed 0.06 - 0.51*

Maximum wind speed 0.32 - 0.51*

Relative humidity - 0.08 0.52*

Precipitation 0.06 0.10
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pollen grains was correlated with a higher near-ground

temperature rs = 0.42; p\ 0.05 occurring two weeks

before the pollen season.

Spearman’s rho correlation analyses showed that

the duration of the birch pollen season was higher

when there was a lower maximum temperature

rs = - 0.44; p\ 0.05, near-ground temperature rs =

- 0.43; p\ 0.05, and lower average temperature

rs = - 0.46; p\ 0.05 within 2 weeks before the

pollination. Longer pollen seasons were also corre-

lated with a shorter duration of sunlight rs = - 0.42;

p\ 0.05, lower average wind speed rs = - 0.45;

p\ 0.05 and maximum wind speed over the 14 days

before the season’s beginning. High relative air

humidity within two weeks before the season start

resulted in the extension of the birch pollination period

rs = 0.47; p\ 0.05.

It was also verified whether and to what extent the

birch pollen grain concentration and duration of

sunlight were affected by the direction of air mass

inflow and the type of the air mass. Because for almost

all measurements taken two weeks before pollination

there was no front, this variable was not subject to

analysis. The comparisons were conducted using the

Kruskal–Wallis tests (Table 12).

At the edge of statistical tendency p\ 0.05, it was

shown that the direction of mass air inflow two weeks

before pollination, had an influence on the APIn of

birch pollen grains. The highest APIn was recorded in

the case when the airflow from E ? SEa was domi-

nant or in the case of a central anti-cyclonic situation

(high-pressure centre) and anti-cyclonic ridge or high-

pressure ridge (Ca ? Ka) (Fig. 7). Synoptic condi-

tions for 4 and 28 days prior to the start of the season

Table 10 Results of

Spearman’s rho correlation

analysis regarding

meteorological elements in

the year preceding

pollination and the APIn of

birch

*p\ 0.05; **p\ 0.01

Weather conditions APIn

Maximum temperature July–September 0.55*

Minimum temperature July–September 0.33

Temperature 5 cm near the ground July–September 0.21

Average temperature July–September 0.13

Sunlight duration July–September 0.48*

Average wind speed July–September - 0.63**

Maximum wind speed July–September - 0.49*

Relative humidity July–September 0.68**

Precipitation July–September 0.49

Table 11 Results of the Spearman’s rho correlation analysis regarding the influence of weather conditions occurring 4, 14 and

28 days before the beginning of the season on the beginning and length of the pollen season and the APIn

Weather conditions Start of the season APIn Length of the season

28 14 4 28 14 4 28 14 4

Maximum temperature - 0.21 - 0.26 - 0.23 0.30 0.22 0.33 - 0.41* - 0.44* - 0.32

Minimum temperature - 0.11 - 0.35 - 0.13 0.25 0.32 0.20 - 0.20 - 0.40 - 0.21

Ground temperature - 0.23 - 0.37 - 0.21 0.13 0.42* 0.13 - 0.09 - 0.43* - 0.13

Average temperature - 0.30 - 0.41* - 0.10 - 0.23 0.27 0.14 - 0.31 - 0.46* - 0.18

Sunshine duration - 0.40* - 0.44* - 0.16 - 0.34 - 0.04 - 0.24 - 0.25 - 0.42* - 0.21

Average wind speed 0.25 0.42* 0.41* 0.25 0.34 0.22 - 0.13 - 0.45* - 0.19

Maximum wind speed 0.28 0.40* 0.23 0.13 0.39 0.17 - 0.23 - 0.50* - 0.16

Relative humidity - 0.11 0.22 0.19 0.16 - 0..16 0.30 - 0.34 0.47* 0.35

Precipitation 0.20 0.50* - 0.13 0.22 0.27 0.23 0.25 - 0.12 0.14

*p\ 0.05
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were also checked, but the results were statistically

insignificant.

Comparative analyses using the Kruskal–Wallis

tests were also conducted for the sum of birch pollen

grains and the duration of the season due to the type of

air mass occurring 4, 14, and 28 days before pollina-

tion. The results of the analyses turned out statistically

insignificant, p[ 0.05, which means that the type of

air mass occurring before the birch pollination did not

influence the concentration level of pollen grains or

the duration of pollen seasons.

3.5 The cluster analysis

The following analysis aimed to verify whether among

the pollen seasons in the years 1997–2020 there are

any similarities in terms of daily concentration of

pollen grains, APIn, and the duration of pollen

seasons. With the help of a cluster analysis conducted

Table 12 Results of a comparative analysis using the Kruskal–Wallis test for the birch pollen concentration in terms of the direction

of mass air inflow

APIn

M SD Me (Q1-Q3)

N ? NEa 1.978.77 504.55 1.907.92 (1.513.4–1.907.92)

E ? SEa 11.226.80 10.347.93 8.872.5 (4.581.5–24.714.25)

W ? NWa 1.152.50 1.339.97 1.152.5 (205–1.152.5)

Ca ? Ka 6.306.48 5.297.88 6.292.5 (1.526.75–11.100.19)

W ? NWc 17.710.00 4.981.60 18.380.5 (12.709–22.040.5)

Cc ? Bc 12.581.50 8.534.98 10.879 (5.792–21.073.5)

p p\ 0.05

M, Average; SD, Standard deviation; Q1, First quartile; Me- median; Q3, Third quartile

Anti-cyclonic situations: N ? NEa, E ? Sea, S ? Swa, W ? NWa, Ca ? Ka, Ca—central anticyclone situation (high centre), Ka—

anti-cyclonic wedge or ridge of high pressure

Cyclonic situations: N ? NEc, E ? Sec, S ? SWc, W ? NWc, Cc ? Bc, Cc—central cyclonic, centre of low, Bc—the trough of

low pressure (different directions of airflow and frontal system in the trough axis)

x undefined type

The letters: N, NE, E, SE, S, W, NW, SW indicate the directions of air mass inflow
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using the k-means method, it was verified whether and

how pollen seasons correlate (Table 13 ).

The cluster analysis divided pollen seasons into 3

clusters. The first cluster takes in the initial years of

1997–1999, and since 2005 every second pollination

period is examined. Cluster II covered the years

2000–2001, and then 2004, 2010, 2012, 2014, and

2018–2020. Cluster III covered 2003, 2006, 2008, and

2016. The clusters were compared to specify whether

they differ statistically significantly in terms of

weather. For this purpose, a series of analyses were

conducted with Kruskal–Wallis tests, the results of

which are presented in Supplementary Material sec-

tion (Table SM-1).The analyses conducted using the

Kruskal–Wallis tests showed that the clusters I-II-III

differed from each other to a statistically significant

degree in terms of the average and total birch pollen

concentration p\ 0.001. The highest birch pollen

concentration was recorded in cluster III, that is, in the

years 2003, 2006, 2008, and 2016. The lowest,

meanwhile, was recorded in cluster I. It is worth

noting that cluster I covered periods occurring, more

or less, every two years. This means that the years with

high APIn were interspersed with years of low APIn.

However, no differences were demonstrated between

the clusters regarding the amount of pollen, duration

of seasons and weather.

4 Discussion

Pollen seasons of early spring trees and bushes are

characterized by high variability in particular years,

both in terms of their duration and degree of pollen

concentration (Spieksma et al., 2003). The periods of

plant pollination, particularly in early-spring plants,

are strictly dependent on weather conditions, and it is

in this group of plants where the highest pollen season

dynamics are visible.

This includes birch, in the case of which the start

date of the pollen season can vary even up to a month,

as happened in 1999 and 2013. The analyses con-

ducted showed that the birch pollen season starts

earlier, if 14 days before the beginning of the season,

the average air temperature and the amount of sunlight

are high. This phenomenon can be explained by the

anthers opening only after absorbing a specific dose of

thermal energy. However, a later start of the pollen

season was observed when before the beginning of the

pollen season there was high precipitation and high

wind speeds. This dependency also confirms the

earlier research where it was determined that a high

frequency of days with precipitation, as well as a drop

in temperature, might lead to a substantial shift of the

pollination process, and even to its limitation (Chuine

et al., 1998; Jato et al., 2007; Newnham et al., 2013).

Sofiev et al. (2013) demonstrated that strong wind

stimulates pollen release, but only to a specific

threshold value. If the wind speed exceeds 5 m/s, it

does not affect the tempo of the pollen release since it

is limited by the pollen grain concentration in the

catkins prepared for release.

Menut et al. (2014) concluded that the temperature,

precipitation, and relative humidity are significantly

correlated with the pollen concentrations measured.

Analyses conducted for birch pollen seasons in

Sosnowiec also proved that the weather conditions

indicated above greatly influence daily concentrations

of birch pollen. In addition, there were significant

positive correlations found for average and maximum

wind speed. Stronger wind increases the emission rate

of pollen grains and improves ventilation and pro-

motes turbulent mixing, which may explain the higher

daily concentrations in stronger winds (and the

positive correlation coefficient) (Sofiev et al., 2013).

In addition, the distance over which pollen grains are

carried depends mainly on the direction and strength

of the wind. Many studies indicate that airborne pollen

Table 13 Results of cluster analyses using the k-means

method for the division of birch pollen seasons

Cluster I Cluster II Cluster III

1997 2000 2003

1998 2001 2006

1999 2004 2008

2002 2010 2016

2005 2012

2007 2014

2009 2018

2011 2019

2013

2015

2017

2020
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concentration in most taxa is positively, statistically

significantly related to maximum wind speed (Puc &

Kasprzyk, 2013; Puc & Wolski, 2002).

Previous studies conducted in Sosnowiec for other

tree taxa indicated similar correlations (Dąbrowska-

Zapart & Niedźwiedź, 2020; Dąbrowska-Zapart et al.,

2018). The significant correlations between weather

conditions and the birch pollen concentration have

been observed by other researchers as well (Grewling

et al., 2012; Nowosad et al. 2015; Puc et al., 2015;

Tseng et al., 2018; Kubik-Komar et al., 2019; Sauliene

et al., 2019).

The impact of precipitation on the airborne pollen

concentration is significant but not explicitly specified.

Many aerobiological studies indicate a crucial influ-

ence of precipitation on daily pollen concentration due

to the leaching effect (Rojo et al., 2015). Grewling

et al. (2012) concluded that precipitation in a birch

pollen season significantly influenced the decrease in

daily concentrations, but only for a season of low

intensity. The influence of temperature on the birch

pollen concentration seems more significant than the

influence of precipitation. Spring precipitation may be

convective and related to increased pollen concentra-

tion in the first two hours of precipitation (Norris-Hill

& Emberlin, 1993). In Sosnowiec, the relation

between precipitation and the daily concentration of

birch pollen grains turned out to be statistically

significant. For this correlation, a negative correlation

factor was obtained, which means that precipitation

lowers the concentration levels of airborne birch

pollen. According to Hyde (1950), precipitation acts

on pollen concentration in two ways. It reduces the

release of pollen by plants, as most plants do not open

anthers in moist air, and it removes all aeroplankton

from the air, especially if it is prolonged precipitation.

In birch, male flowers begin to form in May until

the end of June in the year preceding flowering (Caesar

& Macdonald, 1983, 1984). Since pollen dispersion in

a given year is correlated with the number of male

flowers which developed in the summer of the

preceding year, the total number of pollen is strictly

related to the meteorological variables of the previous

summer (Ranta et al., 2008; Yasaka et al., 2009).

Among them, temperature and duration of sunlight are

considered the most important (Matthews, 1955;

Norton & Kelly, 1988), as they influence the assim-

ilation capacity when producing carbohydrates during

the formation of a male flower (Dahl & Strandhede,

1996). Significant correlations with meteorological

conditions prevailing in the year preceding pollination

were found in Sosnowiec as well. The relative air

humidity mostly influenced the APIn of birch in

Sosnowiec in the period of July–September in the

preceding year (positive correlation). Statistically

significant factors were also obtained for the maxi-

mum temperature, sunlight duration, and average and

maximum wind speed in the period specified above.

For relative humidity, average temperature and dura-

tion of sunlight, positive correlation coefficients were

obtained; that is, high values of these meteorological

elements contribute to the production of a high amount

of birch pollen in the following season. However, for

average and maximum wind speed, negative correla-

tion coefficients were found. Sometimes wind causes

mechanical damage to anthers and increases transpi-

ration and evaporation of soil water, which can

probably indirectly affect the formation of male birch

flowers. This could explain the negative correlation

coefficient.

The variation of the birch pollen grain concentra-

tion and of weather conditions during pollination over

the years was also examined. Using Spearman’s rho

correlation analysis, it has been shown that the birch

pollen grain concentration was increasing yearly.

The correlation between pollen concentrations and

weather fronts was demonstrated by Goyette-Pernot

et al. (2003) as well as Nowosad et al. (2015).

Nowosad et al. (2015) showed, on the one hand, a

strong correlation between the transient variability of

the pollen concentration of alder, hazel, and birch in

Poland, and on the other, the exchange of air masses.

They suggested that from 30 to 40% of the variability

in the pollen concentration is correlated with a single

weather front passage. Goyette-Pernot et al. (2003)

concluded that the movement of fronts often increases

the presence of Ambrosia pollen climaxes of regional

scale in Montreal. They also demonstrated that anti-

cyclonic conditions contribute to the local production

of pollen but hinder its spreading on a larger scale.

Also, according to Laaidi (2001), the pollen grain

concentration may be influenced by the type of

atmospheric circulation (cyclonic or anti-cyclonic).

According to the author, higher pollen grain concen-

trations occur in the case of anti-cyclonic situations.

Grundström et al. (2017) concluded that the approach

based on types of weather is a relatively easy method

for characterizing weather conditions on a synoptic

123

Aerobiologia



scale; it groups many meteorological variables rele-

vant to the processes deciding on high or low

concentration levels of pollen. Studies conducted in

Göteborg and Malmö showed that high concentrations

of birch pollen were correlated with dry and moder-

ately calm conditions during an anti-cyclone and types

of weather with geostrophic NE, SE, and S winds, and

the lowest concentration levels were found in humid

and windy conditions with wind directions SW, W,

and NW, as well as for a cyclonic type (Grundström

et al., 2017). Ojrzyńska et al. (2020) noted that the

highest pollen concentration for both alder and birch in

Wrocław (Poland) is observed during warm, sunny,

and dry anti-cyclonic circulations an anti-cyclone in

the lower and upper troposphere, especially for the

types with advection from the SW direction. The

lowest pollen concentrations are observed for cold,

humid, and cloudy cyclonic circulation with advection

from northern sectors. However, the number of studies

where types of weather have been applied for pollen

analysis is quite limited, particularly regarding Central

Europe.

The analyses conducted in Sosnowiec showed that

the highest daily birch concentrations were recorded

when there was a stationary weather front or a

situation without front, and the lowest daily concen-

trations were observed during an occluded front.

Based on the median value and the interquartile range,

it can be concluded that the highest concentration of

birch pollen was recorded in the case of an mass air

inflow from E ? SEc (eastern and south-eastern

cyclonic flow) and E ? SEa (eastern and south-

eastern anti-cyclonic flow), in the case of which warm

and bright days were dominant. The lowest birch

pollen concentration was recorded in the case of air

inflow from N ? NEc (northern and north-eastern

cyclonic flow), N ? NEa (northern and north-eastern

anti-cyclonic flow), and W ? NWa (western and

north-western anti-cyclonic flow) when there was

usually cloudy and cold weather. Low concentrations

also occurred when there was a central anti-cyclonic

situation (high-pressure centre) and anti-cyclonic

ridge or high-pressure ridge (Ca ? Ka), as well as

central cyclonic situation (low-pressure centre) or

low-pressure furrow (Cc ? Bc). Therefore, it cannot

be unambiguously concluded which type of atmo-

spheric circulation—cyclonic or anti-cyclonic—has a

higher birch pollen concentration. Regarding the

influence of air mass on the APIn of birch pollen

concentration, it was concluded that the highest APIn

was recorded when warm tropical air (T) and warm

maritime polar air (wmP) mass was prevailing in the

pollen season. The lowest APIn was correlated with

cold, fresh maritime polar air, usually inflowing after a

cold front (fmP) and Arctic front (A).

The length of birch pollen seasons was positively

correlated with the relative air humidity during the

season but negatively with the average and maximum

wind speed. The higher the relative humidity, the

longer the pollen season lasts. High wind speed,

however, shortens the birch pollen season. According

to Jabłoński and Szklanowska (1997), the pollination

process occurs most intensely at low relative humidity

and high air temperature. In warm sunny weather, the

pollination period is short, and its course is very

regular. In Sosnowiec, no statistically significant

correlations between the air temperature and the

duration of birch pollen seasons were found. On the

other hand, weather conditions prevailing 14 days

before the start of a pollen season influenced its

duration. There were statistically significant negative

coefficients of correlation between the length of the

season and the maximum temperature, near-ground

temperature, average temperature, and sunlight dura-

tion and wind speed occurring 14 days before the

season. The season’s length was additionally corre-

lated with relative air humidity. It was also concluded

that the duration of the birch pollen season was

decreasing yearly.

However, no significant correlations were found

between the duration of birch pollen seasons, the

directions of air inflow, and the types of air mass and

weather fronts.

The number of days with pollen grain concentration

threshold values causing allergy symptoms varied

during the 24 years of observation from 1 day in 1997

to 39 days in 2016. In 2008 and 2016, even though it

was not a season exceptionally abundant in birch

pollen, the highest number of days with threshold

concentrations causing the first symptoms of allergy

was observed (C 20 grains/m3), with concentration

values causing disease manifestations in all people

hypersensitive to birch pollen allergens (C 75 grains/

m3), and with concentration values causing symptoms

of dyspnoea (C 155 grains/m3) (Rapiejko et al., 2007).

Many days with threshold concentration values were

also observed in 2000, 2004, 2006, 2008, 2013, and

2019.
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The purpose of the last study was to verify using

k-means cluster analysis whether similarities exist

between birch pollen seasons. Analyses with the

method mentioned above were already conducted for

oak in Sosnowiec (Dąbrowska-Zapart, 2010) and grass

in Wrocław (Malkiewicz and Klaczka 2011). In the

birch case, the cluster analysis divided pollen seasons

into 3 clusters with statistically significant variation in

the average and total amount of birch pollen. The first

cluster took in the initial years of 1997–1999, and

since 2005 it was every second pollination period

examined. Cluster II covered 2000–2001, and then

2004, 2010, 2012, 2014, and 2018–2020. Cluster III

covered 2003, 2006, 2008, and 2016. The highest

birch pollen concentration was recorded in cluster III,

that is, in 2003, 2006, 2008, and 2016. The lowest,

however, was recorded in cluster I. It is worth noting

that cluster I covered periods occurring, more or less,

every two years. This means that the years with high

APIn were interspersed with years of low APIn. This

may be explained by the fact that in the case of some

tree species, there may be an alternation in their

flowering abundance, the so-called endogenous cycle,

which to a large extent is independent of weather

conditions (Hallsdóttir, 1999; Latorre, 1999; Detandt

and Nolard 2000; Jato et al., 2002; Lamontagne &

Boutin, 2007). This is manifested in the fact that years

with high pollen production occur alternately with low

production years.

In Reykjavik (Iceland) (Hallsdóttir, 1999) and in

Brussels (Belgium) (Detandt and Nolard 2000) a

three-year cycle was observed in the case of birch,

which means that a year with high annual values is

separated by two years with low values of the APIn. In

London (United Kingdom) (Emberlin et al., 1990), in

Mar del Plata (Argentina) (Latorre, 1999), in Copen-

hagen (Denmark) (Rasmussen, 2002), in Gdansk

(Poland) (Latałowa et al., 2002), and in Santiago de

Compostela (Spain) (Jato et al., 2002) a two-year cycle

was observed in the case of birch.

5 Conclusions

The start of the birch pollen season was accelerated by

high mean temperature and sunshine 14 days before

the season (negative correlation). On the other hand,

high wind speed and high precipitation 14 days before

the season delayed the start of the birch pollen season

(positive correlation). The value of daily birch pollen

concentration showed a statistically significant posi-

tive correlation between the sunlight duration and the

average and maximum wind speed. However, a

negative correlation was found for the minimum and

near-ground temperature, relative humidity and

precipitation.

The highest birch pollen concentration is observed

in the case of an inflow of warmer air from the

E ? SEc direction (eastern and south-eastern cyclo-

nic), and E ? SEa direction (eastern and south-eastern

anti-cyclonic). The lowest birch pollen concentration

was recorded in the case of a colder air inflow from the

N ? NEc direction (northern and north-eastern cyclo-

nic flow), N ? NEa direction (northern and north-

eastern anti-cyclonic flow), and W ? NWa direction

(western and north-western anti-cyclonic flow Warm

maritime polar air was the air mass that exceptionally

promoted high daily hazel concentrations.

High birch pollen concentrations were recorded in

the case of a tropical air mass (T) and warm maritime

polar air (wmP), whereas the lowest—in the case of

old maritime polar air (omP) and Arctic air (A).

The APIn were influenced by the weather condi-

tions in the season and those from the summer

preceding the season. Statistically significant positive

correlation coefficients were obtained for maximum

temperature, sunshine, and relative humidity from

July–September of the preceding year. On the other

hand, statistically significant negative correlation

coefficients were found for the maximum and mean

wind speed for the period mentioned above.

The annual totals of birch pollen were found to

depend on the ground temperature from 14 days

before the start of the season. A statistically significant

positive correlation was obtained for this meteorolog-

ical element. In Sosnowiec, the length of the birch

pollen seasons was affected by the maximum and

mean wind speed (negative correlation coefficient)

and relative air humidity (positive correlation coeffi-

cient) in the season. It also turned out that weather

conditions influenced the length of birch pollen

seasons from 14 days before the season. The seasons

were shorter when the maximum, ground, and mean

temperatures, sunshine, and wind speed from 14 days

before the season were high. On the other hand, longer

pollen seasons were observed in Sosnowiec when

relative humidity from 14 days before the season was

high. The highest number of days with threshold
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concentrations causing the first allergic symptoms, i.e.

20 grains/m3 was recorded in the years 1997–1999.

However, the highest number of days with a concen-

tration causing disease symptoms in all people hyper-

sensitive to birch pollen allergens, that is C 75 grains/

m3 and with concentrations causing dyspnoea symp-

toms (C 155 grains/m3) was recorded in 2000, 2004,

2006, 2008, 2013, 2016, and 2019.

The cluster analysis with k-means method allowed

for dividing the birch pollen seasons into 3 types

varying in terms of pollen grain concentrations and the

duration of seasons. The highest birch pollen concen-

tration was recorded in cluster III, that is, in the years

2003, 2006, 2008, and 2016.
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