
 
 

 
 
 

 
 

 

 

 

 

 

Analysis of the influence of device-scale wind field on the 

sampling efficiency of pollen as a representative bioaerosol 

 

 

 

 

 

 

 

 

 

2020 

Kenji MIKI



 
 

 
 
 

 

 



 
 

 
 
 

 

 

 

Contents 

 

Chapter 1.  

General introduction 

1.1 Aerobiology in agricultural science   ······························  2 

  1.1.1 Determination of bioaerosol dispersion range  ···········  2 

  1.1.2 Application of aerobiology   ·······························  2 

1.2 Evaluation of airborne pollen concentration  ····················  4 

  1.2.1 Gravitational samplers   ····································  4 

  1.2.2 Volumetric samplers  ········································  4 

  1.2.3 Development of automatic pollen counters  ··············  5 

1.3 Comparison of sampling efficiencies   ····························  6 

  1.3.1 Volumetric samplers vs. Volumetric samplers  ···········  6 

  1.3.2 Gravitational samplers vs. Volumetric samplers  ·········  7 

  1.3.3 Other comparisons   ·········································  7 

1.4 Objectives   ··························································  8 

 

Chapter 2.  

Effect of device-scale wind on measurement of airborne pollen concentrations using 

volumetric methods 

2.1 Introduction  ··························································  12 

2.2 Materials and methods   ·············································  13 

  2.2.1 Experiment at Payerne   ····································  13 

  2.2.2 Micro-scale wind experiment  ······························  14 

2.3 Results and discussions  ················································  17 

  2.3.1 Pollen concentrations  ······································  17 



 
 

 
 
 

 
 

 

 

 

   2.3.2 Relationship between airborne pollen concentrations and meteorological  

        conditions              ··········································     19    

       2.3.3 Comparison of pollen concentrations using different types of inlets 19 

       2.3.4 Findings from the experiment at the Kyoto University Agricultural Science  

                Building   ·····················································  21 

       2.3.5 Findings from the experiment at the MeteoSwiss building   ·               22 

       2.3.6 Theoretical model of particle aspiration ··················  26 

2.4 Conclusion  ··························································  29 

 

Chapter 3.  

Comparative efficiency of airborne pollen concentration evaluation in two pollen 

sampler designs related to impaction and changes in internal wind speed 

3.1 Introduction  ·························································  32 

3.2 Materials and methods  ··················································  32 

       3.2.1 Data acquisition  ·············································  32 

       3.2.2 Conversion theory   ·········································  34 

       3.2.3 Introduction of mechanical mobility  ·······················  41 

3.3 Results and discussion ···············································  41 

       3.3.1 2016 results  ··················································  41 

       3.3.2 2017 results   ··················································  42 

3.4 Conclusion  ··························································  50 

 

Chapter 4.  

Evaluating inaccurate pollen concentration evaluation caused by turbulent vertical 

wind flux  

4.1 Introduction  ··························································  52 

4.2 Materials and methods  ·············································  52 

       4.2.1 Experimental setup  ·········································  52 



 
 

 
 
 

 
 

 

 

       4.2.2 Theory   ·······················································  53 

4.3 Results  ·······························································  54 

4.4 Discussions   ·························································  56 

  4.4.1 Inapplicability of existing theory  ·························  56 

                    4.4.2 Possible explanation for the inconsistency with existing theory 57 

                      4.4.3 Introduction of new correction theory for gravitational samplers in  

turbulence ····················································  58 

                    4.4.4 Reflecting turbulence influence to gravitational pollen sampling 59 

            4.5 Conclusion  ··························································  61 

 

Chapter 5.  

General conclusion  ····························································  63 

 

Acknowledgement  ······························································  66 

References  ······································································  68 

 

 



 
 

 
 
 

 
 

 

 

 

List of figures 

 

2.1 Automatic pollen counters. A conical glass funnel inlet and a wind vane intake are attached  

to KH-3000-01.   ·································································  14 

2.2 Layout of the experimental devices on the MeteoSwiss building rooftop in Payerne.  16 

2.3 Layout of the experimental devices on top of the Kyoto University Agricultural Science 

building in Kyoto. a) Location of the experiment on the rooftop of the building; b) locations 

of the vertical anemometer and obstacle.  ········································  16 

2.4 Daily changes in pollen concentrations during the observation period.  ····               17 

2.5 Circular histograms of pollen concentrations from each direction evaluation by a) Monitor 

A; b) Monitor B.   ·······························································               18 

2.6 Daily total pollen concentrations observed using Monitor B and daily relative humidity. 

A) Relationship between total airborne pollen concentrations observed using Monitor B and 

daily relative humidity; b) daily changes in total airborne pollen concentrations observed using 

Monitor B and relative humidity. ···············································               20 

2.7 Difference between pollen concentrations observed by Monitor A and Monitor B and 

corresponding wind directions.  ················································  22 

2.8 Results of the experiment on top of the Kyoto University Agricultural Science building on 

a) hourly and b) daily scales.   ··················································     24 

2.9 Relationship between horizontal wind directional vectors facing the obstacle and vertical 

wind speed.  ······································································  25 

2.10 Relationship between pollen concentrations observed by Monitor A and Monitor B and 

vertical wind vectors facing the wall.  ·········································           25 

2.11 Schematic drawing of wind speed (𝑉𝐴;  𝑉𝐴′) (m s-1), pollen concentrations (𝐶; 𝐶0) (grains 

m-3), and pollen grains velocity (𝑉𝑝0;  𝑉𝑝′) (m s-1) at the orifice of the inlet with the area of 𝐴 

(m2) and at the orifice of the suction tube with the area of 𝑎 (m2).  ·········  28 

 



 
 

 
 
 

 
 

 

 

3.1 Photograph of (a) Sigma-2 two-layered sampling inlet and (b) Hirst-style wind vane inlet, 

and schematic drawing of the experimental set up: two-layered sampling inlet (left) and wind 

vane inlet (right) attached to KH-3000-01.  ··································  34 

3.2 Effective sampling area for the two-layered sampling inlet with wind from direction θ.

   ··································                  36 

3.3 Schematic diagram of pollen impaction in the two-layered inlet. Some airborne pollen 

grains encountering the sampler from the left pass through ports in the protective hood and 

cylinder, where they are sampled (solid flow lines), while others pass the hood but are blocked 

by the cylinder wall (dotted flow lines).  ····································  37 

3.4 Schematic diagram of wind entering the two-layered sampling in*let port from direction 

θ1 (θ2).   ·········································································  37 

3.5 (a) Daily changes in airborne pollen concentration collected by wind vane and two-layered 

sampling inlets in 2016 and (b) their relationship.   ························  44 

3.6 Taxa and grain counts for pollen collected from (a) July 15 to August 20, 2016 and (b) 

March 10 to July 31, 2017 by a Hirst sampler; identification and counts were performed by 

visual observation.   ····························································  45 

3.7 Relationship between airborne pollen concentrations observed using the two-layered 

sampling inlet in 2016 and results from applying impaction theory to airborne pollen 

concentrations observed by the wind vane inlet.  ····························  46 

3.8 (a) Relationship between sampling efficiency of wind vane and two-layered 

sampling inlets in 2017 and (b) their relationship.  ··························         47 

3.9 Daily changes in sampling ratio between the two-layered and wind vane sampling inlets 

along with the reciprocal number of the average value of pollen size during the 2017 sampling 

period.   ···········································································  48 

3.10 Relationship between weekly geometric mean of daily sampling ratio between the two-

layered and wind vane inlets and weekly geometric means of reciprocal number of the average 

pollen size.   ····································································  48 

3.11 (a) relationship between airborne pollen concentrations observed using the two-layered 

in 2017 and results from applying impaction theory to airborne pollen concentrations observed 

by the wind vane inlet (theoretical two-layered inlet). (b) Results from applying mechanical 

mobility and impaction theory to wind vane airborne pollen evaluation.   ·  49 

4.1 The Durham sampler (left) the Hirst sampler (right). ··················         53 



 
 

 
 
 

 
 

 

 

 

4.2 Relationship between airborne pollen concentration evaluated from volumetric sampling 

results and gravitational sampling results.  ····································  55 

4.3 Relationship between ratio of evaluated airborne pollen concentration of gravitational 

sampling to that of volumetric sampling and ratio of wind speed to sampling ratio. 56 

4.4 Relationship between actual airborne pollen concentration and ratio of number of pollen 

grains sampled using volumetric sampling method to wind speed.  ···············  61 



 
 

 
 
 

 
 

 

 

 

List of tables 

 

2.1 Correlation coefficients and p values between the pollen concentrations and 

meteorological factors.  ·························································  18 



 
 

 
 
 

 
 

 

 



 
 

 
 
 

 
 

 

1 

 

 

 

 

 

 

 

 

 

Chapter 1 

 

General introduction



 
 

 
 
Chapter 1 

2 

 

1.1 Research branch of aerobiology  

  Aerobiology is an interdisciplinary branch of biology that focuses on airborne bioparticles 

including viruses, microorganisms, fungal spores, and pollen. The field was established in the 

19th century when Louis Pasteur became the first to illustrate airborne microorganisms [Morris 

et al., 2011]. Since that time, aerobiological studies have expanded to determine which 

bioparticles exist in the atmosphere and to what extent. 

 

1.1.1 Determination of bioaerosol dispersion range 

  Recent aerobiological studies have investigated the dispersion range of the biosphere. 

Smith et al. (2018), for example, sampled airborne microbial particles in the troposphere and 

the stratosphere, finding that the bacterial particles were distributed homogeneously under 

altitudes of 12 km. It was also observed that the atmospheric concentrations of some taxa, such 

as Lachnospiraceae and Ruminococcaceae, were higher within the troposphere. Further to this, 

studies by Bryan et al. (2019) found that some microorganisms are capable of surviving in the 

conditions of the lower stratosphere.  

  In addition to airborne bioaerosol samplings, in situ bioaerosol detections have been 

performed in the upper atmosphere, with Immler et al. (2005) finding that aerosols generated 

from the burning of biomass could be identified in the stratosphere by a lidar system using 

fluorescence detection methods.  

Aerobiological studies have also been performed underground. Picco et al. (2000) investigated 

the airborne spora in two underground stations located in Milan, Italy. This underground 

sampling indicated to what extent the mycoflora of an indoor environment depends both on the 

fungal spora coming from outside and the capacity of the fungi to colonize the different indoor 

conditions. 

 

1.1.2 Application of aerobiology 

  Aerobiology has primarily been applied to monitoring common bioaerosols of interest, 

attracting much interest from immunological researchers in relation to the control of microbial 

infections [Lackemeyer et al. 2014; Fernandez et al. 2019; King et al. 2013; Phillpotts et al. 

2010; Olmsted 2008].  

  Aerobiological studies have also been applied to the monitoring of airborne allergic pollen. 

Conventionally, airborne pollen concentrations are considered an indicator of the al lergy risk 
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to those allergic to pollen [Frenz 2001]. As an example, datasets from pollen traps have been 

used to evaluate the health impacts of ragweed in Lyon, France, where it exists as a common 

wind-pollinated plant [Thibaudon et al. 2009]. Airborne pollen concentration datasets have 

also been utilized to evaluate the indoor and outdoor levels of cedar and cypress pollens at a 

kindergarten in Japan in order to study the influence of exposure to these allergenic pollens 

during infancy [Yamamoto et al. 2010]. According to a report by the World Allergy 

Organization (WAO), the proportion of those allergic to pollen is estimated to be in the range 

of 10% to 40% of the population of the country in question [Pawankar et al. 2011]. In order to 

minimize serious impacts of pollen on human health, accurate pollen data is required to provide 

precise predictions of the spatial and temporal distributions of pollen, thus allowing affected 

patients to minimize their exposure to pollen. Understanding spatiotemporal patterns of 

allergen dispersal is important for mitigating impacts on people who are allergic to pollen or 

fungal spores. Pollen dispersal has been investigated via global-scale networks [Buters et al. 

(2018); Ritenberga et al. (2018)], and many studies have investigated allergen dispersal from 

an aerobiological perspective [e.g., Favero-Longo et al. (2014); Jedryczka et al. (2015); West 

and Kimber (2015); Yli-Panula et al. (2009); Zhang et al. (2014)]. Aerobiological research has 

often aimed to understand the relationship between allergen dispersal and meteorological 

factors [e.g. Laaidi (2001); Rojo et al. (2015); Visez et al. (2015)].  

  As a result, establishing a method to evaluate airborne pollen concentrations is vital for 

the fields of immunology and aerobiology.  

  As previously discussed, pollen has been extensively studied for immunological purposes. 

However, fungal spores and pollen have also been a significant research interest in 

aerobiological studies in agricultural science. The primary purpose of studies on fungal spores 

has been the protection of plants and fruits to certain diseases [Aylor 1998; Frinking 1991; 

Hartill 1980; Blanco et al. 2004], while similar studies on pollen have been performed to either 

control the gene flow [Jarosz et al. 2003; Fernández-Rodríguez et al. 2014; Fernández-

Llamanzares et al. 2014], or to understand phenological changes in vegetation [Estrella et al. 

2006; García-Mozo et al. 2016; Jochner et al. 2012; Velasco-Jiménez et al. 2017]. Pollen grains 

from around the world have been sampled for these aerobiological studies. 

  In summary, aerobiological studies tend to focus on searching for microorganisms in 

extreme environments, the diffusion and transportation control of pathogens, and the 

observation of airborne pollen or fungal spores that deliver allergens or genetic information. 

This paper focuses on pollen as the representative bioaerosol of study. 
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1.2 Evaluation of airborne bioaerosol (pollen) concentrations  

  The aerobiological study has been based on the experimentally evaluated airborne 

bioaerosol concentrations, therefore selection of the appropriate sampling method is vital. 

 

1.2.1 Gravitational samplers 

  Gravitational methods are designed to evaluate pollen deposition. The Durham sampler is 

one of the most commonly used gravitational samplers, consisting of two flat plates and a pole. 

The sampling plate is placed between the two flat plates, allowing it to sample deposited 

bioaerosol particles. The pollen concentration is determined by counting the number of 

deposited pollen grains on the sampling plate by visual observation. The Durham sampler is 

widely used in Turkey [Erkan et al. 2011], Japan [Yasaka et al. 2009; Lu et al. 2015], and Italy 

[Bricchi et al. 2000].  

  The Tauber trap is also a regularly utilized gravitational sampler, often used to sample 

palynological particles deposited on the ground. This method is widely used in China [Li et al. 

2018], Poland [Deptula et al. 2018], Russia [Volkova and Severova 2017], Nigeria [Ezike et 

al. 2016], Latvia, Czech Republic, Switzerland, Greece, Bulgaria, Georgia, and the UK 

[Giesecke et al. 2010] 

 

1.2.2 Volumetric samplers 

  Volumetric samplers are designed to evaluate the airborne concentrations of particles. 

Volumetric methods determine the atmospheric particle concentration by dividing the number 

of counted pollen grains by the volume of the sampled air as: 

 

𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 =
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠

𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑎𝑖𝑟
 

 

The most widely used volumetric sampling method is the Hirst sampler. This sampler is 

designed to sample from the upwind, facing toward the flow of air. The sampling rate of the 

Hirst sampler is generally set at 10 L min-1. The sampled air is blown onto sticky tape inside 

the sampler, impacting the particles in the air onto the tape. The sampled bioaerosols are 

counted and sorted by visual observation. The Hirst sampler has been used by Ríos et al. (2016), 

Hussain et al. (2014), and Peternel et al. (2006) for airborne pollen concentration evaluation. 
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Volumetric methods are considered preferable to gravitational methods in understanding the 

actual impact of pollen to human health because of the their proximation to the aspiratory 

mechanism [Cornell et al. 1961].  
 

  Various other volumetric methods, such as the Cascade impactor [Prado et al. 2015; 

Hassan and Lau 2011; Taylor et al. 2002; Riediker et al. 2000], designed to sample filters inside 

the sampler, the Coriolis sampler [Gomez-Domenech et al. 2010; Carvalho et al. 2008], 

designed to sample using rotating liquid, or the Air-o-cell [Michel et al. 2012], which samples 

particles impacting onto a sampling plate, have also been used to determine airborne pollen 

concentration. In order to evaluate the impact that pollen has on human health, personal pollen 

counters have also been developed. Adhikari et al. (2003), studied the Button Personal 

Inhalable Aerosol Sampler, which is a portable volumetric sampler. This instrument was 

observed to be efficient for personal sampling of outdoor aeroallergens. 

 

1.2.3 Development of automatic pollen counters 

  Improvements in the field of volumetric methods have also led to the development of 

automatic pollen counters. Some counters evaluate the light scattering patterns of pollen gains 

[Kawashima et al. 2007; Surbek et al. 2011; Crouzy et al. 2016], while some use the 

relationship between scattering intensity and the blue-to-red fluorescence ratio [Mitsumoto et 

al. 2010]. Others use fluorescence [O’Conner et al. 2015], artificial neural networks [Šauliene 

et al. 2019], or light scattering patterns and polarization [Delaunay et al. 2007]. These 

automatic pollen counters have been developed to realize fast and/or real-time identification 

with the benefit of low labor.  

  Through the application of these automatic pollen counters, nationwide-scale pollen 

concentration monitoring networks have been established. There are currently 879 active 

automated pollen monitoring stations worldwide, including two stations on the American 

continent and 120 stations in Japan [Buters et al. 2018].  

  Further developments in automatic pollen counters have been made using the datasets 

provided from these large-scale pollen monitoring systems. Takahashi et al. (2018) suggested 

that the pollen concentration data from automatic pollen counters set up at 14 sampling points 

in northern Japan illustrated that weather fronts brought in significant quantities of pollen 

grains. Brennan et al. (2019) observed that allergen concentrations in the atmosphere change 

substantially with the changes in the grass pollen season, again by automatically monitoring 

the nation-wide automatic pollen sampling system.  
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  Worldwide automatic pollen monitoring networks have also been established by 

theoretically setting the number and position of representative monitoring points using 

clustering analysis [Oteros et al. 2019].   

 

1.3 Comparison of sampling efficiencies 

  Although various methods have been invented and developed in order to determine the 

atmospheric pollen concentration, it is difficult to know if these samplers provide the actual 

atmospheric pollen concentration. In order to determine which method or sampler is the most 

effective in determining the actual airborne pollen concentration, various researchers have 

compared the pollen sampling efficiencies of different types of samplers.    

 

1.3.1 Volumetric samplers vs. Volumetric samplers 

  Mehta et al. (1996) found that the SAS Super 90 and RCS plus pollen samplers, both 

handheld portable volumetric particle samplers, are significantly less efficient than the 

Andersen or Hirst Traps. Through comparison of the SKC total dust sampler, which was 

designed to measure personal exposure to pollen, and the Hirst sampler, placed at various 

monitoring stations, Riediker et al. (2000) found that, while the atmospheric pollen 

concentration data obtained at monitoring stations was useful in determining personal exposure 

to pollen, the personal sampler only observed approximately 30% of the airborne pollen 

detected by the Hirst sampler.  

  The Cour pollen trap, which was designed to filter airborne particles and consists of a 

vertical gauze filter impregnated with silicone oil, has been shown to be capable of capturing 

a wider range of pollen types than the Hirst sampler [Tomás et al. 1997]. 

  Previous works have also evaluated the efficiency of the Hirst sampler compared to the 

Air-o-Cell, with Michel et al. (2012) concluding that the Air-o-Cell exhibited equal 

performance when compared to the Hirst method.  

  Personal volumetric pollen samplers have also been studied in contrast with stationary 

samplers. An experiment performed by Fiorina (1997) indicated that a personal pollen sampler 

(Partrap FA52, Coppa, Biella, Italy) was capable of sampling at essentially the same efficiency 

as the Hirst sampler, regardless of the pollen type. 
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1.3.2 Gravitational samplers vs. Volumetric samplers 

  Volumetric samplers are important to aid understanding of the actual airborne particle 

concentration. On the other hand, gravitational samplers are commonly used due of their 

simplicity. In a study by Serrano-Silva et al. (2018), the Durham sampler, which is the most 

representative gravitational sampler, and the Hirst sampler were compared. The authors 

concluded that the Hirst sampler samples the largest amount of  airborne bacterial diversity. 

Another investigation involving the Durham and Hirst samplers indicates that both setups 

shows comparable sampling results [Crispen et al. 2010]. 

  With regard to further sampling comparisons, the Hirst sampler and the Tauber Trap were 

also evaluated to find that they exhibit approximately the same efficiencies [Levetin et al. 2000]. 

Volkova and Severova (2017) also concluded that both the Hirst sampler and the Tauber Trap 

show similar pollen spectra.  

  Furthermore, through comparison of the Personal Aeroallergen Sampler, which is a 

personal passive sampler for airborne particle, and the Durham sampler, Yamamoto et al. 

(2007) suggested that personal samplers do not always successfully detect the pollen levels at 

the peak of the season.  

  Bhat and Rajasab (1989) also investigated the relationship between particle size and 

monitoring efficiency, suggesting that, in comparison with the Hirst trap, the Vertical Cylinder 

Spore Trap, which was a wind-vane non-volumetric impaction sampler, exhibited better 

efficiencies in cases where the particles were less than 20 μm in size. However, when the 

monitoring efficiencies were defined as the number of pollen grains in a given volume, the 

cylinder trap was found to be less efficient than the Hirst. 

 

1.3.3 Other comparisons 

  Other sampling methods exist that are not classed as volumetric or gravitational methods. 

For example, a comparison between the Durham sampler and the Rotorod sampler, which is 

designed to sample airborne particles using rods, implied that these two methods display 

similar pollen trends with high correlation [Sun et al. 2017]. Furthermore, a comparison of 

pollen counts by the Burkard 7-day spore trap, the Burkard Personal Air sampler, and the 

Rotorod sampler suggested significant differences in terms of the concentrations sampled of 

Urticaceae and Poaceae pollen [Peel et al. 2014]. While the Hirst sampler was superior to the 

Rotorod trap in detecting small pollens such as Urticaceae [Crisp et al. 2013], Heffer et al. 
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(2005) indicated that the measurement efficiencies of the Rotorod, the Air-o-Cell, and a 37-

mm open-faced filter cassette were at almost equivalent, but that the Hirst sampler showed 

pollen counts 1.6 times larger than the other samplers. Frenz (1999) suggested that the Hirst 

sampler is more efficient for capturing pollens whose radii were smaller than 10 μm, while the 

Rotorod is more efficient for the sampling of larger particles. 

 

1.4 Objectives 

  Previous research on the sampling efficiencies of the various pollen methods 

aforementioned have focused on simple comparisons of the numbers of sampled pollen grains. 

  These studies, however, did not analyze what causes the discrepancies in the pollen 

sampling efficiencies among the different sampling methods. Therefore, in this paper, two 

different types of sampler have been compared in each chapter, with the causes of the 

discrepancies in sampling efficiencies explained in terms of aerosol physics, probability and 

fluid dynamics.  

  By revealing the relationship between the physical characteristics and sampling 

efficiencies, airborne pollen concentration data from various devices will be comparable with 

each other, meaning that the global-scale monitoring and reliable determination of airborne 

pollen concentrations can be realized. 

  In Chapter 2, the sampling efficiency of a Hirst-style inlet, which is designed to sample 

airborne pollen grains from the wind direction, and the conical inlet, which samples the 

deposited pollen grains, have been compared. From the discrepancies in the sampling 

efficiencies, the relationship between wind direction, wind speed and sampling efficiency have 

been evaluated. 

  In Chapter 3, the pollen sampling efficiencies of the two-layered style inlet, the most-

often used inlet in Europe, and that of the Hirst-style inlet have been compared. These two-

layered inlets are designed to cancel the wind speed, therefore the influence that the wind has 

on pollen sampling was analyzed from a mechanical viewpoint. This was achieved by 

comparing the Hirst-style inlet sampling pollen grains with the wind direction and the two-

layered sampling inlet.  

  In Chapter 4, the pollen sampling efficiency of the gravitational method (the Durham 

sampler) and the volumetric (the Hirst sampler) method have been compared. This was carried 
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out by theoretically calculating the airborne pollen concentration from the pollen deposition 

data evaluated using the gravitational method. 

  Chapter 5 includes the summary as well as general discussion. 
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2.1 Introduction 

  Various methods have been developed for accurate evaluation of airborne pollen 

concentrations [Mullins and Emberlin 1997], which are conventionally evaluated through 

various types of pollen traps [Thibaudon et al. 2013].  

  Some scientists have worked on evaluating the efficiencies of various types of inlets 

attached to volumetric-type samplers. A previous study suggested that bioaerosol counts vary 

depending on the direction of the orifice of the inlets [Willeke et al. 1992; Michel et al. 2012]. 

Grinshpun et al. (1994) mathematically evaluated efficiencies of various inlets by measuring 

their physical characteristics. Davies (1968) suggested that a relationship exists between 

aerosol sampling efficiency and the direction of the inlet device.  
 

  The studies mentioned above were carried out to seek the best method for evaluating 

airborne pollen concentrations. However, the accuracies of airborne pollen traps are strongly 

influenced by meteorological elements. A previous study suggested that considering 

precipitation might help predict future pollen concentrations [Galan et al. 2000]. Another study 

on the relationship between meteorological conditions and airborne pollen concentrations 

implied that airborne pollen concentrations were significantly influenced by humidity and 

temperature with small p values (p < 0.05) [Veriankaite et al., 2011]. Analyzing 15-year 

meteorological datasets and airborne pollen concentrations, Gioulekas et al. (2004) also found 

that mean temperature was one of the important meteorological conditions that strongly 

influences airborne pollen concentrations (r = 0.43, p < 0.05). Kasprzyk et al. (2014) also 

suggested that temperature and precipitation were important indicators of airborne pollen 

concentrations in Poland, and Toth et al. (2011) found the same trend for Zagreb, Croatia. 

Additionally, previous studies demonstrated the influence of wind on the transport of pollen 

grains depending on the characteristics of the experimental site [Hamada et al. 2015; Santos et 

al. 2005]. High pollen concentrations were detected when changes in wind velocity were 

approximately 1–2 m s-1 [Sauliene and Veriankaite 2012]. Kizilpinar et al. (2011) suggested 

that airborne pollen concentrations are influenced by daily temperature (r = 0.16, p < 0.001 for 

tree; r = 0.28, p < 0.001 for grass; r = 0.32, p < 0.001 for weed), wind velocity (r = 0.17, p < 

0.001 for grass; r = 0.15, p < 0.002 for weed), and hours of sunshine (r = 0.14, p < 0.001 for 

tree; r = 0.25, p < 0.001 for grass; r = 0.21, p < 0.001 for weed). 
 

  Some studies have shown that meteorological conditions might lead to inaccurate pollen 

concentration data. Research conducted by Latorre et al. (2008) revealed that, in combination 

with some meteorological conditions such as wind speed or relative humidity, the difference 
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in the capturing mechanisms of pollen traps might cause an inaccuracy in pollen concentration 

data. Gagnon and Comtois (1992) also suggested that meteorological conditions might have an 

influence on the efficiencies of the Durham and Rotorod traps. Thus, in order to detect the 

influences of meteorological factors on pollen concentrations, meteorological observations 

were performed in this study. In addition, because previous studies suggested that changes in 

wind path or direction might lead to changes in particle dispersion processes [e.g., Gupta et al. 

2012, Mavroidis et al. 2007], and in order to evaluate the effect of the physical characteristics 

of rooftops on pollen counts, an experiment to evaluate the wind path around an obstacle was 

carried out. 
 

  This chapter seeks to evaluate the scale of the differences of pollen counts captured by 

different types of volumetric-type samplers in relationship to meteorological conditions. In this 

experiment, pollen concentrations were evaluated using two different types of inlets into the 

pollen monitors: a funnel-type inlet and a wind vane intake. This was done to examine the 

difference between the efficiencies of vertically oriented inlets and that of horizontally oriented 

inlets caused by changes of micro-wind conditions on a rooftop. 

 

2.2 Materials and methods 

  Two experiments were performed. One of the experiments was carried out to evaluate the 

aspiration efficiencies of two different inlets: a funnel inlet and a wind vane intake. The other 

experiment was performed in order to investigate the motion of wind blowing over an obstacle 

before reaching the pollen samplers. 

 

2.2.1 Experiment at Payerne 
 

  To evaluate the aspiration efficiencies of the different inlet types, two automatic pollen 

monitors (KH-3000-01, YAMATRONICS, Japan) were used. The aspiration rates of the 

monitors were kept constant at 4.1 L min-1. A conical glass funnel with a maximum diameter 

of 65 mm was installed as Monitor A, and a wind vane intake with side inlet was installed as 

Monitor B (Fig. 2.1). As shown in the figure, both the funnel inlet and the wind vane inlet were 

attached to the upper surfaces of each monitor, which was approximately 1.2 m from the 

surface of the rooftop. The two monitors were placed at the northeastern end of the rooftop of 

the two-story MeteoSwiss building (Fig. 2.2) in Payerne, Switzerland (46°48’48’’N, 

6°56’35’’E, Altitude 490 masl). The study site was chosen because 1. various previous pollen 

monitoring experiments had been performed at the MeteoSwiss for their reliable pollen 
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monitoring systems. 2. meteorological factors were simultaneously measured at the 

MeteoSwiss. At the experiment site, the pollen monitors were placed 1.0 m away from a wall 

whose height was also 1.0 m. Monitoring of daily and hourly average pollen concentrations 

using both monitors were carried out over 55 days from 8 April 2014 to 1 June 2014. In this 

experiment, the pollen count data reflect the total airborne pollen concentration. In order to 

convert the pollen counts into airborne pollen concentration, the pollen counts were multiplied 

by a coefficient, the collection factor, which was introduced to adapt the monitor counts to the 

Hirst counts [Kawashima et al. 2017]. The collection factor is the ratio of the total airborne 

pollen concentration evaluated by the Hirst sampler to the total airborne pollen counts by the 

pollen monitors during the experimental term. The collection factor was assumed to be 4.9 

based on the Hirst counts at the experimental site for this experiment. For more details, the full 

outline of the pollen monitoring system is available in Kawashima et al. (2007). It should be 

noted that pollen concentrations evaluated by the pollen monitor are almost identical to the 

actual pollen concentrations in the atmosphere, and that, with the exception of the inlets, all 

parts of the devices consisted of the same components. Meteorological data for the experiment 

period were obtained from MeteoSwiss. Air temperature (°C), relative humidity (RH) (%), 

wind direction (degree), wind speed (m s-1), precipitation (mm day-1), and solar radiation (W 

m-2) were used in the analysis. 

 

2.2.2 The micro-scale wind experiment 
 

  In order to evaluate the effect of an obstacle on upstream side of the wind path, horizontal 

and vertical wind speed around an obstacle were evaluated on the rooftop of the Kyoto 

Fig. 2.1 Automatic pollen counters. A conical glass funnel inlet and a wind vane inlet  are 

attached to KH-3000-01. 
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University Agricultural Science building (height = 20 magl, 35°1’N, 135°47’E) over a 40-day 

period between 30 November 2015 and 8 January 2016 (winter). 

  A Gill Propeller Anemometer (Model 27106) (Gill Instruments, Hampshire, UK) was 

connected to a Campbell CR10X data logger (Campbell Scientific, Logan UT, USA) 1.2 meters 

above the rooftop surface next to an obstacle to evaluate vertical wind flux (Fig. 2.3a). Data 

were recorded by the logger every hour. The Gill Propeller Anemometer was placed 1.0 m 

away from the obstacle (Fig. 2.3b). Horizontal wind direction and other meteorological 

parameters were recorded by a weather observation system (Onset Computer Corporation, 

Bourne, MA, USA), which was positioned close to the vertical anemometer. Another wind 

speed anemometer was set up approximately 1.0 m above the rooftop surface in order to 

evaluate horizontal wind speed. 
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Fig. 2.2 Layout of the experimental devices on the MeteoSwiss building rooftop in 

Payerne 

Fig. 2.3 Layout of the experimental devices on op of the Kyoto University Agricultural 

Science buildingin Kyoto. a) Location of the rooftop of the building: b) locations of the 

vertical anemometer and obstacle. 
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2.3 Results and discussion 
 

2.3.1 Pollen concentrations 
 

  Fig. 2.4 shows daily changes in pollen concentrations recorded by Monitors A and B. 

Daily airborne pollen concentrations measured by both monitors show inconsistent trends, 

indicating inconsistencies in the efficiencies of both monitors. The correlation coefficient (r) 

of the pollen concentrations measured by Monitor A and Monitor B is 0.91. Fig. 2.5 shows the 

circular histogram of pollen concentrations evaluated by Monitor A and B from each direction.  

 

  

Fig. 2.4 Daily changes in pollen concentrations during the observation period. 
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Fig. 2.5 Circular histograms of pollen concentrations from each direction evaluated by 

a) Monitor A; b) Monitor B. 

Table 2.1  

Correlation coefficients and p values between the pollen concentrations and meteorological 

factors. 
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2.3.2 Relationship between airborne pollen concentrations and meteorological conditions 
 

  The relationship between meteorological conditions and airborne pollen concentrations 

was analyzed in this experiment in order to identify the dominant elements that affect pollen 

concentrations. Daily temperature, relative humidity, wind speed, wind direction, radiation, 

and precipitation were considered as the meteorological factors. The correlation coefficients 

and p values of the airborne pollen concentrations evaluated by Monitor A and Monitor B and 

meteorological factors are shown in Table 1. No significant relationships are shown between 

pollen concentrations and meteorological factors except relative humidity. Fig. 2.6a shows the 

relationship between airborne pollen concentrations evaluated by Monitor B and relative 

humidity (RH). The figure indicates that the pollen concentration decreases along with an 

increase in RH. The correlation coefficient (r) in the graph reaches -0.64, implying that the 

changes in the airborne pollen concentration strongly depend on relative humidity. In Fig. 2.6b, 

daily variations of relative humidity and pollen concentrations are represented. The figure also 

shows a strong correlation of relative humidity to the pollen concentrations.  

 

2.3.3 Comparison of pollen concentrations using different types of inlets 
 

  The airborne pollen concentrations measured by the two pollen samplers with different 

inlet physical characteristics show different daily variations of pollen concentrations (Fig. 2.4). 

The airborne pollen concentrations evaluated by Monitor A and Monitor B from each direction 

is represented in Fig. 2.5. The figure indicates that the pollen grains mainly flew from the 

northeast and the southwest. A regression analysis was conducted, setting the difference 

between the pollen concentrations measured by Monitors A and B (DP; A − B (grains)) as the 

response variable, and wind direction as the explanatory variable (Fig. 2.7). The figure shows 

that the DP is positive when the wind direction is around 50 degrees and negative at a wind 

direction of around 230 degrees. This indicates that when wind blew from the northeast, 

Monitor A trapped more pollen than Monitor B. Conversely, the data also indicate that when 

the wind came from the southwest, Monitor B captured more pollen grains than Monitor A. 
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Fig. 2.6 Daily total pollen concentrations observed using Monitor B and daily relative 

humidity. A) Relationship between total airborne pollen concentrations observed using 

Monitor B and daily relative humidity; b) daily changes in total airborne pollen 

concentrations observed using Monitor B and relative humidity. 
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2.3.4 Findings from the experiment at the Kyoto University Agricultural Science building 
 

  In this experiment, an obstacle was placed north of the two anemometers. Therefore, when 

the horizontal wind direction was north, wind flowing over the obstacle was observed at the 

vertical anemometer point. Conversely, when the horizontal wind direction was south, the 

vertical anemometer observed wind flowing toward the obstacle. 
 

  Fig. 2.8 shows the relationship between vertical wind speed and horizontal wind direction 

at hourly (a) and daily (b) resolutions. In these figures, positive numbers for vert ical wind speed 

represent the average vertical velocity of wind flowing downward in a given time. Conversely, 

negative wind speed in the figure represents the vertical velocity of upward-flowing wind. The 

experiment shows that, at an hourly scale, wind from the obstacle side flows downward at a 

probability of 80.7%, and wind from the anemometer side flows upward at a probability of 

86.2% (Fig. 2.8a). At a daily scale (Fig. 2.8b), wind from the obstacle side flows downward at 

a probability of 72.7%, and wind from the anemometer side flows upward at a probability of 

100%. These results suggest that wind flowing from the direction of an obstacle tends to be 

directed downward and wind flowing toward an obstacle tends to be directed upward, implying 

that the observed discrepancy in pollen concentrations is caused by altered wind paths. 

The north–south Wind Directional Vector (𝑾𝑫𝑽 ) is defined as follows. 

𝑾𝑫𝑽 (𝑚 𝑠−1) = 𝑾𝑺 (𝑚 𝑠−1)  × 𝑐𝑜𝑠(𝜑 − 𝑊𝐷) (1) 

Here, 𝑾𝑺 represents wind speed (m s-1) and 𝜑 is the slant angle from north (in degrees). 

Because the Kyoto University Agricultural Science building is slanted nine degrees to the east, 

𝜑 = 9° was used in Fig. 2.9. 
 

  Fig. 2.9 shows 𝑾𝑫𝑽 plotted against vertical wind speed suggesting that the stronger the 

wind flows from the obstacle direction, the more the wind path is altered downward, and the 

stronger the wind toward the obstacle, the stronger the wind path is directed upward. The 

observed inconsistency of wind flux might be the result of such a recirculation. Thus, Fig. 2.10 

shows the result of the experiment on top of the MeteoSwiss building, indicating that a 

relationship between the wind directional vectors facing the wall on the MeteoSwiss building 

and DP exists. 



 
 

 
 
Chapter 2 

22 
 

 

2.3.5 Findings from the experiment at the MeteoSwiss building 
 

  The results above show that wind directions in the examined area have a relatively strong 

influence on pollen concentrations. Fig. 2.7 shows the correlation between DP and wind 

direction, implying that the stronger the wind blew from the northeast, the higher the pollen 

count recorded by Monitor A. The same is true for Monitor B when the wind was blowing from 

the southwest. This suggests that the wind directions at which DP shows large values match 

the direction of the long side of the MeteoSwiss building. Considering the physical 

characteristics of the building, the pollen sampler equipped with the wind vane intake device 

is expected to show higher pollen concentrations than the samples equipped with the funnel if 

the samplers are placed upwind from the wall placed on the rooftop of the building. On the 

other hand, when the wall is located upwind from the samplers, the pollen monitor equipped 

with the funnel inlet device is expected to show a higher pollen count than the monitor with 

the wind vane intake. 
 

Fig. 2.7 Difference between pollen concentrations (DP) observed by Monitor A and 

Monitor B and corresponding wind directions. 
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  A possible reason for the discrepancy in the recorded pollen concentrations is the way in 

which physical characteristics of the rooftop of the MeteoSwiss building alter the path of the 

wind. Some researchers have also suggested that the efficiency of bioaerosol monitor inlets 

varies depending on wind direction and orientation of the intake. For example, Molina et al. 

(2013) showed that environmental factors around pollen monitors have been shown to have 

some influence on the measurement results using pollen traps. Willeke et al. (1992) suggested 

that when wind flowing toward the pollen samplers exceeds a speed of 93 cm s -1, the pollen 

samplers’ efficiency exceeds 100% showing that the sampler oversampled the pollen 

concentrations if a vertically oriented inlet is attached to it. On the other hand, when the inlets 

face upward, the samplers’ efficiency decreases to less than 100%. Michel et al. (2012) also 

showed that wind velocity might be the most important factor influencing discrepancies in 

pollen concentration data. He also mentioned that in order to reduce this discrepancy, pollen 

monitors oriented in the wind direction should be used. Additionally, some studies have 

suggested that wind passing over an obstacle creates a recirculation zone downwind from the 

obstacle [e.g. Gupta et al. (2012)]. 
 

  Considering the findings of Willeke’s, Michel’s, and Gupta’s studies, changes in the 

efficiency of the pollen samplers are expected to be caused by the way in which an obstacle 

alters the path of the wind before and after the wind passes over it. The funnel inlet, which is 

oriented vertically, is expected to show a higher sampling efficiency than the wind vane intake, 

which is oriented horizontally, as the wind is directed downward toward the monitors as a result 

of the effect of the obstacle. On the other hand, the funnel inlet is expected to show a lower 

efficiency in pollen trapping than the wind vane intake since the vertically oriented intake 

should capture hardly any of the particles blown upward. 
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Fig. 2.8 Results of the experiment on top of the Kyoto University Agricultural Science 

building on a) hourly and b) daily scales. . 
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Fig. 2.9 Relationship between horizontal wind directional vectors facing the obstacle and 

vertical wind speed. 

Fig. 2.10 Relationship between pollen concentrations observed by Monitor A and Monitor 

B and vertical wind vectors facing the wall. 
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2.3.6 Theoretical model of particle aspiration 
 

  Changes in the pollen grain concentration inside an inlet device are likely caused by the 

difference between particle deposition velocity and air velocity at the inlet plane. Thus, 

although the aspiration rates of the monitors in this experiment were kept constant at  

4.1 L min-1, and the airborne pollen concentration was calculated based on this assumption, the 

inertial force acting upon the pollen grains might have caused monitors to measure higher or 

lower airborne pollen concentrations than actually present, because, according to the 

experiment above, the increase in the horizontal speed of wind flowing over an obstacle leads 

to an increase in vertical wind speed. Therefore, the inertial force is expected to act upon the 

pollen in a vertical direction when the wind flows over an obstacle. When a funnel inlet is 

utilized, the mechanism of condensation and dilution of the pollen concentration (𝐶𝐷𝑃) can be 

described as shown in Eq. (5) using the equation of continuity (Eq. (2)). 

𝐶𝑉𝐴
′𝑎 = 𝐶0𝑉𝑝0𝐴 (2) 

where 𝐶0 is the atmospheric pollen concentration (grains m-3), 𝐶 is the pollen concentration in 

the suction tube (grains m-3), a is the cross-sectional area of the suction tube (m2), and A is the 

cross-sectional area of the orifice of the inlet device (m2). The symbol 𝑉𝐴′ is the aspiration rate 

at the orifice of the suction tube (m s-1), and 𝑉𝐴 and 𝑉𝑝0 are the aspiration rate (m s-1) and the 

pollen grain velocity (m s-1) at the orifice of the inlet device, respectively (Fig. 2.11 (a)). The 

equation of continuity of the sampled air holds: 

𝑉𝐴
′𝑎 = 𝑉𝐴𝐴 (3) 

where 𝑉𝐴 is the wind velocity at the orifice of the inlet device (m s-1). Thus, by substituting Eq. 

(3) into Eq. (2), Eq. (4) can be derived: 

𝐶𝑉𝐴𝐴 = 𝐶0𝑉𝑝0𝐴 (4) 

Therefore, 𝐶𝐷𝑃 can be derived as follows: 

𝐶𝐷𝑃 =
𝐶

𝐶0
 

=
𝑉𝑝0𝐴

𝑉𝐴𝐴
 

=
𝑉𝑝0

𝑉𝐴
 

(5) 

As Fig. 2.9 suggests that vertical wind velocity at the windward and leeward sides of an 

obstacle is proportional to horizontal wind velocity, Fig. 2.10 implies that an increase in 

horizontal wind speed has a linear influence on the discrepancy in pollen count efficiency, with 

a correlation coefficient (r) of approximately 0.63. The wind directional vectors were 
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calculated from Eq. (1), although 𝜑 = 45 was used for the equation because the MeteoSwiss 

building is oriented 45 degrees to the east. 
 

  In order to consider the motion of each pollen particle from the Lagrangian point of view, 

I assumed that τ is the time required for a particle to reach the orifice of the inlet after another 

particle is sucked into the orifice. Then, the number of particles sucked into the inlet  (𝑃) at a 

given time T (s) is described as follows: 

𝑃 =
𝑇

τ
 (6) 

Here, τ is defined as: 

τ =
𝑟𝑚

𝑉𝑝0
 (7) 

where 𝑟𝑚 is the mean free path of pollen grains in the atmosphere (m). When 𝐶𝐴 represents the 

pollen concentration evaluated by the pollen monitor (grains m-3), then 𝐶0 and 𝐶𝐴 are described 

as follows: 

𝐶0 =
𝑃

𝑄
 

=
1

𝐴𝑉𝑝0𝑇

𝑉𝑝0𝑇

𝑟𝑚
  

=
1

𝐴𝑟𝑚
 

(8) 

 

 

𝐶 =
𝑃

𝑄𝐴
 

=
1

𝐴𝑉𝐴𝑇

𝑉𝑝0𝑇

𝑟𝑚
 

=
1

𝐴𝑟𝑚

𝑉𝑝0

𝑉𝐴
 

 

 

(9) 

   

where 𝑄 and 𝑄𝐴 are volume of the air pass through the orifice of the inlet and the orifice of the 

suction tube (m3), respectively (Fig. 2.11(b)). Thus, 𝐶𝐷𝑃 can be derived as Eq. (10), which 

leads to the same result as Eq. (5). 
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𝐶𝐷𝑃 =
𝐶𝐴

𝐶0
 

=
𝐴𝑟𝑚𝑉𝑝0

𝐴𝑟𝑚𝑉𝐴
 

=
𝑉𝑝0

𝑉𝐴
 

(10) 

Thus, Eqs. (5) and (10) show that the magnitudes of the discrepancies in the results from 

different pollen monitors are proportional to 𝑉𝑝0, indicating that a 𝐶𝐷𝑃 above one suggests a 

measured airborne pollen concentration above the actual airborne pollen concentration. 

Conversely, when 𝑉𝑝0  is smaller than 𝑉𝐴 , 𝐶𝐷𝑃  will be smaller than one, showing that the 

evaluated airborne pollen concentration is smaller than the actual concentration.  

  In addition to the model discussed above, other models exist. For example, research on 

particle aspiration by a small inlet was performed by Levin [Levin, 1957; Masuda & Yoshida, 

1974]. In Levin’s model, the measurement precision is explained to be governed by the inertial 

force parameter. Vincent (1987) suggested in his model that the aerosol aspiration efficiency 

is proportional to the air velocity in the direction of the sampler inlet. The accuracy of Vincent’s 

model was subsequently confirmed by an experiment conducted by Li and Lundgren (2002).  

The model above explains condensation or dilution of airborne particle concentration caused 

by the inertial force. Especially when wind flows in the direction of the opening of the inlet, 

the inertial force likely prevents particles from being sucked into the inlet.  

 

 

 

 

 

 

 

 

 

 

Fig. 2.11 Schematic drawings of wind speed (𝑉𝐴;  𝑉𝐴′) (m s-1), pollen concentrations (𝐶; 𝐶0) 

(grains m-3), and pollen grains velocity (𝑉𝑝0; 𝑉𝑝′) (m s-1) at the orifice of the inlet with the 

area of 𝐴 (m2) and at the orifice of the suction tube with the area of 𝑎 (m2). 
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2.4 Conclusions 
 

  In this study, I analyzed discrepancies in airborne pollen concentration data caused by 

differences in the physical characteristics of pollen sampler inlets in relationship to 

meteorological factors. As a result, it appears that micro-scale vertical wind leads to a 

noticeable discrepancy in airborne pollen concentration data obtained using different types of 

inlets. This micro-scale vertical wind might be responsible for the discrepancies between 

airborne pollen concentration data from gravitational samplers such as the Durham sampler 

and data from volumetric samplers such as the Hirst sampler. Additionally, vertically oriented 

inlets and horizontally oriented inlets show different airborne pollen concentrations even when 

they are attached to the same type of volumetric sampler. Thus, my experiments suggest that, 

when pollen traps are placed on rooftops, the traps should be placed in locations where vertical 

wind flux is almost zero. Additionally, it is important to understand how far from surrounding 

obstacles pollen monitors should be placed to improve the acquisition accuracy of airborne 

pollen concentrations.
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3.1 Introduction 

  Although reliable sampling of airborne pollen or fungal spores and evaluation of their 

concentration are required for accurate analysis of their distribution, the best method for 

determining airborne concentrations is yet to be determined.  

  Bioaerosol sampling efficiency is significantly influenced by sampling conditions. Thus, 

to better understand the ideal pollen sampling environment, the relationship between sampling 

methods and ambient environmental conditions, including local wind speed [Sadyś (2017)], 

height from ground level [Alcázar and Comtois (2000)], and wind direction [Brixey et al. 

(2005); Li and Lundgren (2002); Sreenath et al. (2002); Wen and Ingham (2000)] has been 

studied. Some studies have considered the relationship between the physical characteristics of 

sampler inlets and sampling efficiency from an aerosol physics perspective [e.g., Fan et al. 

(1992); Galeev and Zaripov 2003; Grinshpun et al. 1994; Hangal and Willeke 1990; Su and 

Vincent 2002). 

  Comparison of different pollen samplers is therefore a frequently used and effective 

research method to better understand sampling efficiency.  

  In this chapter, I compared two sampling inlets with different designs: an inlet with two 

layers and a wind-vane-style inlet. Two-layered sampling inlets are designed to cancel the 

effect of wind speed by blocking particle trajectories inside the inlets and have been used in 

aerosol sampling experiments [e.g. Ballach et al. (1999); Kreissl et al. (1991)]. Wind vane 

inlets, such as the Hirst-style sampler used here, are designed to sample particles from an 

upwind direction. By comparing these two types of inlets, I examined the discrepancies 

between the actual and evaluated pollen concentrations caused by the sampling device to 

elucidate the possible mechanism that causes the inaccuracy in the pollen concentration. 

 

3.2 Materials and methods 

3.2.1. Data acquisition 

  To compare the sampling efficiencies of each sampling inlet, I used airborne pollen 

concentrations determined by a KH-3000-01 pollen monitor (Yamatronics, Japan) located on 

the top of the MeteoSwiss building in Payerne, Switzerland (46°48’48’’N, 6°56’35’’E). The 

KH-3000-01 uses laser scattering to evaluate total airborne pollen concentration, calculated by 

converting pollen counts collected at a sampling rate of 4.1 L min -1 to grains m-3. Sampling 
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was carried out from July 15 to August 20, 2016 and from March 10 to July 31, 2017. The 2016 

sampling period was limited because of certain technical problems. Further details are provided 

in Kawashima et al. (2007; 2017). 

  For the two-layered inlet, I used a Sigma-2 passive sampler (Particle Vision, Switzerland). 

This device has two parts, i.e. a protective hood with a diameter of 155 mm overlapping a 

cylinder with a diameter of 100 mm (Fig. 3.1(a)). Both parts have four 37 mm × 70 mm inlet 

openings, offset between the layers to eliminate the effects of wind on the interior cylinder. 

The wind vane inlet, a Hirst-style sampler inlet (MeteoSwiss), set up next to the two-layered 

sampling inlet, uses a vane to orient the inlet in an upwind direction, funnel ing air into a 

sampling tube with a diameter of 5 mm (Fig. 3.1(b)). Each device was linked to a separate KH-

3000-01 unit. 

  I performed independent pollen sampling at the experimental site using the Hirst sampler 

for data confirmation. Although the KH-3000-01 monitors automatically total airborne pollen 

concentration, the Hirst unit can preserve samples of airborne pollen grains on sampling slides, 

allowing manual counting and identification. I could thus identify the pollen taxa present 

during the study period and could calculate the daily or total average pollen grain size. 

Additionally, some meteorological factors, such as humidity, temperature, precipitation, day 

length, and wind speed and direction, were recorded at the experimental site by MeteoSwiss. I 

used wind speed and direction data based on the service of MeteoSwiss. 
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3.2.2 Conversion theory 

  The relationship between the sampling efficiency of the Sigma-2 two-layered and Hirst-

style wind vane sampling inlets can be expressed by the continuity equation of pollen flux with 

the assumption that the wind vane sampling inlet evaluate the actual airborne pollen 

concentration: 

where 𝐶0 is the airborne pollen concentration in the atmosphere, 𝐶𝑆 is the pollen concentration 

inside the two-layered sampling inlet cylinder, 𝑣𝑆 is the wind speed toward the KH-3000-01 

suction tube, 𝑎 is the cross-sectional area of the two-layered sampling inlet cylinder, 𝑣0 is the 

wind speed inside the two-layered sampling inlet protective hood, 𝐴 is the effective area of the 

two-layered sampling inlet ports, 𝐵𝑙 is the number of pollen grains blocked by the wall inside 

𝐶𝑆 𝑣𝑆𝑎 = 𝐶0𝑣0𝐴 − 𝐵𝑙 − 𝐸𝑥 (11) 

Fig. 3.1 Photograph of 

(a) Sigma-2 two-

layered sampling inlet 

and (b) Hirst-style wind 

vane inlet, and 

schematic drawing of 

the experimental set up: 

two-layered sampling 

inlet (left) and wind 

vane inlet (right) 

attached to KH-3000-

01. 
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the two-layered sampling inlet protective hood, and 𝐸𝑥 is the number of pollen grains passing 

through the two-layered sampling inlet without being sampled.  

  From Eq. (11), the relationship between the two-layered sampling inlet evaluation results 

and the pollen concentration in the atmosphere is expressed as: 

The amount of air entering the cylinder is almost equal to that flowing out from the bottom of 

the cylinder, because the sampling rate is less than the air flow rate in the cylinder. Thus, it is 

reasonable to assume that wind speed in the two-layered sampling inlet cylinder is proportional 

to wind speed entering the two-layered sampling inlet protective hood, expressed as 𝑣𝑆 = 𝑋𝑣0, 

where 𝑋 is a coefficient. With these assumptions, Eq. (12) becomes: 

Therefore, 𝑋 is written as: 

It is possible to calculate 𝑎 directly, since the two-layered sampling inlet cylinder has a radius 

of 50 mm. When the wind flows from direction 𝜃  (Fig. 3.2), the effective value of 𝐴  is 

calculated as: 

where 𝑊 is the port’s width (= 37 mm), and ℎ is its height (= 70 mm). 

By defining 𝜑 as: 

Eq. (16) gives: 

𝐶𝑆 =
𝐶0𝑣0𝐴 − 𝐵𝑙 − 𝐸𝑥

𝑣𝑆𝑎
 (12) 

𝐶𝑆 =
𝐶0𝑣0𝐴 − 𝐵𝑙 − 𝐸𝑥

𝑋𝑣0𝑎
 (13) 

𝑋 =
𝐶0𝑣0𝐴 − 𝐵𝑙 − 𝐸𝑥

𝐶𝑆𝑣0𝑎
 (14) 

𝐴 = 𝑊ℎ {𝑐𝑜𝑠𝜃 + cos (
𝜋

2
− 𝜃)}     (−

π

2
≤ θ < 0) (15) 

𝜑 = 𝜃 + 𝜋 4⁄  (16) 
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Thus, the expected value of 𝐴 can be calculated under the assumption that the wind flows 

equally from all directions:  

 

𝐴 = 𝑊ℎ {𝑐𝑜𝑠 (
𝜋

4
− 𝜑) + 𝑐𝑜𝑠 (

𝜋

4
+ 𝜑)}     (−

π

4
≤ 𝜑 <

𝜋

4
) 

= 2𝑊ℎ𝑐𝑜𝑠
𝜋

4
cos 𝜑 

= √2𝑊ℎ𝑐𝑜𝑠𝜑  

(17) 

𝐸[𝐴] = √2𝑊ℎ × 2 ∫ 𝑐𝑜𝑠𝑥𝜋𝑑𝑥

1
4

−
1
4

 

=
2√2𝑊ℎ

𝜋
[𝑠𝑖𝑛𝑥𝜋]

−
1
4

1
4  

=
4𝑊ℎ

𝜋
 

(18) 

Fig. 3.2 Effective sampling area for the two-layered sampling inlet with wind 

from direction θ. 
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Fig. 3.3 Schematic diagram of pollen impaction in the two-layered inlet. Some 

airborne pollen grains encountering the sampler from the left pass through ports in 

the protective hood and cylinder, where they are sampled (solid flow lines), while 

others pass the hood but are blocked by the cylinder wall (dotted flow lines).  

Fig. 3.4 Schematic diagram of wind entering the two-layered sampling inlet port from 

direction θ1 (θ2). 
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  Although it is not possible to directly calculate 𝐵𝑙, an approximation can be made by 

assuming that the ejection of pollen grains from the two-layered inlet is mostly caused by 

impaction inside the protective hood (Fig. 3.3). This impaction theory was introduced by Hinds 

(1999) and is described as:  

 where 𝑃 is the probability of a particle not being impacted, 𝐼 is the probability of impaction, 𝜏 

is the relaxation time (s), 𝛾 is the density of pollen grains (= 1.0 × 103 kg m-3), 𝑑 is the pollen 

grain diameter (m), 𝐶𝐶  is the Cunningham correction factor, 𝜂 is the viscosity of the air (=

1.8 × 10−5 kg m-1 s-2), 𝐶𝐷 is the drag coefficient, 𝐹𝐷 is the drag force (N), 𝜌 is the air density 

(kg m-3), and 𝐴𝑝 is the cross-sectional area of a pollen grain. By applying this assumption (that 

the ejection of pollen grains is caused by impaction), Eq. (13) becomes: 

  For the manipulation of 𝐼 in Eq. (19), the port orthographic width to the wind direction 

(𝑊𝑜) should be substituted as 𝑊. Similar to Eq. (18), the expected value of 𝑊 is calculated 

under the assumption that the wind flows equally from every direction:  

 

𝑃 = 1 − 𝐼 

𝐼 =
𝜋𝜏𝑣0

𝑊
 

𝜏 = (
𝑑2𝛾𝐶𝐶

18𝜂
) (

24

𝐶𝐷𝑅𝑒𝑝
) 

𝐶𝐷 =
𝐹𝐷

1
2 𝜌𝑣0

2𝐴𝑝

 

(19) 

𝐶𝑆 =
𝐶0𝑣0𝐸[𝐴] − 𝐵𝑙

𝑣𝑆𝑎
−

𝐸𝑥

𝑋𝑣0𝑎
 

=
𝐶0𝑣0𝐸[𝐴](1 − 𝐼)

𝑋𝑣0𝑎
−

𝐸𝑥

𝑋𝑣0𝑎
 

=
𝐶0(1 − 𝐼)

𝑋

𝐸[𝐴]

𝑎
−

𝐸𝑥

𝑋𝑣0𝑎
 

(20) 

𝐸[𝑊𝑜] =
2𝑊

𝜋
∫ 𝑠𝑖𝑛𝑥𝑑𝑥

𝜋
2

0

 

=
2𝑊

𝜋
 

(21) 
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When the wind flows at generalized angles (𝜃1, 𝜃2) (Fig. 3.4), 𝑃 is calculated as:  

𝑃 = 1 − (
𝛥1 + 𝛥2

𝑊𝑜

) (22) 

𝛥1 = 𝜏 (
𝑣0

2

𝑟
) (2𝜋𝑟・

𝜃1

2𝜋
) 

1

𝑣0
 (23) 

𝛥2 = 𝜏 (
𝑣0

2

𝑟
) (2𝜋𝑟・

𝜃2

2𝜋
) 

1

𝑣0
 (24) 

𝜃1 + 𝜃2 = 𝜋 (25) 

where 𝑟 is the radius of the circular arc of the air impacting on the two-layered inlet cylinder. 

Additionally, although 𝜃1 and 𝜃2  are variables, the sum of the two variables is constantly 𝜋. 

Thus, Eqs. (23–25) give: 

This suggests that the width of the limiting trajectory for the impaction is constant, 𝜋𝜏𝑣0.  

 

Thus, a general form of 𝑃 is given as: 

Because Eq. (27) contains a generality when 𝑛 number of ports are exposed to the wind, it can 

be converted without loss of generality to give the total probability of the avoidance of the 

impaction, 𝑃𝑡𝑜𝑡𝑎𝑙 , calculated as: 

𝛥1 + 𝛥2 = 𝜏 (
𝑣0

2

𝑟
) (2𝜋𝑟・

𝜃1 + 𝜃2

2𝜋
) 

1

𝑣0
 

= 𝜋𝜏𝑣0  
(26) 

𝑃 = 1 −
𝜋𝜏𝑣0

𝑊𝑜
 (27) 

𝑃𝑡𝑜𝑡𝑎𝑙 = 1 −
∑ (𝛥1

𝑘 + 𝛥2
𝑘 )𝑛

𝑘=1

𝑛𝐸[𝑊𝑜]
 

= 1 −
𝑛𝜋2𝜏𝑣0

2𝑛𝑊
 

= 1 −
𝜋2𝜏𝑣0

2𝑊
 

(28) 
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which shows that the probability of impaction avoidance is independent of the number of ports 

and wind direction.  

  Furthermore, it is reasonable to assume that the number of pollen grains ejected from the 

two-layered sampling inlet hood without being sampled is proportional to the number of pollen 

grains passing into the cylinder. Thus: 

where ε is the coefficient. This gives the following equation: 

Although it is not possible to theoretically calculate 𝜀 in most cases, the approximate 𝑋 value 

would be given directly by substituting the value at which the total pollen count of the two-

layered sampling inlet is equal to that of the theoretical two-layered inlet. Regarding our 

experimental results, I assumed that the evaluation results from the wind vane inlet represent 

𝐶0 and those from the Sigma-2 two-layered sampling inlet represent 𝐶𝑆. In other words, the 

conversion results of the wind vane inlet are treated as theoretical two-layered inlets in this 

study.  

  As the wind should decelerate upon entering the two-layered sampling inlet port, I 

introduced the deceleration ratio (𝑚) to manipulate wind speed inside the two-layered sampling 

inlet protective hood, allowing the relationship between 𝑣0 and 𝑈 to be 𝑣0 = 𝑚𝑈. Therefore, 

the probability of impaction avoidance is calculated as:  

In this study, 𝑚 was optimized by nonlinear optimization for the correlation coefficient to have 

the highest value. 

𝐸𝑥 = 𝜀𝐶0𝑣0𝐸[𝐴] (29) 

𝑋 =
𝑃𝑡𝑜𝑡𝑎𝑙 𝐶0

𝐶𝑆

𝐸[𝐴]

𝑎
−

𝜀𝐶0𝑣0

𝐶𝑆𝑣0

𝐸[𝐴]

𝑎
 

  = (𝑃𝑡𝑜𝑡𝑎𝑙 − 𝜀)
𝐶0

𝐶𝑆

𝐸[𝐴]

𝑎
  

(30) 

𝑃𝑡𝑜𝑡𝑎𝑙 = 1 −
𝜋2𝜏𝑣0

2𝑊
 

= 1 −
𝑚𝜋2𝜏𝑈

2𝑊
 

(31) 
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  The theoretical two-layered inlet was calculated in the same way for both the 2016 and 

2017 data. However, for the 2016 data, the average pollen grain size throughout the sampling 

period (23.5 μm) was substituted for 𝑑 because this period lasted only one month and no 

seasonal change in vegetation was observed. For the 2017 data, the daily average pollen grain 

size was substituted for 𝑑, because some seasonal changes in the vegetation were observed 

during the 2017 sampling period.  

 

3.2.3 Introduction of mechanical mobility 

  The wind speed inside the Sigma-2 cylinder is expected to be lower than that outside. 

Thus, laminar flow should be dominant inside the cylinder in which the adherence of pollen 

grains to a given flow line governs their movement. To better account for the changes in the 

pollen size in 2017, I introduced the concept of mechanical mobility (𝜇), which is an indicator 

for the adherence of a particle to a flow line: 

This was applied to the experimental data by substituting the daily average pollen grain size 

for 𝑑. Furthermore, the mechanical mobility was multiplied by the average pollen diameter 

(𝑑𝑎𝑣𝑒𝑟𝑎𝑔𝑒) for unit adjustment (𝛭): 

Thus, to calculate the theoretical two-layered inlet for 2017, both mechanical mobility and 

impaction theory were applied to the airborne pollen concentration datasets from the wind vane 

inlet.  

 

3.3 Results and discussion 

3.3.1 2016 results  

𝜇 =
1

3𝜋𝑑𝜂
 (32) 

𝛭 =
3𝜋𝑑𝑎𝑣𝑒𝑟𝑎𝑔𝑒𝜂

3𝜋𝑑𝜂
 

=
𝑑𝑎𝑣𝑒𝑟𝑎𝑔𝑒

𝑑
 

(33) 
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  During the 2016 sampling period, the highest daily pollen concentration was observed on 

July 20 by both the two-layered (798.7 grains m-3) and the wind vane (245.8 grains m-3) 

sampling inlets (Fig. 3.5a). After this peak, the daily concentrations followed a roughly weekly 

cycle. The relationship between the pollen concentrations evaluated by the two-layered and 

wind vane inlets showed that the sampling efficiency of the two-layered sampling inlet was 

approximately three times higher than that of the wind vane inlet at a daily scale (Fig. 3.5b). 

Urticaceae was the dominant taxon during the sampling period, representing 68.0% of all 

sampled airborne pollen grains, followed by Poaceae, Plantago, and Zea (Fig. 3.6a).  

  When impaction theory was applied and 0.112 and 0.73 were substituted for 𝑋 and 𝑚, 

respectively, the correlation coefficient between two-layered and theoretical two-layered inlets 

was the highest (Fig. 3.7). This implied that the wind speed inside the two-layered inlet cylinder 

was reduced to approximately 8% of the wind speed entering the two-layered sampling inlet 

port, calculated as 𝑚𝑋. 

 

3.3.2 2017 results  

  During the 2017 sampling period, the highest daily pollen concentration was observed on 

July 19 by both the two-layered (278 grains m-3) and wind vane (113 grains m-3) sampling 

inlets (Fig. 3.8a). As in 2016, both inlets recorded similar pollen concentration trends during 

the sampling period. However, technical problems produced some data gaps: Pollen 

concentration data from the two-layered sampling inlet are missing from April 10 to 24, those 

from the wind vane inlet are missing from May 9 to 14, and those from both samplers are 

missing from July 3 to 11. The sampling efficiency of the two-layered sampling inlet was 

approximately 1.36 times higher than that of the wind vane inlet (Fig. 3.8b). Poaceae and 

Quercus were the most dominant taxa, representing 21.3% and 19.6% of the sampled pollen 

grains, respectively (Fig. 3.6b).  

  The sampling efficiency ratio of the two-layered to wind vane inlets became relatively 

larger in the latter half of the sampling period (Fig. 3.9). Fig 3.9 also shows the reciprocal 

number of the daily average of the pollen diameter. This value tracked changes in the relative 

sampling efficiency of the two-layered sampling inlet, suggesting that increases in pollen 

diameter would result in decreased sampling efficiency for this inlet. The tracking is illustrated 

in the relationship between the weekly changes in geometric averages of these two values (Fig. 

3.10). The changes in the daily average of the pollen diameter is observed because of the 
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vegetation changes. Here, the pollen grain diameters of each taxon were obtained from the 

Paldat palynological database (2000 onwards, www.paldat.org).  

  Furthermore, the re-optimization of 𝑚 and 𝑋 resulted in a more generalized optimization 

in which 0.63 was substituted for 𝑚. Applying impaction theory to the 2017 wind vane inlet 

data was effective for the conversion of these results to two-layered inlet results (Fig. 3.11a). 

The slope of the approximation straight line became 0.907 when 𝑋 = 0.167. Moreover, the 

mechanical mobility allowed the theoretical two-layered inlet to reflect the observed two-

layered inlet more accurately (Fig. 3.11b), although the slope of the approximated straight line 

became smaller, because multiplying the theoretical two-layered inlet values by 𝛭 enlarges the 

average value of the theoretical two-layered inlet. 

  Our results show that although the 2016 experimental results originally indicated a clear 

relationship between the sampling efficiency of the two samplers, the application of impaction 

theory further improved the correlation coefficient, suggesting that impaction occurs inside the 

two-layered sampling inlet protective hood. This is also true for the 2017 results, which 

suggests that it was possible to consider the changes in pollen sizes by applying mechanical 

mobility. 
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Fig. 3.5 (a) Daily changes in airborne pollen concentration collected by wind vane and 

two-layered sampling inlets in 2016 and (b) their relationship.
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Fig. 3.6 Taxa and grain counts for pollen collected from (a) July 15 to 

August 20, 2016 and (b) March 10 to July 31, 2017 by a Hirst sampler; 

identification and counts were performed by visual observation. 
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Fig. 3.7 Relationship between airborne pollen concentrations observed using 

the two-layered sampling inlet in 2016 and results from applying impaction 

theory to airborne pollen concentrations observed by the wind vane inlet.
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Fig. 3.8 (a) Relationship between sampling efficiency of wind vane and two-layered 

sampling inlets in 2017 and (b) their relationship. 
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Fig. 3.9 Daily changes in sampling ratio between the two-layered and wind vane sampling 

inlets along with the reciprocal number of the average value of pollen size during the 2017 

sampling period. 

Fig. 3.10 Relationship between weekly geometric mean of daily sampling ratio between the 

two-layered and wind vane inlets and weekly geometric means of reciprocal number of the 

average pollen size. 
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Fig. 3.11 (a) relationship between airborne pollen concentrations observed using the two-

layered in 2017 and results from applying impaction theory to airborne pollen 

concentrations observed by the wind vane inlet (theoretical two-layered inlet). (b) Results 

from applying mechanical mobility and impaction theory to wind vane airborne pollen 

evaluation. 
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3.4 Conclusions 

  I showed that pollen sampling using the Sigma-2 two-layered sampling inlet was more 

efficient than that using a Hirst-style wind vane inlet during spring and summer in Payerne, 

Switzerland. The higher sampling efficiency of the two-layered sampling inlet seemed to be 

caused by changes in wind speed inside the sampling inlet. Additionally, the two-layered 

sampling inlet protective hood apparently produced impaction effects causing discrepancies in 

sampling efficiency. Finally, changes in pollen diameter influenced the sampling efficiency 

due to changes in grain adherence to flow lines.  

  Thus, our experimental results show that the pollen concentration evaluated by a pollen 

sampler has some inaccuracies caused by the sampling device itself, and I theoretically 

explained the possible mechanism that causes the altered evaluation results from the two-

layered pollen sampling inlet. The application of our findings will help to improve the accuracy 

of pollen sampling regardless of phenological changes in pollen grain size and changes in wind 

speed.  
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4.1 Introduction  

  In previous chapters, the sampling efficiencies of volumetric samplers were discussed. 

However, as mentioned in Chapter 1, comparison of volumetric samplers and gravitational 

sampler is very important for the quality control of allergen monitoring. In order to understand 

the health impact of allergic pollen to humans, volumetric samplers, which are designed to 

imitate the respiratory function, have been widely used for pollen sampling [e.g. Camacho et 

al. (2017); Carinanos et al. (2002); Hrga et al. (2010); Monroy-Colin et al. (2018); Moreno-

Grau et al. (1998)]. The gravitational method is also another frequently used method; it is 

employed not only to understand the deposition quantity of pollen but because of its simplicity 

[e.g. Hofmann et al. (2016); Tosunoğlu et al. (2013)]. Gravitational samplers are also used to 

understand pollen deposition on patients’ skin [Erkara et al. 2009]. 

  Previous studies have shown that the pollen concentrations evaluated by volumetric 

samplers and passive samplers have clear correlations [Bricchi et al. (2000); Sun et al. (2017)]. 

Conversely, it has been stated that the volumetric method and the gravitational method have 

virtually no correlation [Cornell et al. (1961)]. Thus, there are discrepancies in the evaluations 

of pollen sampling efficiencies of the gravitational sampling methods among previous research.  

  In this study, the two most frequently used pollen sampling methods—a volumetric 

method called the Hirst sampler, which is the most commonly used volumetric sampler, and a 

gravitational method called the Durham sampler, which is the most commonly used 

gravitational sampler—were compared to re-evaluate the existing comparison method between 

the gravitational method and the volumetric method. 

 

4.2. Materials and methods  

4.2.1 Experimental setup 

  The Hirst sampler and the Durham sampler (Fig. 4.1) were permanently set on the rooftop 

of the Hokkaido Institute of Public Health (43° 4’ 59’’ N, 141° 19’ 59’’ E). The sampling rate 

of the Hirst sampler was set at 10 L min-1. Pollen grains sampled by these devices were counted 

and sorted through visual observation using a microscope (Olympus BX 53-F, Tokyo, Japan). 

Although all pollen taxa in the atmosphere were sampled, Betula was chosen as the study object 

because of its representativeness as the main allergenic pollen. The Betula pollen sampling was 

performed throughout the period April 20th to May 20th annually, from 2013 to 2016. Because 
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forests were situated to the north of the sampling site, in order to obtain clear data without 

background errors, I used data collected only when the daily dominant wind direction was not 

from the north. Additionally, some daily data were missing because of technical problems with 

the Hirst sampler. 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.2.2 Theory 

  A method to determine the airborne pollen concentration from sampling results was first 

introduced by Scheppegrell (1917), and subsequently improved by Cocke (1937) and Feinberg 

and Steinberg (1933) as follows: 

where 𝑛𝐺 is the number of deposited pollen grains, 𝑣𝑓 is the pollen falling speed (m s-1), 𝑎 is 

the sampling area (m2), 𝑡  is the sampling duration (s), and 𝐶𝐺  is the atmospheric pollen 

𝐶𝐺 =
𝑛𝐺

𝑣𝑓 × 𝑎 × 𝑡
 

(34) 

Fig. 4.1 The Durham sampler (left) the Hirst sampler (right). 
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concentration (grains m-3). For 𝑣𝑓, the terminal velocity derived from Stokes’ law is usually 

substituted, which is calculated as,  

where 𝑟𝑝 is the radius of a particle (m), 𝜌𝑝 is the density of the particle (kg m-3), 𝜌𝑓  is the 

density of fluid (kg m-3), and 𝜂 is the viscosity of the ambient fluid (m2 s-1). Because the radius 

of a pollen grain varies, a representative pollen grain radius that fit the experiment best was 

calculated and substituted; specifically, 𝑟𝑝 = 17 (μm). 

  I used these equations for the conversion of gravitational sampling results from the 

Durham sampler to the airborne pollen concentration. For the density of pollen grains,  

1 (g cm-3) was substituted.  

 

4.3 Results 

  The airborne pollen concentration data from the gravitational sampler and the volumetric 

sampler exhibited high correlations especially in 2013 and 2016, showing that in these two 

years, the identification and counting of Betula pollen for both the gravitational sampler and 

the volumetric sampler were performed precisely, whereas the correlation coefficients for 2014 

and 2015 are relatively low (r2=0.967 (2013); r2=0.556 (2014); r2=0.467 (2015); r2=0.973 

(2016)) (Fig. 4.2). Only a limited amount of data is available for 2013 because the volumetric 

sampling was performed only from May 9th because of a technical problem. The slopes of the 

scatter plots of the volumetric sampling data and the converted gravitational sampling data 

show differences in sampling efficiencies, which are ratios of the sampling efficiency of the 

gravitational sampling efficiency to that of the volumetric sampling efficiency. These results 

indicate that the converted gravitational sampling results tend to exhibit higher airborne pollen 

concentrations than the volumetric sampling method. 

  The correlations between the sampling ratio of the gravitational method to the volumetric 

method and the ratio of wind speed, which is a significant meteorological factor for particle 

samplings, to the sampling rate, which was constant, are also shown in scatter plots (Fig. 4.3). 

In these plots, proportional relations are shown (r2=0.452 (2013); r2=0.400 (2014); r2=0.016 

(2015); r2=0.563 (2016)). 

𝑣𝑓 =
2𝑟𝑝

2(𝜌𝑝 − 𝜌𝑓 )𝑔

9𝜂
 (35) 
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Fig. 4.2 Relationship between airborne pollen concentration evaluated from volumetric 

sampling results and gravitational sampling results.  
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4.4 Discussion 

4.4.1 Inapplicability of existing theory 

  As shown in the results, the ratio of the sampling efficiency of the gravitational sampler 

to that of the volumetric sampler is proportional to the increase in wind speed, which means 

that the conventional conversion method is not able to calculate the volumetric pollen 

concentration from pollen deposition data because of the influence of wind speed. These results 

show that in some cases, inaccurate conversion between the gravitational sampler and the 

volumetric sampler is made either because the volumetric sampling efficiency decreases 

Fig. 4.3 Relationship between ratio of evaluated airborne pollen concentration of 

gravitational sampling to that of volumetric sampling and ratio of wind speed to sampling 

ratio. 
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accompanied with the increase in wind speed or because the gravitational sampling efficiency 

increases accompanied with increase in wind speed.  

 

4.4.2 Inadequacy of existing correction theory for volumetric sampler 

  The sampling efficiency is inherently independent of wind speed, which is widely 

assumed in discussions of sampling efficiency. This is derived from the following equations. 

From the continuity equation for particles, Eq. (36) holds: 

where 𝐶0  is the actual airborne pollen concentration, 𝐴  is the cross-sectional area of the 

limiting trajectory, 𝑉 is wind speed, 𝐶𝑆 is the evaluated airborne pollen concentration, 𝑎 is the 

cross-sectional area of the sampling tube, and 𝑣 is the sampling rate. Additionally, from the 

continuity equation of air, 

Thus, from Eq. (36) and Eq. (37), the following result is derived, which is assumed to be true 

for any type of airborne particle sampling:  

However, previous studies suggest that the relationship between the sampled airborne particle 

concentration and the actual airborne particle concentration is a function of wind speed. Thus, 

to correct for the influence of wind speed on the sampling efficiency of volumetric samplers, a 

correction theory was introduced by Davies (1968) and improved by Vincent (2007). In the 

Davies theory, changes in the relative wind speed of ambient air to the sampling ratio 

proportionally influence changes in sampling efficiency because the changes in the inertial 

force have an effect on the particles, which is calculated as follows: 

 

𝐶0𝐴𝑉 = 𝐶𝑆𝑎𝑣 (36) 

𝐴𝑉 = 𝑎𝑣 (37) 

𝐶0 = 𝐶𝑆 (38) 

𝛼 = 1 + 𝛽(𝑅 − 1) (39) 

𝛽 = 1 − {
1

1 − 0.6𝑆𝑡𝑙𝑛(1 −
𝛿
2)

} (40) 
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where𝛼is the sampling efficiency, 𝑅 = 𝑣/𝑉, 𝑆𝑡 is the Stokes’ number, and 𝛿 is the diameter of 

the sampling tube.  

  These theories (Eq. (39) and Eq. (40)) explain that there is a possibility of a particle inside 

the limiting trajectory being pushed out of the limiting trajectory when the ambient wind speed 

is faster than the sampling rate. On the other hand, when the sampling rate is faster than the 

ambient wind speed, there is a chance of a particle outside the limiting trajectory irrupting over 

the limiting trajectory. 𝑎  in Eq. (39) shows the theoretical probability of these crossovers 

occurring. Davies’s theory has been significantly enhanced and used by various researchers. 

However, the results from the present study show a reverse trend in which an increase in wind 

speed causes an increase in the evaluated airborne pollen concentration. Thus, it is reasonable 

to say that additional influential factors resulted in the linear relationship between wind speed 

and the ratio of the sampling efficiency of the gravitational method to that of the volumetric 

method. 

 

4.4.3 Introduction of new correction theory for gravitational samplers in turbulence 

  As discussed above, existing correction theory for volumetric sampler is not able to reflect 

the experimental results. Thus, introduction of a correction equation for theory to calculate the 

airborne pollen concentration from pollen deposition data (Eq. (34) and Eq. (35)), which has 

not been discussed yet, is required. 

  Because the conventional conversion theory for gravitational samplers was established 

under an assumption that the laminar flow is dominant, the conventional method might be no 

longer applicable when the turbulence is the dominant airflow at the sampling site. 

The dominant flow state, the laminar flow or the turbulent flow, at the experimental site is 

determined by the Reynolds number. The Reynolds number for the sampling condition in this 

experiment is calculated as Eq. (41) by substituting 4.2 m s-1, the average wind speed for the 

duration of the experiment, for the wind speed and 3.0 × 10−1 m, the diameter of the laminas 

of the Durham sampler (𝑑) for the characteristic length. 

Considering the fact that the Reynolds number is much larger than the laminar flow regime, 

the dominant flow at the sampling site was turbulent for the duration of sampling. Thus, it is 

𝑅𝑒 =
𝜌𝑉𝑑

𝜂
 

=
1.25 × 4.2 × 3.0 × 10−1

1.5 × 10−5  

≈ 1.05 × 105 

(41) 
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reasonable to say that because the theoretical airborne pollen concentrations were calculated 

from the pollen deposition data using Eq. (34) and Eq. (35) under the assumption that the 

laminar flow is dominant, there are discrepancies between theoretically calculated airborne 

pollen concentrations and actual pollen concentrations at the experimental site at which the 

turbulent is dominant.  

 

4.4.4 Reflecting turbulence influence to gravitational pollen sampling   

  As mentioned above, our results show that the existing calculation method is not 

applicable in turbulent though the conversion method of pollen deposition data to airborne 

pollen concentration in turbulent has never been considered.  

  The most characteristic difference between the laminar flow and the turbulent flow is that 

the flowlines in turbulent vibrate while the flowlines in the laminar flow are kept in a steady 

state.  

Because the sampling plate is set between the two laminas, wind speed at each height in the 

Durham sampler is given as: 

where  𝑉∗ is the friction velocity, 𝜅 is the Karman constant, 𝑍0 is the aerodynamic roughness, 

and 𝑧 is the height from the bottom lamina in this experiment. This equation gives Eq. (43). 

For the particle diffusion caused by the turbulence, the diffusion coefficient is expressed as:  

where  𝜑 is a coefficient.  

By substituting Eq. (43) to Eq. (44), Eq. (45) is derived. 

 

 

𝑉 =
𝑉∗

𝜅
𝑙𝑛

𝑧

𝑍0
 (42) 

𝑉∗ = 𝜅 (𝑙𝑛
𝑧

𝑍0

)
−1

𝑉 (43) 

𝐾 =
𝜅𝑧

𝜑
𝑉∗ 

 
(44) 
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Therefore, the dispersion coefficient is proportional to wind speed at each height level. 

Thus, accompanied with the increase in 𝑉, 𝐾 also increases showing that the increase in wind 

speed promotes the vertical particle motion in the turbulence. 

  The vertical particle flux 𝐹 is derived as follows by introducing the assumption used in 

the Inferential method for aerosol dry deposition: 

Thus, the relationship between the number of sampled pollen grains and the actual airborne 

pollen concentration is expressed as: 

where 𝛾 is a coefficient. As a result, because the amount of pollen deposition on the pollen 

sampling plate increases accompanied with an increase in wind speed as shown above, the 

airborne pollen concentration should be calculated using eq. (49), which is deformed from eq. 

(48). 

With the assumption that the Hirst sampler shows the actual airborne pollen concentration, 

our experimental results actually show that the airborne pollen concentration is proportional 

to the ratio of the number of deposited pollen grains to wind speed (Fig. 4.4) when the 

𝐾 =
𝜅𝑧

𝜑
𝑉∗ 

=
𝜅2𝑧

𝜑
(𝑙𝑛

𝑧

𝑍0

)
−1

𝑉 
(45) 

𝐾 =
𝜅2𝑧

𝜑
(𝑙𝑛

𝑧

𝑍0

)
−1

𝑉 

= 𝑐𝑜𝑛𝑠𝑡. 𝑉 
(46) 

𝐹 = 𝐾
𝑑𝑐

𝑑𝑧
 

    ≈ 𝐾
𝐶0

𝑧
 

(47) 

𝑁 = 𝛾 𝐹𝑡 

= 𝛾𝑐𝑜𝑛𝑠𝑡. 𝑉
𝐶0

𝑧
𝑡 

= 𝑐𝑜𝑛𝑠𝑡.′ 𝑉𝑡𝐶0 

(48) 

𝐶0 =
1

𝑐𝑜𝑛𝑠𝑡.′
𝑁

𝑉𝑡
 (49) 
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average hourly airborne pollen concentration (𝐶𝑉) is substituted to 𝐶0 and the daily number of 

pollen grain sampled by the Durham sampler is substituted to 𝑁 in eq. (49). Also, the slope of 

the relationship mentioned above is actually approximately constant (0.039 (2013); 0.031 

(2014); 0.045 (2015); 0.047 (2016)). These results give the average value of 𝑐𝑜𝑛𝑠𝑡.′ as: 

Although the value of 𝑐𝑜𝑛𝑠𝑡.′ was derived from our experimental results, more data are 

required to empirically determine the adequate value for 𝑐𝑜𝑛𝑠𝑡.′ as a future work.  

 

 

4.5 Conclusion 

  Our experimental results indicate that an existing and commonly used correction theory 

does not adequately explain the relationship between gravitational sampling and volumetric 

𝑐𝑜𝑛𝑠𝑡.′ ≈ 24.7 (50) 

Fig. 4.4 Relationship between actual airborne pollen concentration (𝐶𝑉) and ratio of number of 

pollen grains sampled using volumetric sampling method (𝑁) to wind speed (𝑉). 
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sampling because of the influence of wind speed. However, our newly proposed theory is able 

to explain the effect of wind speed by taking into consideration the fluctuation of vertical wind 

flux caused by turbulence. These results suggest that a drastic correction is required for the 

determination of airborne concentration of bioaerosols represented by pollen based on the data 

from the existing gravitational sampling methods. 
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  In this paper, the influence that the bioaerosol (pollen) transport condition and device-

scale wind field have on pollen sampling efficiency has been analyzed via three comparisons. 

These comparisons were between 1. the Hirst-style sampling inlet and conical inlet, 2. the 

Hirst-style inlet and two-layered sampling inlet, and 3. the Hirst sampler and the Durham 

sampler.  

  In Chapter 1, previous aerobiological research was introduced to illustrate that sampling 

efficiency has not been fully analyzed from the viewpoints of aerodynamics and aerosol 

physics. In Chapter 2, the importance of wind speed and wind direction in determining the 

sampling efficiency is explained. It is also shown that the sampling efficiency is sensitively 

influenced by the device-scale wind field. Chapter 3 details how the sampling probability 

depends on the pollen grain size. This is due to the differences in the inertial force caused by 

variation in the pollen grains size resulting in changes to the probability of impaction. Chapter 

4 focuses on the influence that the frequency of turbulence has on pollen deposition data. This 

is a factor that had not previously been given adequate consideration in the field of bioaerosol 

sampling. 

  The results of this research indicated the influence of the device-scale wind on the 

sampling efficiency. Moreover, the results imply that choosing an adequate set-up environment 

for the sampling device is of significant importance for accurate airborne bioaerosol 

concentration evaluation.  

  The Hirst sampler has been used widely, especially in Europe, as the reference for airborne 

pollen concentration determination. In this paper, various sampling methods (the conical inlet 

(Chapter. 2), the two-layered inlet (Chapter. 3), and the Durham sampler (Chapter. 4)) were 

compared with the Hirst-style sampler. The research presented in this paper suggests that the 

physical properties of non-Hirst style samplers influence the pollen sampling efficiencies of 

the instruments. In this context, the Hirst sampler was also applied effectively as a reference 

within this research. However, although Hirst-style samplers were used as a research reference 

in this paper, previous work had showed that, when particles are sampled from upwind, these 

particles are influenced by the inertial force caused by the relationship between the particle 

speed, wind speed and the sampling rate - as shown in Chapter 4. It is still not possible to make 

a definitive statement that the Hirst sampler accurately provides the actual airborne particle 

concentration. Additionally, when the airborne particle deposition and airborne particle motion 

in an airflow in device-scale has been analyzed from a Lagrangian point of view, a simplified 

wind field has been considered, in which the airflow is laminar. As a result, although the 
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influence that turbulence has on the pollen deposition is discussed in Chapter 4, further research 

is required in order to comprehensively understand the relationship between turbulence and the 

bioaerosol sampling efficiency.  

  In conclusion, the relationship between the pollen sampling efficiency, with pollen being 

a representative bioaerosol, and the device-scale wind from an aerosol physics point of view 

has been analyzed. This has not been fully studied in previous works. Regarding future studies, 

the following two topics require investigation: 1. Analysis of the relationship between turbulent 

bioaerosol particle motion and the volumetric sampling efficiency 2. Determination of the 

actual sampling efficiency of the Hirst sampler based on further comparison with other varieties 

of sampler.  
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