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Abstract: In this study the exposure levels from Quercus pollen in the greater area of Thessaloniki 15 

are estimated. The estimation is implemented with a modeling system, comprising the meteoro-16 

logical model WRF, the Natural Emissions Model (NEMO) for the calculation of the Quercus pollen 17 

emissions and the chemistry-transport model CAMx for the advection and the deposition of the 18 

pollen particles. The period of 2016 with the highest potential is selected, based on the available 19 

measurements for the area of interest. The modeling system is evaluated with meteorological and 20 

pollen measurements, as well on the expected exposure levels, indicating a satisfactory overall 21 

performance. The modeling system is finally utilized for the estimation of exposure levels in the 22 

greater area of Thessaloniki, showing that the city of is not going to experience significant number 23 

of days with high Quercus pollen concentrations, but other smaller cities and towns might be af-24 

fected. 25 
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 27 

1. Introduction 28 

Pollen has a significant impact on human health, because of its allergenic subsistence 29 

[1]. They trigger a plethora of clinical diseases, such as hay fever and asthma [2]. Several 30 

epidemiological studies have shown that aeroallergen pollen can sensitize up to 50% of 31 

the population, especially on the westernized societies [3-7]. Current estimations in Eu-32 

rope indicate that 170 million citizens suffer from asthma and allergenic rhinitis, with 33 

more than half of Europe’s population to expected to suffer from asthma by 2025 [8], 34 

while more than 300 million suffer from asthma and around half a billion from allergenic 35 

rhinitis [9]. The above emphasize the need for the monitoring and the forecasting of al-36 

lergenic pollen, in order to protect the population and to improve the quality of life. 37 

Several attempts have been made to monitor and forecast the pollen concentrations 38 

for various taxa. The approaches followed are either observation or process based mod-39 

els. The methods utilized are usually observation-based, correlating daily meteorological 40 

and pollen concentrations [10,11] in order to forecast the pollen intensity and the pollen 41 

concentrations. The process-based models on the other hand incorporate the physics of 42 

pollen emissions, as well their advection and deposition [12-19]. Although such models 43 

are more suitable for the estimation of the pollen, since observation-based are prone to 44 

problems related with the variable meteorological fields, their exploitation has started 45 

just recently.  46 
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In Europe a significant effort is undertaken by Copernicus Atmospheric Monitoring 1 

Service, utilizing several models that estimate the surface pollen concentrations from 2 

specific taxa, aiming on the protection of EU population [20,21]. Although useful, these 3 

products have three disadvantages: 1) they don’t provide pollen for taxa that might be 4 

significant for a specific area. Such case is Quercus, which is abundant in the Mediterra-5 

nean countries, like Spain and Greece [22]. 2) the models provide fields at 10km spatial 6 

resolution, which might suffer from local meteorological conditions, such as mountain 7 

breezes [21] and 3) they don’t provide exposure maps, an information easily understood 8 

by non-scientists. 9 

The aim of this study is the creation of a high resolution modeling system, which 10 

will be able to predict with accuracy the Quercus surface pollen concentrations and the 11 

respective exposure levels. The greater area of Thessaloniki in Greece has been selected 12 

for this purpose for the year 2016. The modeling system consists of three models in series: 13 

a) the meteorological model WRF which will drive the pollen emissions, as well the ad-14 

vection of pollen [23], b) the Natural Emissions MOdel (NEMO) for the Quercus pollen 15 

emissions [24-26] and c) the photochemical model CAMx for the advection and the dep-16 

osition [27]. The next section describes the modeling system, the measurements and the 17 

evaluation method followed. Section 3 presents the evaluation of the modeling systems’ 18 

output for the meteorological fields, the Quercus pollen concentrations and the exposure 19 

levels of the selected period. In Section 4 the spatial distribution of the exposure levels is 20 

discussed, while in Section 5 the main conclusions are summarized.      21 

2. Materials and Methods 22 

3.1. Modeling system 23 

The meteorological conditions for the studied period over the greater area of Thes-24 

saloniki are produced with WRF v4.1 [23]. Three domains are incorporated in a nested 25 

way, as seen in Fig. 1. The first domain (d01) covers the largest part of Europe with 18km 26 

spatial resolution, the second (d02) the southeastern Mediterranean with 6km and the 27 

third (d03) which covers the studied area with 2km. The ERA-5 are utilized for the initial 28 

and boundary conditions [28]. The simulations with WRF are performed in 4-days in-29 

tervals, with 12-hours spin-up, producing hourly meteorological fields.  The physics 30 

schemes used for these simulations are based on previous validated set up for the greater 31 

area of Thessaloniki [29]. 32 

 33 

Figure 1. Modeling domains’ of the study. 34 

  35 

For the calculation of the Quercus pollen emissions the Natural Emissions MOdel 36 

(NEMO) will be used [24-26]. NEMO is driven by WRF meteorological fields, producing 37 

biogenic, sea salt and desert dust emissions on hourly basis. In the framework of this 38 

study, NEMO is updated to include Quercus pollen emissions. The modifications made 39 
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within NEMO include two components: a) the yearly available pollen grains/m2, referred 1 

here as pollen emission potential (PEP) and b) the physical mechanisms describing the 2 

pollen emissions. The derivation of the available Quercus pollen grains is realized with 3 

the aid of Quercus area fractions, provided by European Forest Inventory [30] at 1km 4 

spatial resolution. The area fractions of the Quercus taxa are then multiplied by 457x107 5 

pollen grains/crown m2, deriving the final yearly available pollen grains. Then, the re-6 

sultant PEP is reprojected to the three domain using the first-order area weighting 7 

method of CDO [31]. 8 

Concerning the physical mechanisms which will describe the pollen emissions, the 9 

scheme of Helbig [12] has been chosen, with the inhibition factors of precipitation, wind 10 

and relative humidity from Sofiev [17]. The fraction of PEP for each day is calculated by 11 

through a gaussian distribution, following the phenology of Quercus from the available 12 

observations in Thessaloniki [18]. For the latter, the starting, the date of maximum and 13 

ending date of pluming is needed. Based on the observations and the 95% method for the 14 

derivation of phenology [32], the starting date corresponds at 23th of March, the maxi-15 

mum at 17th of April and the ending date to 15th of May for the year 2016. Baring in mind 16 

the Quercus phenology, this period (23 March-15 May) is selected to perform the simu-17 

lations with the modeling system. 18 

 19 

The equation of pollen emissions within NEMO takes the following: 20 

       (     )           
   

  
   (1) 

Where γ is the daily fraction of PEP, u* is the friction velocity, fw, fr and fh are the inhibition 21 

factors for wind, rain and humidity, as described in [17], Δz the first layer of the modeling 22 

system, equal to 28m in this study and cb is a constant equal to 10-4 [12]. 23 

 For the simulation period mentioned above, the meteorological fields derived with 24 

WRF are introduced in the updated NEMO, and the Quercus pollen emission fields are 25 

produced. Then, the chemistry-transport model CAMx [27] is utilized for the estimation 26 

of the surface pollen concentration in the greater area of Thessaloniki. The simulations 27 

are performed with CAMx at INERT mode (no chemistry), using a particles’ diameter of 28 

28 μm and density of 1040 kg/m3 [33]. The advection scheme of the Bott [34], the dry 29 

deposition of Zhang [35] and the wet deposition of Seinfeld and Pandis [36] were selected 30 

for this study, while zero initial and boundary conditions were applied. CAMx produces 31 

3-D hourly concentrations of the applied substances (i.e. pollen), and these will be used 32 

also for the evaluation of the modeling system, as well for the derivation of the exposure 33 

maps.      34 

 35 

3.2. Measurements and evaluation 36 

In order to test the reliability of the modeling system and the resultant exposure 37 

levels, an evaluation of meteorology, Quercus pollen concentrations and of the exposure 38 

levels. Available daily measurements of meteorological parameters and concentration 39 

levels will be utilized near the urban fabric of Thessaloniki. Concerning the meteorology, 40 

the station of the National Observatory of Athens (NOA) in Thessaloniki is used 41 

(40°35'07.9"N 22°56'15.2"E), provided by the CLIMPACT project [37]. The available me-42 

teorological variables used for the evaluation are the wind speed and the relative hu-43 

midity, since these can promote or inhibit the pollen emission.  44 

The respective daily Quercus pollen concentrations are taken from a station located 45 

at the Department of Biology at the Aristotle University of Thessaloniki (40°38'00.2"N 46 

22°57'27.0"E), at 30m a.g.l. This station operates continuously for more than 30 years 47 

[38,39], using a Bukard sampler, the standard pollen monitoring method [22,40]. Data 48 

from this station are used also to evaluate the exposure levels associate with the Quercus 49 

concentrations.  50 
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The derivation of the exposure levels from Quercus pollen is implemented with the 1 

aid of the method proposed by the Spanish aerobiology network (REA) [41], an area with 2 

similar Mediterranean climate, in lack of similar information for the Greek population in 3 

Thessaloniki. This method defines three exposure levels for Quercus pollen: a) Low, with 4 

concentrations between 1-50 grains/m3, b) Medium with concentrations between 51-200 5 

grains/m3 and c) High for concentrations greater than 200 grains/m3. 6 

In light of a potential human health impact, the evaluation should be performed for 7 

the days where the pollen concentrations are significant. Although a threshold of more 8 

than 5% of the pollen intensity has been proposed for Thessaloniki [22], preliminary tests 9 

for the studied period shown that a value of 1% is more suitable, at least for Quercus 10 

pollen, reflecting the most significant concentrations (see also Fig. 3). Thus, the evalua-11 

tion will be performed for the simulation period for the daily pollen concentrations ex-12 

ceeding 1% of the total pollen intensity. Standard statistical metrics are utilized for the 13 

evaluation of the two meteorological variables and the Quercus pollen concentrations, 14 

namely the mean bias (MB), mean absolute error (MAE), Pearson correlation (R) and the 15 

Index of Agreement (IOA), which gives the overall performance. For the evaluation of 16 

exposure levels, the multi-categorical confusion matrix is used, as well the sensitivities 17 

and specificities for each exposure level.  18 

3. Results 19 

The timeseries of the two meteorological variables are illustrated in Figure 2. For 20 

both variables WRF is capable of simulating the patterns in Thessaloniki stations. For the 21 

wind speed, although the model captures the maxima, shows a tendency to overestimate 22 

the wind speed, especially for the case of 20th of April (Fig. 2a). On the other hand, the 23 

relative humidity is well captured by the modeling system, both in terms of pattern as 24 

well of magnitude. The statistical metrics depicts similar results, as seen in Table 1. The 25 

wind speed overestimates by 0.89 m/s (MB), with a MAE of 1.25 m/s, while WRF slightly 26 

underestimates by 3%, with the respective MAE at ~6.4%. The satisfactory correlation for 27 

both meteorological variables pinpoints exactly the capturing of their daily variability. 28 

Concerning the evaluated meteorological variables, the modeling system performs well 29 

overall, with IOA at 0.77 and 0.83 for wind speed and relative humidity respectively.   30 

  

(a) (b) 

Figure 2. Timeseries of the daily mean observed and simulated WRF: (a) wind speed (in m/s); (b) relative humidity (in %). 31 

 32 

 33 

Figures 3 present the timeseries of the observed and simulated Quercus pollen con-34 

centrations. The modeling system closely follows the pattern of the observed concentra-35 

tions, reproducing the peaks of 14th and 20th of April. In general, the modeling system 36 

shows a slight underestimation, especially for the cases where the concentrations are 37 

lower, like the 17th of April and between 2-5th of this month. This might be due to the 38 

overestimation of wind speed shown before, leading eventually to lower concentrations. 39 

The previous results are also evident on the statistical metrics in Table 1. The modeling 40 



Proceedings 2021, 65, x FOR PEER REVIEW 5 of 10 
 

 

system underestimates by 38 grains/m3, with a MAE ~72 grains/m3. The satisfactory pat-1 

tern is in the timeseries of Fig. 3 is also depicted by the good correlation in Table 1. 2 

Overall, in terms of pollen concentrations, the modeling system performs very well, as 3 

indicated also by IOA (0.9). 4 

 5 

Figure 3. Timeseries of the observed and simulated Quercus pollen concentrations. 6 

Table 1. Metrics for the evaluation of the modeling system with the on-site daily measured wind 7 

speed, relative humidity and Quercus pollen concentrations. The statistics used are the Mean Bias 8 

(MB), Pearson correlation coefficient (R), Mean Absolute Error (MAE) and the Index of Agreement 9 

(IOA). 10 

variable MB MAE R IOA 

Wind speed (m/s) 0.89 1.25 0.77 0.77 

Rel. humidity (%) -3.00 6.37 0.72 0.83 

Quercus conc. (pollen grains/m3) -37.89 72.14 0.83 0.90 

 11 

 12 

Table 2. presents the multi-categorical confusion matrix, the sensitivities and the 13 

specificities for the exposure levels, as attributed by the modeling system for Thessaloniki 14 

station. It is seen from the sensitivities that the modeling system is able to reproduce the 15 

Low and High exposure levels. The latter is of great importance, since the most severe 16 

allergenic reactions are expected at this level [22]. For the case of the Medium exposure 17 

level, the modeling system underestimates it, where in seven cases the model predicted 18 

Low, while in reality the actual exposure level was Medium. The source of this error is 19 

associated with the respective underestimation of the Quercus pollen concentrations 20 

(MB) and the magnitude of the error (MAE) found previously, which is comparable with 21 

the Low exposure level interval (1-50 grains/m3). The overall sensitivity was found to be 22 

~0.71 and the specificity ~0.77, showing that the modeling system satisfactorily attributes 23 

the exposure levels for Quercus.  24 

Table 2. Multi-categorical confusion matrix and calculated sensitivities and specificities for the 25 

three exposure levels. 26 

 

Predicted 

Low 

Predicted 

Medium 

Predicted 

High 

Sensitivity Specificity 

Actual Low 1 0 0 1.00 0.70 

Actual Medium 7 8 2 0.47 0.71 

Actual High 0 2 4 0.67 0.89 

 27 

 28 

 29 
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4. Discussion 1 

The evaluated modeling system can be used to investigate the expected exposure 2 

levels in the greater area of Thessaloniki, through the percentage of days for one. Figure 3 

4a, 4b and 4c show the days of each exposure level for the studied year. Low exposure 4 

levels in the greater area, as well in the city of Thessaloniki, consist 5-7% of days of the 5 

year (Fig. 4a). The respective percentages for the Medium level in the city are found to be 6 

2-2.5%, while the largest percentages (more than 4%) are present in Halkidiki and Larisa 7 

province at the eastern and southwestern of the domain respectively. 8 

The High exposure levels for Quercus in Fig. 4c present the highest percentages at 9 

the western flank of the domain, exceeding 5% in areas where several smaller cities and 10 

towns are located, with population between 5,000 and 30,000. These people might be 11 

expected to have allergic symptoms and reactions for a significant amount of time during 12 

the spring, only because of Quercus pollen. In Thessaloniki the percentages are lower 13 

(1-2%), which is consistent with the results of a campaign took place during 2012-2013 14 

[22]. Comparing the previous result with other cities, it can be found that the percentage 15 

is region dependent. For example in Guadalajara of Spain and in Funchal of Portugal 16 

[42,43] the number of high exposure days was less than 5% of the year, while in Toledo of 17 

Spain [44] and in Montpelier of France (https://www.pollens.fr) was more than 5%, all 18 

having in common the Mediterranean climate. Thus, city-specific research is needed 19 

when the assessment of the exposure levels is of interest.    20 

 21 

  

(a) (b) 

 

(c) 

Figure 4. Percentage of days of the year with (a) Low; (b) .Medium and (c) High exposure level and of the greater area of 22 

Thessaloniki. 23 

4. Conclusions 24 

In this study a modeling system has been constructed, aiming on the accurate pre-25 

diction of the Quercus pollen concentrations, as well on the exposure levels. The model-26 

ing system was evaluated over certain meteorological variables, related to the pollen 27 

production/inhibition, the Quercus pollen concentrations and the expected exposure 28 

levels for the phonological period of the year 2016. Concerning the evaluated meteoro-29 
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logical variables, the modeling system showed a satisfactory overall performance for 1 

both wind speed and relative humidity, with a slight overestimation and underestima-2 

tion respectively. The performance on the attributed exposure was also satisfactory for 3 

the Low and especially for the High level, where the most severe allergenic reactions, 4 

with an overall satisfactory performance. For the Medium level, the modeling system 5 

showed an underestimation, attributing seven cases to Low, as a result of the underes-6 

timation of the pollen concentrations. The days of the year for each exposure level was 7 

also studied, in order to investigate the locations where the Quercus pollen might have a 8 

human health impact. In accordance with a previous campaign for the city of Thessalo-9 

niki, the days of the year with high risk were less than 5%, but smaller cities and towns 10 

westwards might be affected for more than 5% of the year from high Quercus pollen 11 

concentrations. Intercomparison with previous studies indicate that city-specific research 12 

might be needed when the assessment of the exposure levels is of interest.        13 

 14 
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