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Abstract. We examine here the hypothesis that during flow- ommended to take into account both local sources and local
ering, the grass pollen concentrations at a specific site refled@tmospheric transport, and not to rely only on describing re-
the distribution of grass pollen sources within a few kilome- gional to long-range transport of pollen. The derived pollen
tres of this site. We perform this analysis on data from a measource inventory can be entered into local-scale atmospheric
surement campaign in the city of Aarhus (Denmark) usingtransport models in combination with other components that
three pollen traps and by comparing these observations witlsimulate pollen release in order to calculate urban-scale vari-
a novel inventory of grass pollen sources. The source invenations in the grass pollen load. The gridded inventory with
tory is based on a new methodology developed for urbana resolution of 14 m is therefore made available as supple-
scale grass pollen sources. The new methodology is believethentary material to this paper, and the verifying grass pollen
to be generally applicable for the European area, as it reobservations are additionally available in tabular form.

lies on commonly available remote sensing data combined
with management information for local grass areas. The in-

ventory has identified a number of grass pollen source areas

present within the city domain. The comparison of the mea-1  Introduction

sured pollen concentrations with the inventory shows that the

atmospheric concentrations of grass pollen in the urban zoné&rass pollen is the most widespread pollen allergen in Eu-
reflect the source areas identified in the inventory, and thatope (Emberlin et al., 1999, 2000; Jato et al., 2009; Laaidi,
the pollen sources that are found to affect the pollen levels2001; Smith et al., 2009), and furthermore grass pollen al-
are located near or within the city domain. The results alsolergy is the most frequent pollen allergy in Europe (D’amato
show that during days with peak levels of pollen concentra-€t al., 2007; WHO, 2003). Atmospheric concentrations of
tions there is no correlation between the three urban trapgrass pollen are commonly forecasted and published in order
and an operational trap located just 60 km away. This findingto facilitate self-care among grass pollen allergic subjects.
suggests that during intense flowering, the grass pollen conThe forecasting of grass pollen concentrations is generally
centration mirrors the local source distribution and is thus adone with statistical models (Chuine and Belmonte, 2004;
local-scale phenomenon. Model simulations aimed at asses§arda-Mozo et al., 2009; Laaidi, 2001; Smith and Ember-

ing popu|ation exposure to po||en levels are therefore rec]in, 2005, 2006) Statistical or empirical forecast models are,
by their nature, limited to the area where they are produced

Published by Copernicus Publications on behalf of the European Geosciences Union.



542 C. A. Skjgth et al.: Identifying urban sources as cause of elevated grass pollen concentrations

(Stach et al., 2008). Whether this area covers only the spe- ——Release ffom 1 m (weeds, grasses) — Reloase from 20 m (irces)
cific urban area where the pollen trap is placed or the area 10000 1
has a larger geographical extent is usually unknown.

Urban areas have previously been reported to be impor-
tant sources of birchBetulg pollen in the urban environ-
ment. Here parks, gardens and small woodlands are consid
ered an important source of increased birch pollen concentra:
tions within the city (Skjgth et al., 2008b). Similar to birch
trees, grass areas are commonly found in or near urban arg
eas (Pauleit and Duhme, 2000a). Grass pollen grains from§
wild grass species usually have a size of 30—40 um in diam-°
eter (Brown and Irving, 1973) and about 50—60 um for the O e e e oo a0 a0 a0 o s
crop rye (Durham, 1946), whereas birch pollen is only about Distance from source [m]

20 um in diameter (NkeB, 1996). Both grass and birch

pollen are nearly spherical and must be expected to have hig. 1. Local-scale concentration profile of the pollen near the sur-
density slightly less than water (Gregory, 1973). Hence, acface after the release of 1 mio pollen grgins_ from trees (20 m) and
cording to Stokes’ law, grass pollen has a settling Velocityweeds/grasses.(l m). Oygrall concent.ratlon is calculzied using neu-
which is about four times larger than the settling velocity of tral meteorological conditions and a wind speed of STh.s

birch pollen, which is about 1 cnT$ (Skjeth et al., 2007;

Sofiev et al., 2006a), I’esulting in shorter SUSpenSion timein _ L|nk|ng the source map with possib'e local air mass

the atmosphere for grass pollen. transport by using measured wind directions.
Grass pollen is released just above ground level. This also

differs from the case of birch pollen where the release height

i; 5-25m abo_ve. ground. An increased release height of ap Methodology

air pollutant will in general decrease the concentration near

the source but widen the footprint area (Seinfeld and Pan2.1 pollen data

dis, 1998), and this principle also applies to the pollen dis-

tribution in the atmosphere. Figure 1 illustrates this princi- In this study we investigated the measured pollen concentra-

ple by displaying the calculated pollen concentration neartions from three pollen traps in the city of Aarhus, Denmark

a source, using the Gaussian principle. The source is set t(Fig. 2). In the southern part of Aarhus, sampling was per-

emit 1 million pollen grains — amounts that are commonly formed from the roof of the school Rundhgjskolen{&® N,

found in grasses, trees and weeds: 1edalg, birch Be- 10°30 E), 60 m above sea level. In the central part of the city,

tula) and ragweedAmbrosig (Fumanal et al., 2007; Pohl, sampling was performed at the Department of Environmental

1937). Grass pollen thus has a larger settling velocity andScience (14 m above sea level), Aarhus University’s urban

lower release height compared to birch pollen, and as a rebackground air quality monitoring station in Aarhus — for-

sult the difference between surface and rooftop concentramerly the NERI station (National Environmental Research

tions for grass pollen is much higher that the difference foundinstitute) (Ellermann et al., 2007). This site also includes

for birch pollen, which has also been documented in experimeasurements of temperature, precipitation, wind speed and

iments (Alcazar et al., 1999; Rantio-Lehtimaki et al., 1991). direction. In the northern part of the city, sampling was per-

Consequently, two hypotheses can be formulated: formed at the top of the TV station building, TV2-@stjylland
(56°32 N, 10°3Y E), 75 m above sea level. The heights of the

— The low release height, the large surface/rooftop Varia'buildings are 15-20m, and the surroundings of each of the
tions and the potential presence of grass pollen source& ’
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tion (plume centre) at surface

0.01

0.001 4

. he urb hat | _ b ollen traps are in general urban (Fig. 2). Additionally, the
In or near t '€ urban area suggest that arge mtrg—ur Aheasured pollen data are compared with data from the opera-
variations will be present for grass pollen in the air.

tional trap in Viborg, about 60 km to the north-west (Sommer
— Intra urban variations in grass pollen concentrations areand Rasmussen, 2009). . .

linked to local-scale variations in source distribution. Continuous monitoring of pollen content in the air was car-

o . o _ ried out using a Burkhard volumetric spore trap of the Hirst

We will investigate these two hypotheses individually with gesign (Hirst, 1952). Air is sucked into the trap at a rate of

use of the following three components: 10 L min—* through a 2 mnx 14 mm orifice. Behind the ori-
— Adedicated intra-urban grass pollen measurement camfbice, the air flows over a rotating drum that moves past the

_ _ _ coated, transparent plastic tape, which traps the particles.
— Mapping the potential source areas using remote senspollen is identified and counted at640 magnification on 12
ing and GIS. transverse strips every two hours, according to the method

Biogeosciences, 10, 54554, 2013 www.biogeosciences.net/10/541/2013/
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image is performed using GRASS GIS for image inter-
pretation and image processing (GRASS Development
Team, 2008).

4. Grouping NDVI values into three groups: (1) Non-
vegetated areas, (2) Woody areas, (3) Non-wooded veg-
etation areas, where group 3 is used for further analysis.

The final result of this analysis is a 0.6 m resolution image
covering the city of Aarhus and showing the potential grass
pollen source areas (Fig. 3). The quality of this NDVI clas-
sification has been assessed by an error matrix (Table 2) car-
ried out according to standard methodologies (Lillesand et
al., 2007), which in this case separates a limited number of
pixels into grass and no grass areas (buildings, lakes, streets
and trees).

8
[ Kilometers

2.3 GIS analysis

In Denmark the grass pollen season usually extends from
@ Rundhgjskolen @ Tv2-@stylland @  Central Aarhus, NERI site May to September (Sommer and Rasmussen, 2009), and it
is anticipated that up to 100 species may contribute to the
overall pollen load. However, for grass species in large parts
of Europe, including Denmark, flowering depends on area
management. If the grass areas are managed, e.g. cut on a
regular basis or heavily grazed by animals, the grass species

described by Kpyla and Penttinen (1981). Daily average d0 not reach maturity — a stage where they can flower. This
pollen concentrations are expressed as grains fihe to- ~ Means that managed areas do not flower — or have very lim-
tal area counted is 65.52 mmwhich is 9.75 % of the total ited flowering. Otherwise, unmanaged grass areas and areas
area of the slide, equivalent to the number of pollen grains in?ith less frequent management can have grass that flowers.

Fig. 2. Municipality of Aarhus, Denmark and location of the three
pollen traps in Aarhus and the operational trap in Viborg (upper
left).

1.44 13 of air. This rule applies for rural as well as urban areas.
Potential areas for possible grass flowering can therefore
2.2 Remote sensing analysis be identified through analysis of their management. In Den-

mark one source of information about management is data
Potential grass pollen source areas in the city of Aarhus arérom the Danish General Agricultural Register (DGAR).
identified using a dataset of six Quickbird satellite imagesDGAR is administered by the Danish Ministry of Food, Agri-
(DigitalGlobe Corporate, 2010) that were taken during sum-culture and Fisheries, and includes a map of field areas and
mer 2008. The Quickbird satellite images are high resolutiondata on crop types. Each field area can consist of several mi-
datasets (ground resolution of 0.6 m) and provide informa-nor fields with different crop types. Data are therefore given
tion in four spectral channels (red, green, blue and near inas a percentage of the field area covered by each crop. The
frared) of 2.4 m ground sample distance (GSD). The 0.6 mdata from 2008 were obtained from DGAR and classified in
resolution is achieved by the fifth band, which is captured assix groups according to their probability of being a source of
a panchromatic image (DigitalGlobe Corporate, 2010). Thegrass pollen: (a) fallow, (b) mixed, (c) seedling grasses, (d)
potential grass pollen areas are identified as non-woody, bupermanent grass, (e) rye, and (f) areas without grass (pota-
vegetated areas use the following procedure for land covetoes, sugar beets, etc.).
classification: Management information is also obtained through analysis

band of ) bined with th of a parcel map of Denmark. Each small land parcel (forest,
1. Every ban 0 2.4m G.SD Is combined with the 44 piocks, detached houses, cemeteries etc.) has its spatial
panchromatic channel using image fusion to achieve

high ol | lution | h | extent mapped in a GIS-based geodatabase at the National
igh spatial and spectral resolution in every channel. g, yev and Cadastre. This database is connected to another

2. Areas covered by lakes and buildings are erased fronP!S datapa;e, which contains information abqut location qf
the dataset to reduce the possibility of false classifica-"02ds, buildings and land use for the urban environment. This
tion. allows for detailed analysis at the parcel level with respect

to both structure and land use. Land parcels containing the

3. Calculation of the normalized difference vegetation in- following features are considered managed or cut on a regu-
dex (NDVI) (Lillesand et al., 2007) for each satellite lar basis: buildings, parks and cemeteries. Land parcels that

www.biogeosciences.net/10/541/2013/ Biogeosciences, 10,%5842013
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Identified grass areas using NDVI classification method Areas with potential for flowering
[ s000m distance . "} 1000m distance ] no grass Il orass (non-wooded vegetation) Managed (cutting grass areas) [JJll possivitty of fiowering
@ Rundhgjskolen @ Tv2-@stiylland @  Central Aarhus, NERI site @ Rundhgiskolen @ Tv2Ostylland @  Central Aarhus, NERI site

Fig. 3. Possible grass areas in the city of Aarhus based on the NDVIrig. 4. Flowering possibility according to management criteria of
classification methOdOlOgy described in Sect. 2.2, with aground reSagricu|tura| fields and urban areas according to the method de-
olution of 0.6 m. High density grass areas are displayed as largescribed in Sect. 2.3.

intense pink areas and lower density areas as more a of mixture of

pink and white pixels. Areas without grass are completely white.

Circles are distances from central Aarhus at 1000 m and 5000m2.4 Meteorological observations and calculations of

respectively. wind directions

Meteorological observations were obtained from the moni-
contain the following features are considered unmanagedioring site in central Aarhus. The meteorological station is
major roads (more than 6 m wide), rail roads and aSSOCi-part of the monitoring programme operated by the Envi-
ated land, construction sites, unmanaged urban or agriculronmental Science Department and provides meteorological
tural land and areas without buildings. Finally, an importantdata on a half-hourly basis for use in integrated monitoring
piece of additional information is that nearly all major public of air quality in Denmark (Hertel et al., 2007).
areas are managed by the municipality of Aarhus. The loca- |n the analysis, wind directions were used as an indica-
tions of these pUb'IC areas are known at the parcel level irtor of potential upwind source areas, using a similar ap-
the GIS system, and these areas also have a known cuttingroach as presented in Skjgth et al. (2009). Wind directions
frequency with respect to the management of the grass areagere obtained from 30 min average raw data for all avail-
These public grass areas are cut either annually (1 time), seaple grass pollen counts & 1.644) within the pollen sea-
sonally (3 times), monthly or more than 12 times per year,son, i.e. from 25 May till 29 July. For each station, wind
where 12 cuts per year roughly corresponds to a cutting fregirections were sorted by peak days. Peak days are defined
quency of 2 cuts per month during the grass growing seaas those where the daily average grass pollen count ex-
son. Areas with a cutting frequency of 1, 3 or 12 cuts perceeds a threshold of 50 grainsf This threshold is based
year are considered potential flowering areas, whereas areg clinical thresholds at the species level for grass (10 and
with more than 12 cuts per year are considered non-floweringso grains nr3), mugwort (10 and 50 grainsmd) and birch
(managed). This information is stored in a management mag3o and 100 grains M?), as defined by Petersen and Munch
in the GIS system (Fig. 4). The management map is then1981) and Weeke (1981). The thresholds are furthermore
converted to a raster data set with the same resolution agsed by the Danish pollen forecasting service, where a daily
the NDVI map (Fig. 3). These two data sets are combinedayerage level of 50 grainsm corresponds to the warning
and afterwards aggregated to 14.4 m resolution by using thgsvel “high”. Days with daily average grass pollen counts

mean value of all 576 pixels that are fully contained within - 50 grains nT® were gathered and examined as a group for
each 14.4m grid cell (Fig. 8), which shows the major grasseach of the three stations.

pollen flowering areas within and in the vicinity of the city
of Aarhus.

Biogeosciences, 10, 54554, 2013 www.biogeosciences.net/10/541/2013/
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3 Results Daily grass pollen concentration in Aarhus

—— Central Aarhus, NERI site TV2-Ostjylland —s— Rundhgjskolen — - Viborg

3.1 Pollen counts 250 -

The observations and subsequent laboratory studies reve
that the grass pollen season in 2009 started on 25 May an
ended on 29 July, using the 95 % method (Goldberg et al. & 150 -
1988). Table 1 and Fig. 5 show that peak pollen concentra. !
tions are observed during the period between 2 June and
July. After a slight increase in the pollen concentrations on 54
2 June, the concentrations show a drop for all locations or A
3 and 4 June. The concentrations are highest at all station d : s
during the period 14 June to 5 July, with large day-to-day 25/05 01/06 08/06 15/06 22/06 29/06 06/07 13/07 20/07 27/07
fluctuations. Maximum values are measured at all stations Date

around 14 t9 18 Juqe in the range OT 121-237 grgm%m Fig. 5. Daily grass pollen concentrations at the three monitoring
(Table 1), with the highest concentration (TV2-@stjylland:
237 grains m®) occurring on 17 June. The correlation coef-
ficient (Pearson) for the daily pollen counts between each of

the stations and the operational trap in Viborg is, for the en-3.4 Meteorological data series

tire season, between 0.61 and 0.76. Similarly, the correlation

for the peak days is betweer0.35 and 0.15, and for days Figure 6 shows temperature, precipitation and wind direc-
with pollen concentration up to 50 grainsthbetween 0.68  tions measured at the central site in Aarhus.

200 -

ains/m

100 1

Gr:

sites in Aarhus and the operational pollen trap in Viborg.

and 0.88. The average night temperature was°C3and the aver-
age day temperature was %8 during the campaign period.
3.2 Remote sensing NDVI map From the beginning of the campaign period, the temperature

_ ) gradually rose to maximum daily temperatures of€3n 2
The central urban area corresponding to about 1 km distancgne. After 2 June a colder period occurred with maximum

from the measurement station in central Aarhus has very limajly temperatures around 16, which lasted until 24 June,
ited grass areas (Fig. 3). A secondary, larger urban part withiynen the temperature again rose during a period through 5
a distance of 5km from the site in central Aarhus shows a3,y with maximum temperatures up to 2.

medium density of possible grass areas. Several areas show The pollen season period from 25 May to 29 July 2009 had
very low or no pollen sources, corresponding to either water33 gays with precipitation. From 25 May to 21 June there
surfaces or wooded areas. The error matrix uses 267 Cofyere 4 precipitation episodes each lasting 1-2 days. These
trol points and shows that there is some confusion betweep,in episodes were followed by a dry period of 13 days which
wooded and grass (non-wooded) areas and that the overgliisted until 5 July. After this dry period, it rained almost daily
accuracy of the classification is 84 % (see Table 2). for the remaining part of the period through 29 July.

Wind directions for the entire period (Figs. 6 and 7a) are
grouped into main directions, with most of the wind direc-
tions in these groups appearing in the sectors 225-270 and

; ; i, o 270-315 degrees. About 10 % arrives from each of the di-
nat the = el - hed | tzgegﬁi':éwg‘risg'ft{'_%lf,t/fnb " rections 45-90, 90-135, 135-180 and 180-225. Two to five

nent grass =23.2%, rye=1.9% and other =60.6 % respecpercent arrives from the northerly directions 315-360 and 0—
tively. The fallow, séedling grass and rye areas aré consig4- Wind directions during peak days for the northern station

ered flowering and sources of grass pollen. These areas a@VZ—Qstjylland station, Fig. 7b) show that for this particular

usually found scattered outside the urban area, except for gubset 55% of the winds arrived from sector 279_315 a”?' al-
ost none from sectors 315-360 and 0—45. Wind directions

few cases such as near the trap in the northern part of the ™ K d h o | Aarhus (Fig. 7
city. Near the northern trap, agricultural areas with flowering r'“]'”ng hpea b ay% gg/t efsr;tathn mhcent_ra q arhus f( '9: hC)
possibility are located to the west of and in close proximity show that about o of the time the wind arrives from the
to the urban area (Fig. 4). two sectors 45-90 and 270-315. The other sectors have a fre-
tquency between a few percent and up to 10 %. During peak

The map also shows flowering at a number of long bu . :
narrow areas as well as at a few larger areas within the urd2ys for the trap at Rundhgjskolen (Fig. 7d), about 40 % of

ban area. These areas are mainly associated with large roa&g,e time the wind is from the west (sector 270-315) and be-

0 1 -
railroad areas, industrial areas and grass areas near streat%ée en > and 15% of the t_|me from other sectors. Th_e excep
and wetlands. tion is sector 0—45 for which there were no observations.

3.3 Flowering map based on management

Analysis of data from the agricultural registers shows

www.biogeosciences.net/10/541/2013/ Biogeosciences, 10,584 2013
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Table 1. Daily pollen counts in the city of Aarhus and corresponding daily data from the operational monitoring trap in Viborg located
~ 60 km away. Numbers in bold exceed the critical threshold for severe hay fever symptoms. Underlined, italicised numbers and “~" mark
either a reduced or a missing daily measurement, respectively, due to trap failure.

Date Viborg Rundhgj TV2- Aarhus Date Viborg Rundhgj TV2-  Aarhus
skolen  @stjylland Centrj skolen @stjylland Centre
25/5 14 7 2 4 | 2716 108 56 48 41
26/5 8 15 4 10| 28/6 97 38 42 39
27/5 3 3 6 2| 29/6 64 46 56 38
28/5 1 4 12 5| 30/6 89 77 72 53
29/5 6 3 7 2| o1/7 61 93 121 71
30/5 11 8 13 4| 02/7 74 62 35 21
31/5 17 17 18 5| 03/7 119 60 34 30
01/6 12 37 9 10| o4/7 109 90 101 47
02/6 69 66 34 30 | 05/7 69 43 32 39
03/6 10 17 21 5| 06/7 18 33 36 24
04/6 1 10 5 2| 07/7 18 9 10 20
05/6 7 7 6 2| 08/7 13 13 8 12
06/6 18 8 17 4| 09/7 25 25 10 31
07/6 30 18 15 10| 10/7 10 7 7 9
08/6 41 23 40 - 11/7 24 17 4 22
09/6 29 12 37 —| 12/7 26 13 11 12
10/6 6 33 49 —| 13/7 32 13 11 19
11/6 12 7 20 —| 14/7 14 16 23 21
12/6 6 2 9 —| 15/7 22 15 13 9
13/6 45 102 164 — | 16/7 13 14 12 9
14/6 74 77 125 — | 17/7 18 9 12 4
15/6 19 39 57 20 | 18/7 0 1 3 3
16/6 29 19 111 26 | 19/7 6 5 3 5
17/6 121 36 237 142 | 20/7 1 - 2 5
18/6 27 39 86 74| 2117 4 - 5 4
19/6 12 17 11 23 22/7 3 - 0 5
20/6 60 28 141 97 | 23/7 1 - 0 5
21/6 99 50 32 39 | 24/7 5 - 1 3
22/6 107 63 60 74| 25/7 4 - 1 3
23/6 51 58 94 94| 26/7 6 - 5 7
24/6 99 60 37 43| 2717 0 - 5 5
25/6 107 82 126 39 | 28/7 7 4 2 8
26/6 155 66 76 63| 29/7 7 7 15 8
| SuM 2373 1799 2421 1461
Rundhgj TV2- Aarhus
skolen @stjylland  centre
Correlation with the operational trap in Viborg (all data in season) 0.76 0.61 0.70
Correlation with the operational trap in Viborg (above 50 grainsm —0.35 0.15 0.06
Correlation with the operational trap in Viborg (up to 50 grainsin 0.68 0.74 0.88
3.5 The gridded grass pollen map with main flowering Throughout the entire urban area a humber of long and
regions narrow areas are seen with low density (1-48 %). Few source

areas are seen in the absolute vicinity of the station at
The gridded map of grass pollen source areas (Fig. 8) shows Rrundhgijskolen, but numerous diffuse sources are seen to the
number of hot spots in the periphery of the urban area. It alseast. A number of pollen sources usually with a medium den-
shows that one of these hot spots (density 88-100 % grassity (14—-67 %) but also with a high density (88—100 %) are
pollen areas) is located within a few hundred metres of thefound 500—-1500 m west of the station in central Aarhus, and
station TV2-@stjylland to the west and north-west. almost no sources are found in other directions. The actual

Biogeosciences, 10, 54554, 2013 www.biogeosciences.net/10/541/2013/



C. A. Skjgth et al.: Identifying urban sources as cause of elevated grass pollen concentrations 547

Table 2. Error matrix associated with the NDVI analysis (Fig. 3) of the Quickbird images covering the Aarhus area. User accuracy (User
acc.) and Producer accuracy (Prod acc.) are based on standard methodologies according to Lillesand and Kiefer (2007).

Reference Data

Classification Grass Buildings Lakes Streets Trees Sum User acc.
Data
Grass 129 2 1 9 25 166 78 %
Buildings 1 25 0 1 0 27 93%
Lakes 0 0 3 0 0 3 100 %
Streets 0 1 0 25 0 26 96 %
Trees 3 0 0 1 41 45 91%
Sum 133 28 4 36 66 267
Prod acc. 97 % 89% 75% 69% 62% 84 %
%0 Temperature variations are connected to the source distribution on a local
o 25 scale.
3 . NWW The highest pollen load is found together with the highest
3 .5 m WMNJW\A frequency of local sources, and this is observed in the sur-
g 10 WWVV roundings of the northern trap: TV2-@stjylland (Table 1 and
> | Fig. 8). This result is further supported by the wind direc-
e o tion analysis. Fifty-five percent of the peak days at the TV2-
2505 0106 0806 1506 2206 2906 06.07 1307 2007 2707 @stjylland station (Fig. 7b) are found when winds are coming
Date from the direction of the high density emission area (Fig. 8),
30 Precipitation a few hundred metres from the trap. Such a clear pattern of
25 1 peak days with air masses from only one wind direction is
> 207 not seen for the two other stations (Fig. 7c and d). These two
‘\E’ 15 stations do not have high-emitting areas in their near vicin-
E 104 ity (Fig. 8). There was a high correlation between the daily
5 pollen counts at each of the three stations and the operational
0 trap in Viborg during the entire pollen season (Table 1). How-
2o/05 QU6 0806 Toi06 22006 D:ff o 0007 Telor =0T ETioT ever, at the same time there was a lack of correlation between
Wind direction thg stations on days with eleyateq pollen counts (T_ab_le 1).
360 ° This suggests that on days with high load, the proximity to
g 300 ‘. o local emission sources is very important (Fig. 1).
o 240 w Analysis of the NDVI map (Fig. 3) shows a high fre-
'g 180 !. “ quency of potential pollen sources almost everywhere ex-
g ®. cept lakes, forest and the city core. This suggests that it
g 62 ‘ . is possible to find grass pollen sources almost everywhere.

T T T T T T L
25-05 01-06 08-06 15-06 22-06 29-06 06-07 13-07 20-07 27-07

Fig. 6. Meteorological observations of temperature, precipitation

However, only a limited number of all these grass areas
will contain grass areas that reach maturity and flower.
The flowering of grass is determined by management of

and wind direction at the ENVS, AU monitoring site in central the areas. The management map here is based on the as-

Aarhus.

sumption that at least 2 cuts of grass areas per month
are enough to prevent flowering. In Denmark, it typically
takes between 15day$da trivialis, Lolium multiflorum,

data set is available in the form of a tiff file as supporting P0@ pratensis, Festuca pratensasd Lolium perenng and

information to this article.

4 Discussion and conclusion

up to 20 daysRhleum pratense, Dactylis glomeratadFes-
tuca rubrg for typical Danish grass species to evolve from
immature flowers into the stage of full flowering. This in-
formation is provided through the management plans that
are available for Denmark and in particular Danish agricul-
ture (e.g.http://www.dlIf.dk/upload/microsoftvord - _fr_gr_

The current experiments support the hypOthE‘SiS that there ar@erneg)bmstringogmodning_pd):_ It is, however, ||ke|y
large intra-urban variations in the pollen load and that such
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that not all areas are strictly managed according to the

% management plan, and special meteorological conditions are
% likely to advance grass growth and maturation so that small
€ grass areas are able to enter the flowering phase. However,
2 the general picture is that the majority of the managed ar-
g % eas do not release large fractions of grass pollen, especially
§ 15 | if they are compared to non-managed areas. The combined
§ ol use of the management map (Fig. 4) and NDVI map (Fig. 3)
< indicates areas with a large fraction of flowering in unman-
* |_| aged agricultural or urban land and a number of areas along
o 1 ‘ ‘ ‘ ‘ ‘ ‘ roads, etc. These areas with potential flowering grasses are
@ o e 90'1‘3;" di::i[iio;?g:iee:sm oste e unevenly distributed throughout the urban area. This finding

& suggests that throughout the city a number of areas contain

large gradients in the pollen concentrations — in accordance

with our hypothesis.

] The pollen observations are urban background concen-

trations. These measurements are obtained 10-20 m above
ground level. However, according to traditional meteorologi-

50 1

30 1

Wind directions at peak days (%)

o0 | cal dispersion theories (Fig. 1), the pollen concentrations will
be much higher near the surface when the source is located
109 here. This, in connection with the pollen source map, sug-
0 ‘ |_| ‘ |_| = ‘ == gests that elevated concentrations can be found near areas at
0-45 4590 90135 135180  180-225 225270  270-315  315-360 low height, such as a|0ng the |arge roads seen in Fig_ 8 —
(b) Wind direction (Degrees) which adds further support to the hypothesis.

% The results also indicate that urban sources should not

be considered exclusively. The results show that peak con-
centrations at the central Aarhus station (Fig. 7c) are ob-
served during easterly winds, despite the fact that the pollen
source map (Fig. 8) and the NDVI map (Fig. 3) both sug-
gest that there are no sources in that direction. The nearest
sources are about 20—-60 km away. This again suggests that
either regional-scale or long-range transport of grass pollen
can be relevant. The latter is supported by a study of Smith

30 1

251

20

Wind directions at peak days (%)

o 0-45 45-90 90-135 135-180 180-225 225-270  270-315 315-360 et al (2005)' WhICh ShOWS that grass pOIIen COUld Orlgl_
©) Wind direction (Degrees) nate from sources more than 100 km away. Another study
s by Smith et al. (2008) adds to this finding that long-range

401 transport is seen only episodically for species such as rag-

weed @Ambrosig. It is therefore likely that a strong sig-
nal from long-range transport of grass pollen, which has a

354

30

3

:;:’zs— much larger settling velocity than ragweedinfbrosig, is

2 20, even less frequent than fégxmbrosia Instead shorter dis-

B 15| tances are likely to be the relevant scales for grass pollen.

§ 10 According to the definition by Orlanski (1975), the typical

£ s distances for mesoscale atmospheric transport can be divided
oA in three groups: meso-gamma (2—20km), meso-beta (20—

0-45 45-90 90-135 135-180 180-225 225-270  270-315  315-360

200 km) and meso-alfa (200—2000 km), where the latter cov-
ers long-distance transport. This study in combination with

Fig. 7. (a) Percentage of all wind directions measured at the trap in central Aarhusthe existing studies on long-distance transport (e.g. Smith et
(n = 1224 from different directions (45angles)(b) Percentage of all wind directions P .
measured at the trap in central Aarhus<(255) from different directions (45angles) al'! 2008) SqueStS that the majonty of the Slgnal for grass

that were measured at peak days at TV2-@st.Percentage of all wind directions pollen consists of a mixture of atmospheric transport pro-
measured at the trap in central Aarhus=(256) from different directions (45angles) .
that were measured at peak days at Rundhgjskéi@rPercentage of all wind direc- cesses on a micro- (below 2 km)' meso-gamma and meso-

tionls n;eﬁsured at the trapdin centLa(learhmi(lo?’) from dgferentI iireﬁtions (4‘;;5d beta scale. From a modelling point of view, this has been
angles) that were measured at peak days at the station in Central Aarhus. Peak days ar . .

those when the daily average Poaceae pollen counts exceed 50 grainNate that E}&entlfled a_s one of the m_ajor Cha”enges to understan_d and
the scales on the y-axis are not identical in all four figures. describe with respect to airborne pollen transport (Sofiev et

al., 2013). This highlights the importance of studying local

(d) Wind direction (Degrees)
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or other similar remote sensing products are less suitable as a
stand-alone product for identifying these grass pollen source
areas. Information about management of these grass covered
areas need also to be included for such an identification to
be of value. An alternative procedure is the collection of a
series of high resolution remote sensing images taken dur-
ing the entire vegetation period. This will enable mapping of
land use and land cover at very high spatial resolution. Such
a series of images is usually not available from satellites with
high spatial resolution images, such as those from Quickbird.
Therefore, series of images must be obtained using other
methods such as airplanes, which increases the costs signifi-
cantly. The most cost-effective solution for producing a grass
pollen source inventories seems therefore to be a combina-
tion of a high resolution remote sensing images and informa-
tion concerning the local management of the grass areas in
the studied domain.

Clinical exposure studies of grass pollen often use concen-
trations in the range 1000-8000 grainshiDay et al., 2006)
— about a factor of 10 larger than what is found in typical
peak observations. These levels are chosen to obtain a clear
signal from the patients used in the exposure studies. Despite
such high concentrations generally not being observed at the
Goverage of grass pollen sorces per grid cell [%] stations (Emberlin et al., 1999, 2000; Pashley et al., 2009;
B - 13 [ 1425 [ 2047 [ 46-66 [ &7 - &7 [ o - 100 Sommer and Rasmussen, 2009), most hay fever patients have
severe symptoms from grass pollen allergy every year. How-
ever, the observations are obtained at the urban background
Fig. 8. Inventory of high-emitting grass pollen areas in the city of level at about 10 to 20 m above ground level, and according
Aarhus (below) and zoom (top) that provides the vicinity of the to traditional dispersion theory in meteorology the concen-
three pollen monitoring stations. trations can be much higher at the surface, where people are

exposed (e.g. Fig. 1). This is supported by the experiments
of Rantio-Lehtmiaki et al. (1991), which show that surface

sources and also supports our hypothesis about urban gradioncentrations can be about a magnitude larger than rooftop
ents in grass pollen concentrations. concentrations. This indicates that there is a large knowl-

The NDVI map (Fig. 3) suggests that the central urbanedge gap regarding how to link actual observations at rooftop
area, forest and lake districts contain very few areas covievel, symptoms among patients and findings in actual expo-
ered by grass, while all other areas could contain large grassure studies. Model simulations of exposure to grass pollen
pollen source areas. For Denmark these areas are mainiyear the surface are considered here a method of reducing
agricultural areas. About two-thirds of Danish land area isthis knowledge gap. Such simulations can be done by using
used for agriculture (Skjgth et al., 2008a), which in nationallocal-scale dispersion models. A basic requirement for such
and international land cover databases such as CLC2000 (Ewtudies is access to a highly detailed inventory, such as the
ropean Commission, 2005) is typically indicated as agricul-one we present in this study (data in supplementary mate-
tural land. The agricultural register data here show that mostial), as well as verifying observations (Table 1).
of these potential source areas are likely not to be grass This study extends a few other local-scale studies such as
pollen sources, as the majority of these areas are used fdhe one by Bricchi et al. (2000). They suggest that high gra-
grown crops without flowering or for permanent grass which dients in London planeRlatanug pollen are present in the
is frequently cut or grazed. Only a small fraction of the agri- city of Perugia (Italy) and that the zone of influence for sin-
cultural areas (fallow, rye, grass seedling) contains signifi-gle sources is less than 800 m. Grass pollen is released at
cant amounts of grass pollen sources, and according to Figur@ much lower height than pollen from London plafda¢
4 these areas are unevenly distributed. On the regional scalégnug, and as a consequence the influence zone can be ex-
these areas are likely to be important for the overall graspected to be much smaller — in a similar manner as seen in
pollen level in the region. It is known that management of theFig. 1. Urban areas have been shown to contain a signifi-
agricultural land is generally unevenly distributed on the re-cant amount of green areas, which all have the potential to be
gional scale (Skjgth et al., 2008a), suggesting that land covepollen sources (Pauleit et al., 2002). The composition of the
databases such as CLC2000 or GLC2000 (Fritz et al., 2003yreen areas is, however, different between the areas, between

8
[ = Kilometers

@ Rundhgjskolen @ Tv2-@stiylland @ Central Aarhus, NERI site
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cities and between regions (Pauleit and Duhme, 2000a, bNDVI methodology does not distinguish between grass ar-
Specific considerations must therefore be taken in urbaneas and other non-wooded vegetation. This means that the
scale experiments. Here an urban grass pollen source mapeeds will be misclassified as grass, thus posing a risk for
is suggested, which to the knowledge of the authors has nabverestimating the abundance of grass areas in the inven-
previously been performed. This study suggests that localtory. Nevertheless, the quality of the NDVI map must be con-
scale studies of pollen concentrations can be necessary argidered very high as the overall accuracy exceeds newly re-
that the need for these studies depends on the presence leased remote sensing products such as the Globcover data
absence of local sources. This information can be obtainedet (Bicheron et al., 2008). The NVDI analysis (Fig. 3) fur-
by using a combination of remote sensing and managemerthermore shows that only few grass areas will be located in
information of the area. Other studies have used tools suclforest areas. Such areas must be considered unmanaged, but
as trajectory models (Cecchi et al., 2007; Skjgth et al., 2009are not considered in the potential flowering map (Fig. 4) as
Stach et al., 2007) or regional-scale dispersion models (Hela result of the applied generalised forest cover. However, due
big et al., 2004; Skjath, 2009; Sofiev et al., 2006a; Zink et al.,to the surrounding forest, it can be assumed that the majority
2012). Such tools can be very useful for establishing source-ef the pollen from these limited areas will be trapped inside
receptor relationships on regional-scale transport. Howeverthe forest canopy and therefore to a great extent will not be
for local-scale sources the use of regional-scale models iglispersed further into the atmosphere. This is therefore not
less appropriate and should be based on local-scale dispeconsidered a significant error in the inventory.
sion models such as AERMOD (US-EPA, 2003) or OML  The map of potential flowering areas shown in Fig. 4
(Olesen et al., 1992; Sommer et al., 2009), provided thaidoes notinclude grass along small agricultural roads between
they can be further developed to describe atmospheric disfields, nor does it include field boundaries. This introduces
persion of pollen. In general this requires validated pheno-a risk for a small underestimation of the grass pollen areas
logical models and a model that parameterises daily pollerin the rural areas. Whether it is important for the regional-
release (e.g. Skjgth et al., 2010). Emission models for usecale load is not known. However, it is not considered rele-
by OML that take into account crop and grass growth arevant for the main hypothesis of this paper concerning sources
already developed for Danish land area (e.g. Skjgth et al.and variations in the pollen concentration in the urban area.
2004; Gyldenkeerne et al., 2005; Sommer et al., 2009; Geel¥he map of potential flowering areas (Fig. 4) is based on ex-
etal., 2012). It has previously been shown that these emissioact data in combination with assumptions concerning the ur-
models can be extended to tree pollen (Skjgth et al., 2009ban management of private areas. Particularly, one of these
2010). It is therefore likely that they can also be extended toassumptions is questionable: Race courses and motor-cross
grass pollen in order to handle the main grass species, sudreas are excluded on a regular basis. At least two such areas
asPoa trivialis, Lolium multiflorum, Poa pratensis, Festuca exist in the urban area of Aarhus. It is known that parts of
pratensis, Lolium perenne, Phleum pratense, Dactylis glomthese areas are managed, but it is likely that this assumption
erata and Festuca rubra and in particular their flowering. only applies to parts of them, meaning that some fractions
The use of these models has the potential to give further inof these areas are managed and others are not. This infor-
sight into urban-scale concentrations in the grass pollen loadnation is, however, not available for our analysis. A better
given that source inventories such as the one in Fig. 8 arenap would be obtained if exact management data for these
available for the model applications. areas were available, but currently this is not the case, and
Inventories such as the one given in Fig. 8 can in principleit is questionable whether a complete survey among all pri-
not be validated, as all data are supposed to be used by theate and public land owners would be rewarded by a signif-
inventory (Simpson et al., 1999; Skjgth et al., 2008a). Insteadcant improvement in the data quality compared to the costs
the validity behind the principles and design of these sourceof such a survey.
inventories should be discussed, and if possible the quality The analysis is also limited by equipment failures, includ-
of the inventory and its sensitivity to input data should be as-ing trap failures as well as missing data from the meteoro-
sessed using other methods, such as cross validation (Skjgtbgical station. However, at least three traps out of four were
et al., 2010). In the study presented in this paper, the invenworking each day, so these failures are of minor importance
tory depends on two data sources: a remote sensing produetith respect to identifying variations in the daily pollen load.
(Fig. 3) from the Quickbird satellite and a management mapThe lack of meteorological data is not critical in this con-
(Fig. 4). In general, the remote sensing product can be context either. The main period of data loss was 11-20 July; and
sidered state-of-the-art with respect to satellite observationssince this period did not contain any peak days, the data loss
Quickbird has four spectral bands, as does the Landsat7 satedoes not affect the analysis in Fig. 7b, ¢ and d.
lite. Landsat is used for the Corine2000 product with 100m The geographical coverage of the inventory is
resolution (European Commission, 2005). Quickbird has a20kmx 20km (Fig. 8). Faegri and Iversen (1992) as
resolution several orders of magnitude higher than the Landwell as Avolio et al. (2008) suggest that the typical transport
sat7 satellite, and this makes it suitable for urban-scale studdistance for pollen is in the range of 30—100 km. This is,
ies and identification of both large and small grass areas. Thlaowever, an overall estimate related to pollen from trees,
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weeds, and grasses. Pollen from trees has in general the flowering pattern of the main grass species. The applied
much longer transport distance than pollen from weeds, duenethodology behind DAMOS has proven highly useful in the
solely to the high release height (e.g. Fig. 1). It is thereforeassessment of air pollutants for which it is crucial to account
reasonable to assume that the inventory will capture most ofor sources that contribute as a result of atmospheric flow
the sources that contribute to the pollen load in the Aarhugattern on a micro-, meso-gamma and meso-beta scale (Her-
area. This is furthermore supported by the studies by Bricchtel et al., 2013) (in this context see the highly useful defini-
et al. (2000) suggesting that the influence zone for individualtions of micro-, meso-gamma, and meso-beta scale in Orlan-
sources is less than 800m. Nevertheless, it should beki, 1975). This methodology therefore defines the strategy
expected that long-range transport episodes will occur. Sucho explain how various levels of pollen concentrations affect
episodes can be systematic from specific locations (Stach ¢he Danish population — connections that so far have been
al., 2007) with repeating episodes (Skjgth et al., 2007). Butdifficult to explain (Carracedo-Martinez et al., 2008; WHO,
long-range transport is generally episodic (Belmonte et al.2003).

2008; Smith et al., 2005, 2008). As such, it is reasonable to
assume that the inventory can be used to explain the majorit)é

o . upplementary material related to this article is
of local variations in the grass pollen load. PP Y

available online at: http://www.biogeosciences.net/10/
541/2013/bg-10-541-2013-supplement.zip
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