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Abstract. In this study, the diurnal atmospheric grass pollen1 Introduction

concentration profile within the Danish city of Aarhus was

shown to change in a systematic manner as the pollen seaséaass pollen is recognised as one of the principle causes of
progressed. Although diurnal grass pollen profiles can differpollen allergy in Europe, with national sensitisation rates of
greatly from day-to-day, it is common practice to establishup to 26 % reported for the regioBgusquet et a.2007).

the time of day when peak concentrations are most likelyAtmospheric grass pollen concentrations typically fluctuate
to occur using seasonally averaged diurnal profiles. Atmo-Over the course of a 24h period, and diurnal patterns can
spheric pollen loads are highly dependent upon emissiongdiffer greatly from day-to-day. The factors responsible for
and different Species of grass are known to flower and emifhese differences are, however, not well understood. Pollen
pollen at different times of the day and during different pe- forecasts usually attempt to predict daily average concentra-
riods of the pollen season. Pollen concentrations are also intions, with this information disseminated to allergy sufferers
fluenced by meteorological factors — directly through thosein order that they might better manage their symptoms. The
parameters that govern pollen dispersion and transport, anglicitation of allergy symptoms is dependent on an individ-
indirectly through the weather-driven flowering process. Weual's recent exposure historg.gnnell 1969, whilst expo-
found that three different profiles dominated the grass pollersure is directly related to the amount of time spent outdoors
season in Aarhus — a twin peak profile during the early sea{Kailin, 1964 Mitakakis et al. 2000 and the ambient con-
son, a single evening profile during the middle of the sea-centration at that timeRiediker et al. 2000. The time of
son, and a single midday peak during the late season. Whils#ay that pollen concentrations peak may thus be of greater
this variation could not be explained by meteorological fac-importance to the allergy sufferer than the daily average con-
tors, no inconsistencies were found with the theory that it wascentrations typically made available to the publicapyld,
driven by a succession of different grass species with differ-1981). A better understanding of what drives variation in di-
ent diurnal flowering patterns dominating atmospheric pollenurnal grass pollen profiles may lead to improved advice on
loads as the season progressed. The potential for exposuf®w allergy sufferers may best avoid exposure, and would
was found to be significantly greater during the late-seasorfurthermore help to improve the accuracy of pollen disper-
period than during either the early- or mid-season periods. Sion modelsYiner et al, 2010.
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822 R. G. Peel et al.: Seasonal variation in diurnal grass pollen profiles

It is common practice in aerobiology to produce average2 Materials and methods
diurnal pollen concentration curves based on entire pollen
seasons in order to establish typical patterns of variationViedial time stamps are reported for both pollen concentra-
and times of peaks in concentration. These profiles havéion and meteorological data, as is the convention in aerobi-
been found for grass pollen to vary with location, with sin- 0logy, with all time stamps given in Central European Time
gle evening peaksEmberlin and Norris-Hill 1992 Mullins ~ (UTC +1).
et al, 1986 Yang et al, 2003, single morning peaks3alan ) o
et al, 1989 1991 Trigo et al, 1997, two-peak profiles 2:1 Site description and data provenance

(Rantio-Lehtimaki et a).199%; Kosisky et al, 2010, and in- The study was conducted using data from Aarhus, Den-

variant profiles Gassmann et 312003 reported in the UK mark’s second largest city. Aarhus lies on the east coast of

and Taiwan, Spain, Finland and the USA, and Argentina re- . :
. T : Jutland, the peninsula that constitutes the western part of
spectively. Intra-seasonal variation in diurnal profiles has

. o L . .. 'Denmark, and has a population of around 250 OBtatfs-
however, received scant attention in existing published lit- ] . L .
: ; tics Denmark 2012. Aarhus is a green city in which nu-
erature.Mullins et al. (1986 compared profiles averaged
. ~merous parks and unmanadethtural areas are found. The
over two different months (June and July) but found no dis- ! . : ]
surrounding countryside consists largely of arable land, with

crepancies between the two, whilbrris-Hill (1999 noted . . :
. . common crops including seedling grasses, permanent grass
four different profiles for the four quarters of the season, and : .
: and rye, all of which are potential sources of grass pollen
sought to relate these to rainfall patterns.

. . . (Skjgth et al.2013.
Pollen concentrations are influenced both by pollen emis For the years 2009-2011, three temporary pollen moni-

Zlizne?gi?)nb){r;?wi rgﬁt:r?éo(;zg'ggltig;g:eetf ;’ fggg d;:fe_rmm?oring stations were operational in Aarhus during the grass
P ' P posit " o 0;Pollen season. The three monitoring stations were situated
ferent grass species release their pollen at different times Within 8km of one another (Figl). Each consisted of a
seasonl(edn-Ruiz et al.2011) and at different times of day Burkard Seven Day Recording Volu.metric Spore Trelpt
(Emecz 1962. Diurnal flowering patterns are furthermore '

. : . 1952 installed at roof level, 15-20 m above ground level.
known to change in accordance with meteorological 1E""CtorS‘The Central Aarhus monitoring station was situated in the
in a species-specific mann&ubba Reddi et g11988. The

changing character of the diurnal grass pollen profile mayCentre of the city on the roof of Aarhus Municipality De-

. . partment of Nature and Environment, and was surrounded
thus be driven by the weather, the flowering patterns of local o .
grasses, or both by a regularly managed lawn. The TV-2 monitoring station

o . . . . lay in the northern outskirts of the city on the roof of the
The objective of this study was to investigate and explain : . .
A ! . TV-2 @stjylland TV station, close to open countryside and
seasonal variation in the diurnal atmospheric grass polle

profile. This was achieved in the following manner: less than 100m from an unmanaged grass field. The Rund-
' ‘ hgjskolen monitoring station was situated on top of a school
1. Systematic changes in the diurnal grass pollen concenbuilding in the southern suburbs of the city.
tration profile were shown to occur in the Danish city ~ Uniform materials and methods were used at the three
of Aarhus as the pollen season progressed, with pro/monitoring stations. Pollen data were collected and pro-

files for the early, middle and late periods of the seasoncessed in accordance with the guidelines of British
showing different statistical properties. Aerobiology Federatiotf1994). Samples were collected on
Melinex tape coated with silicone fluid using standard seven-
2. The potential for exposure during these three periodsday drums. Weekly sample traces were divided into seven
was estimated and compared in order to test whethep4 h sections and mounted on microscope slides using a
the different profiles have the potential to lead to sig- stain-bearing gelatine mountant. For each daily slide, bi-
nificant differences in exposure. hourly concentration data were obtained by counting the
3. The hypothesis that the seasonal variation was drivennumber of pollen grains deposited along 12 transverse tran-

. AR ; 0
by meteorological factors was tested against the aIter-SeCtS at 640 times magnification (equating to 9.75 % of each

native hypothesis that it related to a progression of dif-fjally slide) und_er a .“ght MICrOSCOpE, with counts converted
into concentrations in grainsTA.

ferent grass species dominating pollen emissions as the Three-hour averaged wind speed, wind direction, surface
season developed. . . N,
air temperature, dewpoint temperature and precipitation data
4. Aninventory of the principle grass species likely to be Were obtained from the Flyveplads Kirstinesminde weather
common in Aarhus was compiled together with avail- station (WMO Station ID 06074), situated just north of

able information on their flowering cycles, in order to Aarhus (Fig. 1), courtesy of theUK Meteorological Of-
support the interpretation of resullts. fice (20129. Three-hour averaged saturated and actual vapour

IManagement is defined as cutting on a regular basis such that
flowering does not occur.

Biogeosciences, 11, 82832 2014 www.biogeosciences.net/11/821/2014/
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resolution of data becomes p8oAll profiles that coincided
with precipitation were also discarded, since rain removes
pollen grains from the air with great efficiencyi¢Donald
1962 and may thus strongly influence profile shape. For each
of the remaining 157 profiles (48, 54 and 55 for the Central

3
'Y

Vi /

| Weather station (WMO 06074)\~r~ ’

bz "‘ 7 Aarhus, Rundhgjskolen and TV-2 stations respectively, relat-
Yy SRS N =!# ing to 69 different calendar days), peaks in the diurnal pollen
gl curve were identified according to the following criteria:
-, 1. Each peak was required to have a mininfusizhourly
concentration of- 50 grains n73. Profiles where con-
=i s e X! centrations failed to exceed this threshold were consid-
, ’?ff = \\\%‘_ y ered to have no peak.
ST U IS -\ Vdl
% m e P A . . . . .
P P ‘%\‘\‘ 4 ) 2. Overall maximum bi-hourly concentrations satisfying
) TR g < (1) were designated primary peaks.

— I“

. Local bi-hourly concentration maxima occurringg h
before or after a primary peak were designated sec-
ondary peaks, provided that the trough between the
two was at least 50 grainsTa deep.

= i
o L. g
L A\ ‘ﬂg q et -%\
; G
S 2, 3

N

. Two candidate peaks of equal magnitudel h apart
were considered a single peak and given an intermedi-
ary time stamp: for example, a peak bi-hourly concen-
tration of 100 grains m3 occurring at both 17:00 and

» %

oS

R & !

Fig. 1. Map of Aarhus showing the locations of the three temporary
pollen monitoring stations and the weather station.

pressures were calculated from ambient and dewpoint tem
peratures respectively using Eq. (3) denderson-Sellers
(1984. Vapour pressure deficit (VPD) was then computed
using method 1A oHowell and DuseK1995.

The daily dynamics of population activity were modelled
using the time—activity diurnal curve for the population of the
USA presented b¥lepeis et al.(2001). The proportion of

the population outdoors was determined for hours of the da)}

“residence

corresponding to pollen data as the sum of the
outdoors”, “near vehicle (outdoors)” and “other outdoors
activity categories.

2.2 Data reduction and processing

2.2.1 Pollen data

19:00 was defined as a single peak at 18:00.

. Two candidate peaks of equal magnitude occurring six
or more hours apart were considered separate peaks.

- 6. Apparent peaks close to midnight that were associated
with an actual peak occurring on the preceding evening
were rejected (e.g. a peak at 01:00 was rejected if a
greater concentration occurred at 23:00 on the previ-

ous evening).

In this manner each profile was characterised in terms of the
ime at which peaks occurred, with each profile featuring 0,
1 or 2 peaks. These peak-time profiles were then grouped by
site and year, and each group arranged in chronological order.
Three characteristic profile types were observed to dominate
at different points during the grass pollen season, meaning
that the season could be divided into three distinct periods:

2profiles with daily average concentratiors20 grains 3
generally failed to show a well-defined diurnal pattern, with the ran-
dom nature of sample collection apparently dominating. An alterna-

The Aarhus grass pollen season ran from 20 May to 29 Julyjive (and relaxed) criterion of a daily maximum bi-hourly concen-
in 2009, from 6 June to 8 Augustin 2010, and from 21 May to tration> 50 grains n13 was considered, but was ultimately rejected

27 July in 2011. Here we define the start (end) of the seaso
as the first (last) day that a daily average=0f0 grains 3
was recorded at one of the three monitoring stations.

For each monitoring station and each year, the grass polle
concentration time series was divided into 24 h daily “pro-
files” (midnight—midnight). All daily profiles with a cor-
responding daily average concentration<o20 grains nm3
were discarded, on the basis that at low concentrations th

www.biogeosciences.net/11/821/2014/

as it increased the number of poorly defined profiles. It should be

noted that profiles were rejected purely based on data resolution —
some sensitive allergy sufferers have been reported to experience
symptoms at daily average concentrations as low as 1grathm
(Hyde 1972.

3The value 50 grains e was chosen because this is generally
considered to be the average concentration above which all individ-
uals sensitised to grass pollen experience sympt@a$af et al.
@995.

Biogeosciences, 11,&242014
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Period 1: The early season, characterised by a twinTable 1. Anderson—Darling test (with adjustment for ties) for differ-
morning and evening peak profile. ences in peak-time distribution between the three monitoring sta-

] ] . tions for each seasonal periof. is the Anderson—-Darling rank
Period 2: The middle of the season, characterised by &tatistic andp the associated probability.

single evening peak profile.

Period 3: The late season, characterised by a single late Cent_ral/ Central/ - Rundhajskolen/
. . Rundhgijskolen TV-2 TV-2
morning/early afternoon peak profile.
. . . pPeriod 1 ? 0.650 0.147 0.435
Dates of transition between periods were determined for each D 0.476 1.604 0.832
monitoring station and each year as the point where the dom
inating diurnal profile switched from the character of one pe- periog2 7 0.592 0.004 0.03¢"
riod to the character of another, and each profile was thus b 0.562 4.535 2.855
assigned to period 1, 2 or 3. period3 P 0.783 0.663 0.606
For each of the three periods, the peak-time distribu- eno D 0.234 0.443 0.540

tions of data collected at the three monitoring stations were;; - dicates a significant difference at the 95% level.

then compared USing the Anderson—DarIing tWO'SampIebIndica’resasignificant difference at the 99 % level.

goodness-of-fit test with adjustment for ti€grjillo-Ortiz

et al, 2007). Results were considered significant at the 95 %

level, and are summarised in TadleFor periods 1 and 3 variable and each period, and differences in diurnal profile
no differences were found between the three stations. Foshape were tested for by grouping data by time of day. The
Period 2 the distribution of TV-2 data was found to differ Wilcoxon rank sum test was then applied to each temporal
significantly from those of the Central Aarhus and Rund- group. Results were considered significant at the 95 % level.
hgjskolen stations; however inspection of the data showed

that distributions were very similar except that the highly 2.2.4 Grass species inventory

dominant modal peak time for the TV-2 station was 17:00,
whilst for the Central Aarhus and Rundhgjskolen stations it ) . S
was 19:00. It was therefore considered appropriate to poolSted by Frederiksen et al200§ as “common” or “very
data collected at the different monitoring stations for each®®Mmon” along roads and railways and in parks — the habi-
of the three seasonal periods. Using these pooled data, tHats where unmanaged grasses are likely to be found in

Anderson-Darling test was then used to test for differenceéo‘atzhus accord_ing tSkaLh et al(zcl)ja —and specieslflczulnd
between the peak-time distributions of the three periods. tobe common in Copenhagen Hﬁi (2019). It Seems likely
that species that are abundant in Copenhagen will also be

2.2.2 Population exposure well represented in other large Danish cities. Data on the
pollen productivity and flowering behaviour of constituent
In order to neutralise magnitude-related differences and isospecies were gathered from available existing literature and
late the qualitative shape of each diurnal profile, pollen con-added to the inventory.
centration data were standardised by dividing each bi-hourly
value by its respective daily maxima. A proxy for population
exposure was then calculated for every other hour of the da
by multiplying the standardised concentration by the propor-
tional outdoor population. For each day, bi-hourly standard-
ised population exposure values were summed to give a mearpq availability of pollen data and the way they were dis-
sure of the daily total standardised population exposure, angip,ted between the three seasonal periods can be seen in
the Wilcoxon rank sum test (normal approximation applied) rig 2 The maximum period overlap between stations within
usgd to test for differences in daily tot_al standardised popu single year was 4 days (the transition from Period 2 to 3
lation exposure between the three periods. at the Rundhgjskolen and TV-2 stations during 2009). The
transition from Period 1 to 2 occurred later in 2010 than in
2009 or 2011, the transition from Period 2 to 3 also occurred

Wind speed, temperature and VPD data were selected fo@ter in 2010 than in 2009, but cannot be precisely located
days corresponding to the pollen dataset, and divided intéor 2011 due to the sparsity of data. Period duration cannot

three groups corresponding to the three periods of the pollef! 9eneral be precisely stated due to the volume of missing
season defined above. Data for days where periods oveAat@, butwas typically in the order of 1-2 weeks and appears

lapped between the different monitoring stations were omit-{0 Nave been briefer during 2010 than during 2009 or 2011.
ted. Data from one further day were omitted due to an incom-
plete record. Average diurnal profiles were plotted for each

The inventory of grass species was composed from species

Results

3.1 Pollen data

2.2.3 Meteorological data

Biogeosciences, 11, 82832, 2014 www.biogeosciences.net/11/821/2014/
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Month May June July
Day 8 - © 2 & Q - © 2
Central O EEE §F FEEESEEEEEEE e TETETT.

2009  Rundhgj || Dbl Dby | | BN B BN [ [ [ [ [ [ [ [ ] [ B DS
Tv-2 | D | ENEEE §F FFEEEEEEEEEE RO EEEEE.
Central HEE N

2010  Rundhgj | [ | | H EEE BN EEENNESTETE.
TV-2 ENEEE  EEEEEEEE FEEE EEE EEOCTOTETTE
Central HEE  H H . | HE EE [ [ [ [T 17}

2011 Rundhgj HE EN 'H'E EE | H EE HTETET TR EEEET.
™2 T H N EEEEEEEEE

Key: [l Period 1 (data) [l Period 2 (data) [l Period 3 (data)

Fig. 2. Assignment of data to the three seasonal periods for the Central Aarhus (Central), Rundhgjskolen (Rundhgj) and TV-2 monitoring

M Period 1 (no data)

Period 2 (no data)

M Period 3 (no data)

stations for each year. Contributing dates (i.e. dry days with daily average concentra@frgsains rrT3) are in bold, and non-contributing
dates for which period affiliation can be projected are faded.

15

10

Frequency (count)

0
00:00 06:00 12:00 18:00 24:00
Time

30 20
g E
8 20 8
) & 10
c c
g 10 g
o T 5
o o
[T [T

0
00:00 06:00 12:00 18:00 24:00
Time

0
00:00 06:00 12:00 18:00 24:00
Time

Fig. 3. Peak-time distributions fafa) Period 1 ¢ = 37), (b) Period 2 & = 58) and(c) Period 3 ¢ = 62), wheren is number of constituent
profiles. Where peaks straddled two time slots, each bi-hourly bin was assigned a value of 0.5.

The peak-time distributions of the pooled data are pre- 0.1 ‘ ‘ 1 ¢
sented in Fig3. Period 1 shows a bimodal tendency, with Outdoor population 2
morning peaks common at 09:00 and evening peaks comz 0.08l —¢— Exposure P1 _0873
mon at 17:00 and later. Period 2 shows a uni-modal distribu-g Exposure P2 e
tion, with the majority of peaks occurring at 17:00-19:00 and & D EXEOS”: P 8
otherwise background peak levels between 07:00 and 23:068 0.06f PZ"Z: oo 1063
Period 3 also shows a uni-modal distribution, but with peaksz — o Pollen P3 3
common between 09:00 and 17:00 and attaining a maximun® ., v loal
frequency at 13:00. According to the Anderson—Darling test, 7 "8
the peak-time distributions for the three periods differ signif- g . 3 7 §
icantly from one another at the 95 % level (periods 1 and 2:(‘% 0.02 "~ o7 -0.2?%
D =2.51,p =0.048; periods 1 and 3 = 3.84, p = 0.010; n 3= 8 2
periods 2 and 3D = 11.51, p < 0.001). &

0 1 1 1 0
00:00 06:00 12:00 18:00 24:00

3.2 Population exposure
Fig. 4. Mean diurnal standardised population exposure (solid lines)

Average standardised population exposure diurnal proﬁ|e§nd standardised pollen concentration (dotted lines) profiles for Pe-
are presented in Fig! for the three periods, together with riod.l (Pl),. Period.2 (P2) and Period 3 (P3). The outdoor popylation
average standardised pollen concentration profiles. The starofile (solid), derived from the results &fiepeis et al (200, is
dardised population exposure profiles of periods 1 and 2 ar<53lISO shown.
reasonably similar, both showing essentially only a single
evening peak at 17:00. Period 3, however, shows a different
profile, peaking around midday. Average concentration pro-for Period 2 and 0.40 (0.20-0.59) for Period 3. According to
files agree qualitatively with the peak distributions of Bg.  the Wilcoxon rank sum test, daily total standardised popula-

The daily total standardised population exposure meartion exposure did not differ significantly between periods 1
(range) was 0.31 (0.09-0.55) for Period 1, 0.35 (0.17-0.70and 2 (W = 1535, p = 0.1733), but did differ significantly

www.biogeosciences.net/11/821/2014/ Biogeosciences, 11,&21-2014
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between periods 1 and 3¥(= 1282, p < 0.001) and be- 4 Discussion
tween periods 2 and 3 = 3070, p = 0.0061).

4.1 Drivers of diurnal grass pollen concentration
3.3 Meteorological data variation

Median diurnal profiles for the three periods are presented irin this study, we have shown that the diurnal pollen concen-
Fig. 5, together with the results of the Wilcoxon rank sum tration profile for the Danish city of Aarhus varies in a sys-
test. No significant differences were found between the thregematic manner as the pollen season progresses. Using statis-
periods for wind speed or between periods 1 and 2 for tem+ical methods, different diurnal patterns were shown to dom-
perature or VPD, with the exception of temperature betweerinate during different periods of the season: twin morning
22:00 and 01:00, when Period 2 values tended to be higheand evening peaks characterised the early part of the season,
Temperatures during Period 3 were found to be significantlya single evening peak the middle of the season, and a single
higher than those during periods 1 and 2 at all times of daymidday peak the late season. That diurnal grass pollen pro-
VPD was found to be significantly higher during Period 3 files vary from day-to-day is well knowrk@pyld 1981). It
than Period 2 between 07:00 and 13:00, whilst no significanhas also previously been demonstrated that the grass pollen
differences were found between periods 1 and 3. season can be divided into several periods with different
Figure 6 shows time of peak plotted against concurrent characteristic properties. In their 7-day ahead grass pollen
wind direction. Winds appear to be dominated by two sec-forecast model for the UKSmith and Emberlif2005 used
tors, south-east and west; however within both sectors, peakdifferent parametrisations for the pre-peak, peak and post-
are seen to occur at all times of day with the exception of Pepeak periods of the grass pollen season, wBidstchez Mesa
riod 1, where all morning peaks occur under winds from theet al. (2003 obtained greater correlation between meteoro-
west. This, however, appears to reflect the fact that almost allogical parameters and the daily average grass pollen concen-
peaks during Period 1 were accompanied by westerly windstration by isolating the pre-peak period from the remainder of
Figure 7 shows time of peak plotted against the number ofthe season. However, as far as the authors are aware, the sys-
days since rain. There is no apparent relationship betweetematic variation found during this study has not previously

the two. been shown to occur.
Atmospheric pollen concentrations are determined by two
3.4 Grass species inventory sets of variables — those that mediate pollen release into the

atmosphere, and those that mediate its dispersal from source

Table 2 lists the 18 grass species likely to be present into receptor Galan et al.1995. Pollen emission is regulated
Aarhus. Data on diurnal flowering behaviour was found in by biological and meteorological factors, which restrict it to
existing published literature for 12 of these species. Amongst limited range of weather conditions and a specific portion
these are seven species that have been reported to flower att the day Raynor et al. 1970. For plants that flower dur-
around the time of the early peak during Period\lopecu-  ing turbulent weather, which can be crudely approximated
rus pratensis Dactylis glomeratg around the time of the as the hours of daylight, we would expect flowering and
evening peak during periods 1 and&1ihenatherum elatius  increased atmospheric concentrations typically to coincide.
according toJoneg(1952), or during the middle of the day This is especially true for taxa with smooth pollen grains that
when peaks commonly occur during Period=8gtuca arun-  are relatively easily removed from the anth8ubba Reddi
dinacea Lolium perenng There are also species that have and Reddi 1989, or relatively large pollen grains whose
been reported to flower twice per day at times coincidingresidence time in the atmosphere is limitekjgth et al.
more or less with the two peaks of PeriodAnthoxanthum  2013. For Poaceae pollen, which is both smooth and rela-
odoratum Holcus lanatuy tively large, the timing of peaks in atmospheric concentration

Pollen productivity estimates were found for nine of the can thus be expected in general to follow patterns of local
species in Table, with the number of pollen grains pro- emission.
duced per inflorescence ranging from & 10° (Poa annud Pollen primarily enters the atmosphere directly from the
to 117 x 10° (Festuca arundinacaOf those species whose anthers following flowering. For grasses, flowering inten-
flowering times coincided with concentration peak times, sity generally follows regular diurnal cycles that differ from
three Dactylis glomerata Festuca arundinacealolium species to species, and furthermore vary with changing
perenng were reported to be relatively productive with esti- weather conditionsE§mecz 1962 Jones1952 Subba Reddi
mated yields of at least2x 10° grains per inflorescence, one et al, 1989. Different species of grass flower at different
(Holcus lanatu} had received conflicting productivity esti- points during the pollen seasohedn-Ruiz et al. 2017),
mates, two Alopecurus pratensjsArrhenatherum elatiyjs  meaning that as the season progresses, different subsets of
had unknown productive capacity, and only one species washe local grass flora are likely to be contributing to the atmo-
reported to be relatively unproductivArithoxanthum odor-  spheric pollen load. The systematic variation observed in this
atum. study could therefore potentially be driven by two different

Biogeosciences, 11, 82832, 2014 www.biogeosciences.net/11/821/2014/
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factors: a difference between the weather conditions in thet.2 Do meteorological factors explain the three

three periods of the season, or a succession of different grass

species dominating pollen emission as the season develops.

www.biogeosciences.net/11/821/2014/

periods ?

Flowering amongst grasses is in general dependent on
a species-specific temperature threshold being exceeded
(Emecz 1962. It is possible that higher temperatures could
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Table 2. Grass species that are likely to be present in and around Aarhus. Constituent species are figteetbyiksen et a2006 as
“common” or “very common” along roads and railways and in parks, and/or were fouRdHaid (2011) to be common in the city of
Copenhagen. Details of productivity (grains/inflorescérfoar spikéj — note that an inflorescence consists of one or more spikemther

2013), time of flowering (range gives period of flowering & hour denotes time of peak flowering, unless otherwise indicated), minimum
temperature threshol@@) that must be exceeded in order for flowering to occur (square brackets indicate temperature that induces maximum
liberation), and minimum light intensity (i — foot candles) and duration (d — hours) necessary to initiate flowering. Information is derived
from the following sources: Prieto-Baena et a(2003), d Smart et al(1979, € Aboulaich et al.(2009, f Emecz(1962, 9 Ogden et al.

(1969, N Joneg1952), | Beddows(1931), | Smart and Knox1979, kK Evans(1916), and' Clark (1911). * Also known asAgropyron repens

Species Productivity Time of flowering Temp Light i/d
Agrostis capillari$ - - - -
Agrostis stoloniferf 2426 609; 777058 - - —/—
Alopecurus pratensis - 07:53: 06:00-11:00 11f -nd
Anthoxanthum odoratu®n 621 36% 05:00-10:00 and 17:00 - /-
Arrhenatherum elati&® - 15:00-19:08; 05:00-11:00 and - -
18:00-19:00
Bromus hordeaceds 245176; 407 488 06:00 12 —-
Dactylis glomerat&P 797134%;3700000;  06:25-08:35 (peak); 04:00-10:00 15.5 1600/8
3419468 04:00-10:30
Elytrigia repend P - 14:00-18:00; 16:30 23 -
Festuca arundinacéa 11697 13% 15:08; 06:00 17 [14'] 3600/5
Festuca brevipil& - - - —/-
Festuca pratensfs - 10:00; 06:00 15[14'] 1200/2
Festuca rubrP - 06:00; 09:45-14:30 (peak 12:00-13100) - —I-
Holcus lanatu&® 875 71%; 4500 000 Typically ~06:00-07:00 and- 18:00-19:00 — —/-

though other patterns also repoﬂted

2300000 11:45-15:2b (peak); 09:00-12:00 14-17  2000-5200/1.5-3

12:00-14:00 & 20:00—22:@Qpeak)

Lolium perenn&®

05:48-08:5% (peak); mostly 06:00-08:09  16-17  2200-3000/1D
~ 03:00; 02:00-04:08 (peak);

04:00-09:08 4:30-10:00

Phleum pratené’eb -

Poa annuf

11551%; 14291%F

04:30

11

Poa pratensidP

03:00-08:00

Poa trivialis

2088492

lead to thresholds being exceeded earlier in the day, bringing Anther dehiscence, the process during which the anthers
the time of flowering forward. Temperatures tended to besplit open to release pollen, occurs following dehydration
higher during Period 3 than during periods 1 or 2 at all times(Stanley and Linskend 974 p. 24). VPD may be considered

of day; however the earliest peaks occurred during Period 1a proxy for the drying power of the air, and greater VPD ear-
Temperatures also showed a tendency to be higher durintier in the day may thus lead to earlier drying, emission and
Period 2 than during period 1 between 22:00 and 01:00. Weconcentration peaks. The shift from an evening to a midday
would expect that if this had any effect, it would lead to ear- peak as Period 2 transitions into Period 3 is indeed accom-
lier peaks during Period 2 that during Period 1; however, thepanied by a significant increase in VPD between 07:00 and
opposite is in fact seen. 13:00; however the VPD values that accompanied the earliest
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to contribute significantly to atmospheric pollen concentra-
tions in Cérdoba, Spain. Of the species likely to be relatively

_____ Z abundant in Aarhus, the times of flowering of seven are ex-
pected to coincide with the times of day that peak concen-
\ ; . | [ trations tended to occur; of these seven species, at least three
Same/® VA | o e are thought to be relatively prolific pollen producers (see Ta-
|
10— ..:i}i",‘#ﬁ‘.\’{# e 9 Ve 4 It seems probable that the period during which an individ-
= [ Fl.‘:"”. ‘\/&"‘\" ‘/“4‘}5“4~/ 5 3 ual grass species has the potential to dominate pollen emis-
g s IV OM ..l . ..‘. b sion will largely be limited to the “full flowering” phase of
Lo I RN T, . fo e ul o :
iz w..‘w....‘/#i : ] - - ] the flowering cycle, the period during which the central 50 %
0 -335'.‘.':,-;;- A " of anthers dehiscd.edn-Ruiz et al.(2011) found that the

length of the full flowering phase varied between species, but
18:00 was typically in the range 1-2weeks, i.e. comparable with
Time of peak the typical lengths of the three periods identified in this study.
The full flowering phase was also found to be briefer dur-
Fig. 7. Frequency map of peak time against the number of daysjg years when flowering began late. The start of the Aarhus
sincez 1 mm rain. grass pollen season, here defined as the first day with an av-
erage concentration 10 grains n2 at any of the three mon-
itoring stations, occurred later in 2010 (6 June) than in either

cantly from those of periods 2 or 3 at any time of day. 2009 or 2011 (20 and 21 May respectively). This coincided
Horizontal transport is dependent on wind directial with a tendency for later transition dates between the three

1988 p. 3-5), and if major sources are not found in all com- P€rods, and also with apparently briefer periods.
pass directions about a monitoring station, it is possible that It is well known that local-scale variation in micro-climate

concentration peaks are the result of wind directions thacan cause the onset of flowering to vary by several days. The

carry pollen from source to monitoring station. Although all Urban heatisland can, for example, advance the flowering of

morning peaks were recorded under westerly winds durin$rasses within a city compared with on the outskiimper-

Period 1, morning peaks are seen to occur under winds fronin €t al, 1993 Rodriguez-Rajo et 32010, whilst the onset
all directions of the compass during periods 2 and 3. of flowering inPlatanustrees has been reported to differ be-

Wind speed is associated both with the primary emis-tween different areas of the same cimg(ézar et al.2004).
sion of pollen from the antherEfnecz 1962 Lu et al In the present study, the dates of transition between the three

2005 and with secondary emission through resuspensiorPeriOds were found to differ between monitoring stations by
(Sanchez Mesa et al2003 Sehmel 1980; however, no up to 4 days, meaning that differences in diurnal pattern were

significant difference in wind speed was found between thefound over distances under 5km. The resulting overlap be-
three periods of the grass pollen seadearris-Hill (1999 tween periods at the different monitoring stations could be
>;axplained by small differences in the onset and culmination

proposed that the timing of diurnal grass pollen peaks ma . . = !

be related to the time elapsed since rainfall due to the avail©f the main flowering phase of specific species.

ability of pollen for resuspension. In this study, we find no 1€ theory that the observed systematic variation in the
diurnal grass pollen concentration profile is driven by a pro-

relationship between the two. . ) . L
In summary, we thus find no evidence in support of the 9r€SSion of different grass species dominating grass pollen

theory that the systematic changes in the diurnal grass po”eﬁmissions as the season progresses is therefore consistent

concentration pattern in Aarhus are related to meteorologicaP®th With the characteristics of the three seasonal periods,
factors. and with the flowering behaviour of the grass species thought

to have a significant local presence. No contradictory evi-
4.3 Could flowering time explain the three periods? dence has been found.

06:00 Days since rain

12:00

peak, which occurred during Period 1, did not differ signifi-

Pollen production can vary hugely between species; indeed4.4 Implication of the three periods on population

Table 2 shows that pollen production amongst the species exposure

common in Aarhus may be expected to vary over at least 2

orders of magnitude. Clearly species that are both abundar®ne way of preventing or minimising the development of al-
and prolific pollen producers will hold greater influence over lergic symptoms is to minimise exposure by pursuing aller-
atmospheric pollen concentrations, and thus it is possible thagen avoidance strategie€\stovic et al. 1998. The Dan-
the diurnal pattern of pollen concentration variation is deter-ish Asthma and Allergy Association, for example, advise pa-
mined by only a handful of speciglse6n-Ruiz et al(201]) tients to remain indoors around middas{ma-Allergi Dan-
identified only four locally occurring species as being likely mark 2013, the time that grass pollen concentrations are
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expected to peak at the Copenhagen pollen monitoring stamonitoring station data analysed in this study will be repli-
tion (Sommer et a).2006. This study, however, reveals that cated at street level.

the time of peak pollen concentrations can vary through the

season. One way of evaluating the significance of this find-

ing from an allergy sufferer's perspective is to test whether® Conclusions

the potential for exposure is likely to differ between the three , , i ,

periods. In this study it was shown that the typical diurnal grass pollen

The daily total standardised population exposure was sigencentration profile for the city of Aarhus changes as the
nificantly greater during Period 3 than during periods 1 andPollen season progresses, leading to three distinct periods of

2 (this does not imply that greater magnitude exposure is eX;he season with different profiles. This variation most likely
flects a succession of grasses flowering and dominating

pected during period 3 — standardised population exposure 15§

a relative value that can be used for comparing the impacP©!len emission as the season progresses. The change in pro-
of “typical” days from the three seasonal periods with sim- file shape is expected to lead to a significant increase in stan-

ilar magnitude pollen concentration peaks). That daily totaldardised exposure potential during the final period of the sea-

standardised population exposure did not differ significantlyS°™
between periods 1 and 2 likely reflects the similarity between
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