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Abstract

Common ragweedAmbrosia artemisiifolia L. is a highly allergeni@and invasive plant in

Europe. Its pollen can be transported over large distances and has been recognized as a
significant cause of hayfever and asth(@Amato et al., 2007Burbach et al., 2009 To

simulake production and dispersion afommon ragweedpollen, we implementa pollen

emission and transport modulethre RegionalClimate Modd (RegCM version4 usingthe
framework of theCommunity Land Model (CLMyersion 4.51n this on line approacpollen
emissions are calculated based tbe modelling ofplant distribution,pollen production,
speciesspecific phenology, flowering probabilityand flux response tometeorological
conditions.A pollen tracer model is used to describe pollen advective transport, turbulent
mixing, dry and wet deposition

Themodel is therappliedand ewaluatedon a European domain for the period 262010. To
reduce thearge uncertaintiesnotably due tothe lack of information omagweed density
distribution,a calibraton based on airborne pollen observatiamsised Accordingly a cross
validation is conducted and shows reasonable error and sensifityhe calibration
Resulting simulations show that the model capsithe gross features of the pollen
concentrations found in Europand reproduce reasonablth the spatial and temporal
patternsof flowering season and associafgallen concentrationsieasured over Europ&he
model can explain 68.6989 2%, and 343% of the observed variance in starting, cenaat
ending dates of the pollen seasuith associatedoot mean square err(RMSE) equal to 4.7,
3.9, and 70 days respectively.The correlation between simulated and observed daily
concentrationsime series reachds69. Statistical scores show that the model performs better
over the central Eropesource regiorwhere pollen loads arerger and the modeis better

constrained

From these simulations healtfisks associatedto common ragweed pollen spread are
evaluatedthrough calculation oéxposure timeabovehealthrelevant threshold levels. The
total risk area with concentration a0 grains i takes up29.9% of domain. The longest
exposure timeccurs on Pannonian Plain, where the number of gayyearwith the daily

concentration above 20 grains’rexceeds0.
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1 Introduction

Ambrosia artemisiifolia L. (common ragweeldereafte ragwesd), is an alien plant that has
invaded parts of Europe over the last century, creating severe allergies in populations
(Chauvel et al., 200&azinczi et al., 2008Gallinza et al., 201,0Pinke et al., 2011 It has

been shown that concentratiosfsragwee pollendown to 510 grainsm™ can lead to health
problems for sensitive persorf3aramarcaz et al., 20p5In Europe, ragweed typically
flowers from July taOctober(Kazinczi et al., 2008 Ragweed has develop&dnd pollination
strategywhich allowseach planto produce millions of pollen grains with diameter of23

um and containing small air chambdRayne, 1968 Pollen grains can readily become
airborne when conditions are favourafilahl et al., 1999Taramarcaz et al., 20p&ecchi et

al., 2006 Stach et al., 200Bmith etal., 2008Gi kopari ja et al ., 2013

One of the goals of the proje@topic diseases ithangingclimate,landuse andair qualityo
(ATOPICA) (http://www.atopica.eu is to better understand and quantify the effects of
environmentathanges on ragweed polland associated health impacts over Europe. In this
context the present studiytroduces a modelling framework designed simulae production

and dispersion ofagweedpdlen. Ultimately these models can be used for investigating the
effects of changing climate and land useragweed(HamaouiLaguel et al., 20156and for

providing relevant data to health impact investigators.

Presenyy a number of regional modelsnostly designed for air quality previsidngcorporate
release and dispersion dynamics of polElelbig et al., 2004Sofiev et al., 2006Skjath,

2009 Efstathiou et al., 201 ZZink et al., 2012Prank et al., 201 35o0fiev et al., 201,.3Zhang

et al., 2014 Methods for producm ragweedpollen emission suitable for input to regional
scale modelbave beemlevelopedn recent studieéSkjsth et al., 20,0Gi k opar i ja et
Chapman et al., 20)4Due to lack of statistical information related to plant location and
amount within a given geographical area, the bottom up apptogatoduceplant presence
inventories is unpractical for most herbaceous allergenic species like ragweed. Quantitative
habitat maps for such species are often derived from spatial variations in annuakpailen
knowledge on plant ecology and detaileddlaover information by toplown approach (such

as Skgth et at., 2010Skjeth et al., 2013Thibaudon et al., 2014, Karrer et al., 2D15stely,

an observatioibased habitat map of ragweé@ds beenpublished in the context othe
ENV.B2/ETU/2010/0037 preict iAssessing andontrolling the spread and theffects of

common ragweed in Eurogd (Bullock et al., 2012 This inventoryis further calibrated
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against airborne pollen observations to reproduce the ragweed distribution with a high
accuracy, according to Prank et al (201B¢centlyHamaouiLaguel et al. (201bused the
observations collected iBullock et al. (201 combined with simplifiedassumptions on

plant density and a calibration using observations to obtain a ragweed density inventory map
This approach made use thle Organising Carbon and Hydrology in Dynamic Ecosystems
(ORCHIDEE) andthe Phenological Modeling PlatforgPMP) for oktaining daily available
pollens (potential emissions) in Europe.

On average, one ragweed plant can producez0.19 billion pollen grains in a year
(Fumanal et al., 2007but resources available (solar radiation, waterz,@@d nutrients) for

an individual plant during the growth season could altey fitness and further influence its
pollen productior{Rogers et al., 20QGimard and Benoit, 2012012. Fumanal et al (2007)
investigate the individual pollen production of different common ragweed populations in
natural environment and propose a quantitative relationship between annual pollen production
and plant biomass at the beginning aiwkering. Thisallows to integrate the response of

productivity to various environmental conditions through land surface model.

The timing of the emission can be estimated from a combination of phenological models and
the species specific pollen releasetgrat driven by shosfterm meteorological conditions
(Martin et al., 2010 Smith et al., 201,3Zink et al., 2013 Ragweed is a summer annual,
shortday plant. Before seeds are able to germinate, it requires a period of chilling to break the
dormant state(Willemsen, 197h The following growth and phenological development
depends on both temperature and photopéAtidrd, 1945 Deen et al., 1998aFlowering is
initiated by a shortening length of day but could be terminated by ([Dagtl et al., 1999

Smith et al., 201Bor drought(Storkey et al., 2004 A number of phenological models have
been developed for ragweedjther based on correlation fitting between climate and
phenological stagegGarce-Mozo et al., 200P or explicitly represemd by biological
mechanismgDeen et al., 1998&hrestha et al., 199%torkey et al., 20L4Chapman et al.,
2014. The mechanistic modeltake into acount the responses of development rates to
temperaturgphotoperiod, soil moisturer stress conditiorfrost, drought etc.) Mostly they

are based ogrowth experimentbut have to enforca standard calendar daiea fixed day

length for the onset oflowering when they are used in real conditioithile the airborne

pollen observations from European pollen monitoring sites have a high year to year, site to

site variability. Therefore it might be practical to combine the mechanistic model with
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correlaton fitting when the knowledge of plant physiology and local adaptation of phenology

are not sufficienthknownat the moment.

In this paper, we present a pollen emissohemehat incorporate plant distribution, pollen
production, speciespecific phenlogy, flowering probability distributiorand pollen release
based orrecent studiesBy combining the emission scheme witltransportmechanism a
pollen simulation framework withithe RegionalClimate Modd (RegCM version4 is then
developedto studyragweed pollen dispersion behaviouns regionalscale In Sed. 2 we
provide a description of theRegCMpollen simulation configuration, emission
parameterizatiodetails, the processing of plant spatial density and observations data used for
calibrationin the study. In Sect 3 wadfine the model experiment, explain the method used to
calibrate ragweed density, present the simulation results of pollen seasduatethe
performances of the coupled model system over a recent period covered withatdisgrv
and finnaly presenthe climatological information about theagweed pollen risk over

European domaion decadl time scale Summary and conclusions appeaBett 4.
2 Materials and methods

The development of RegClidollen model is based on the Abdus Salam International Centre
for Theoetical Physics (ICTP) regional climate model, i.e. RegCM4, which has been used for
a number of years in a wide variety of applicati¢@srgi et al., 2006Meleux et al., 2007

Pal et al.,, 2007Giorgi et al., 2012 In this framework, we develop a pollen modet
ragweedwhich calculates (i) the seasonal production of pollen graml (ii) ther emission

and atmospheric processes (transparid deposition) determining regional pollen
concentrations. As detailed hereafter pollen emission and trarsgodevelopd in the
preexisting framework of the RegCMitmospheric chemistry modul&olmon et al., 2006
Zakey et al., 2006Tummon et al., 2010Shalaby et al., 201Zo0lmon et al., 2012 Pollen
production is developenh the framework othe Community Land Model (CLMYersion 4.5
(Oleson et al., 20)3which s the land surface scheme coupled to RegCMurEiy gives an
overview ofsuchdevelopment framework. In the following subsections, we give details about

the important data and stepstloé development.

2.1 Observed pollen concentrations

Pollen observationsra central for calibration and validation of the pollen module as

discussed further. The pollen data are provided by the European Aeroallergen Network

5
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(https://ean.polleninfo.eu/Egn/and affiliated national aerobiology monitoring network
RNSA(France http//www.pollen.fr), ARPA-Veneto (Italy, http://www.arpa.veneto)it and
Croatian organizations including the Institute of Public Health, the Department of
Environmental Protection and Health Ecology at Institute of Public HBafilrija Gampan

and Assoatedegree college of Velika GoricaThe archives cover ragweed pollen
concentrations(expressed agrainm™) with daily resolution from44 observations stations
from 2000 to 2012 yeafTable ). The pollen observation sitesngefrom 42.649N to
48.300N and from0.164E to 21.583E. The sites are grouped for study purposes into four
regions: France (FR), Italy (IT), Germa®yvitzerland (DE+CH) and central Europe (Central
EU) including Austria, Croatieand Hungary(Fig. 2). Ragweed pollens are collected an
airflow rate of 10 L miff using volumetric spore traps based on Iiest (1959 design
Samples were examined wilight microscopyfor the identification and counting of pollen
grains. The International Association for Aerdby recommends for the samples reading at
magnification 400x minimum of 3 longitudinal bands or at least 12 transverse bands or
minimum 500 random field§lager et al., 1995The actual sampling methods (longitudinal,
transverse or random) and magnifications may vary between the several national networks but
generally complyJato et al., 200685kjath et al., 201,0Garce-Mozo et al., 2009Sofiev et al.,

2015 Galan et al., 2014Thibaudon et al., 2034 We based our study on daily pollen
concentrationsalthough for some stations hourly data are aviglakhe observations period
ranges from 2000 to 2012 but for some stations observations only cover part of this period.
The observationsof 20002010 are designedfor model application and evaluationabout
ragweed pollenisk. The datafor 2011 and 2012are left and only usedor verifing pollen
seasorsimulated byphenology model

2.2 Model setup

Ragweed pollen simulatisnare carried out fora European domain ranging from
approximately 35°N to 70°N, and from 20°W to 40°E (Fig. 2). The horizontal resolutid0 is

km, with 23 atmospheric layers from the surface to 50 hPa. Initial and lateral atmospheric
boundary conditions are provided by EfR#terim analysis at 1.5°patial resolution anth 6
temporal resolution. Weekly SSTs are obtained from the NOAA optimterpwlation (Ol)

SST analysis (with weekly ERA sea surface temperatuBesjde CLM4.5 as a land surface
scheme, other important physical opti@meHoltslag PBL schemgHoltslag et al., 1990for

boundary layer, Grell schenm{&rell, 1993 over land and Emanuel scher(ttmanuel and

6
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Zivkovic-Rothman, 199Pover ocean for convective precipitation, the SUBEX sch@Paéet

al., 2000 for largescale precipitationAerosol and humidity are adsted using a semi
Lagrangian schem&he period 2002010is chosen for the study. Even though the focus of
the study is JulOctober of the flowering seasothe mode is integratedcontinuously
throughout the yeanotably for simulating ragweed phenologyo compare with the
observatiordescribed irbect 2.1, simulated pollen concentratiotime seriesareinterpolated

to the station locations and averaged daily

2.3 Ragweed spatial density

Ragweed spatial distribution is obtained through a procedure discuddathaouiLaguel et
al. (2015 (Supplementarynformatior). For country where observations are available arfid o
sufficient quality,ragweed distribution iassumed to result from habitat suitability combined

with infestation (not all suitable habitats are populated). The habitat suitability is assumed to

scale as the product dhe fraction of suitable land userface H(x,y) with a climate
suitability indexClI(x,y) calculated fronthe SIRIUS ecological modé&torkey et al., 2014
The infestation rate iderived from thadensity 0f10x10 km cell$<(x,y) with plant presence
asreported inBullock et al. (2012 Assuming a homogeneosarfacedistribution of suitable
habitats within eacmodelgrid cell (50x50 km) and assuming that observers only investigate
suitable areasthe probability of plant presence (or infestation rat)ould then be
proportional toK(x,yY25. But considering thatan observerprobably finds ragweed plants
more often than whai random search woulgredict,the density should actually be lower
than that predicted by(x,yY25. We assumed that infestation raaetually scales as
(K(x,yy25Y, with r>1, taken here equsto 2 Thefinal ragweediensityD, (in plantm?) at
50 kmresolutionis therefore obtained from éhinfestation ratesurface fraction of suitable

land useand climaticsuitabilityindex as

D, (x,y) = ConsttH (x, y) &I (X, y) C"Q%’sy))’ , 1)

Here Const = 0.@ is assumed to be the maximansity (plantm™) in the most suitable
habitats(Efstathiou et al., 20)1H(x,y) taken as the crop and urban lands in CMIP5 land use
classification(Hurtt et al., 200b For countries with lowguality observations or with no
availableinventories, the detection probability is replaced by the averageneigitbouring

countries with reliable data.
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2.4 Parameterization of the pollen emission flux

Pollen emission patterns on regional scale depend on plansity, production and
meteorologichconditions.The mrameterizatiomf pollenemission flux is a modified version
of Helbig et al. (2004)The vertical flux of pollen particlel, in a given grid cell imssumed
to be proportional to the product of a characteristic pollen grain conciemtrager plant
individual ¢ (grainm™-plant') andthe localfriction velocity u-. This potential flux is then
modulated by a plargpecific factorce that describes the likelihoodf blossoming, and a

meteorological adjustment factdfinally the flux isscaled up at the grid levesingthe plant
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densityD, (plantm™®) discussegbreviouslyin Sect 2.3.

F, =D, C.K.cu

2.5 Pollen production

The characteristic concentratiohis related to pollen grain production using
¢ =
LAI CH, 1

(2)

3)

whereq, is the annual pollen production in grains per individual plgrainsplant!), LAI=3

is the leaf area index term, ahld =1 is the canopy heigt{tm). These later parameter are

determined on the basis 6£M4.5 C3 grass land use categesduring summer

Annual pollen productiong, is estimated from plant biomass production, based on an

assumption that pollen production per plant is a functiothefplant dry biomasse. the

accumulatedhet primary production (NPP) @LM4.5 C3 grasgplant functional typeluring

the growth seasolased orthis assumptiony, is calculated following Fumanal et §2007)

(Eqg. 4). This parameterisatioimtegrates the response of pollen grain productivity to various
environmental conditions affectingc3 grass NPP, including climate variables and
atmospheric C@ concentrationfor example It involves a variety of biophysical and
biogeochemical processes at the surface such as photosynthesis, phenology, allocation of

carborinitrogen assimilates in the diérent components of plant, biomass turnover, litter

decompositionand soil carbafmitrogendynamics.

Log,,(q,) =7.22+1.12log,,(plant dry biomasy

(4)



© 00 N O O~ W N P

N
B O

12

13
14
15
16
17
18
19
20
21
22

23

24

25
26
27

28

29

In this approach, yearly total pollen production calculation froature plant dry biomass
needso be determined in advance, i.e. before integration of the pollen modelling Thain.
is done by making preliminary RegCMCLM4.5 run with prognostic NPPFactivated and
archived. Alternatively,r order to reduce simulation costs and insure model lpltyato
other domain welso builtaprecompugd global C3 grass yearly accumulatdiiPP data base
This data carbe directly interpolated and prescribed to RegCM4 for pollen runss global
data base is built by runnirtge land component CLM3 of the Community Earth System
Model version 1.2 QESML.2) (Oleson et al., 20)3with the BiomeBGC biogeochemical
model (Thornton et al., 20Q2Thornton et al., 20Q7enabled and forced by CRUNCEP
(Viovy, 2011). We acknowledge that NPP obtained this way is not fully consistent with
RegCM simulated climate but thepproachrepresenta reasonablandpractical compromise

2.6 Flowering probability density distribution

In EqQ. (2), C. is a probability density function accounting for the likelihood of the plant to
flower and effectively release pollen in the atmospheres ififlorescences of common
ragweed consist of many individual flowers that reach anthesis sequefRetye, 1968 At

the beginningf the seaononly a few plants flower and the amount of available pollen grains

is small, regardless of the favourable meteorological conditions. The number of flowers

increases with time until a maximum is reached. Afterwards, the number decreases again until

the end of the pollen season. To represent this dynawecuse the normal distribution

function reported in Prank et al. (2013). The probability distribution of flowering time is

represented bp Gaussi an depending on fABD; and oetrddat e d

midway between flowering starting and ending biological &g andBDss:

BD;,+BD
(BD- fe2 fs)z

c, = constO—— 1 o
sV2p : (5)
where const=20Q0“ is determined byadjusing the integrated amount of pollens between
BDr. and BDys to the total yearlyproductdn g, determined from NPPU is the standard
deviationdetermined by thé&ength of the seasoronsidering that the season represents about

four standard deviation®f the Gaussian distributiods =BD,, - BD,,. The probability

fs *

distribution ishoweverset to zeraas soon athe daily minimum temperature is belowNQ


http://en.wikipedia.org/wiki/Standard_deviation
http://en.wikipedia.org/wiki/Standard_deviation
http://en.wikipedia.org/wiki/Standard_deviation
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considering that first frost set up the end of ragweed act{idghl et al., 1999 In the
following section we describe how biologiadys BD) areeffectively determined.

2.7 Phenology representation and  flowering season definition

2.7.1 Biological days

For simulating the timing of the flowering season, agaptthe mechanistic phenology
model of Chapman et gR014), whichis based on growth gerimentgDeen et al., 1998a
Deen et al., 1998I5hrestha eal., 1999 Deen et al., 2001 Phenology is simulated using
BD accumulated for the current year of simulation #mdn the first day(ty) after the

spring equinoxfor which daily minimum temperature exat®a certain threshold

defined further(Chapman et al., 2014BD on timet depends orkey environmental

variables through

BD(T, L,g) = fjr: (T) G (L) Os(q) Gt ©6)

wherer;,r_,rg are the responsef development rates to temperatdre photoperiodL , and

soil moistureq , respectively.In this approach, biological day ves according to local

climate as illustrated iBect 3.2. The phenological development of ragweed before flowering

is separated into vegetative and reproductive phases controlled by different factors.
Vegetative developmenstages are germination to seedling emergef®cé BD) and
emergence to end of juvenile phase (7.0 ED9en et al., 2001 The development rate at the
germination to seedling emergence is assumed to be affected by temperature and soil moisture,
while the rate at the emergence to end of juvenile phase is affected by temperature alone.
Fromthe end ofthe juvenile phase tthe beginningof anthesis (13.5 BD)Deen et al., 2001

the reproductive development phagsekes placeand is affected by teperature and
photoperiod. Vegetative and reproductive processes are assumed to have an identical response

to temperature based on the cardinal temperature determined by Chapman et al. (2014)

1C
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&0 T<T,,

T c

igeT Ton &Tpa T G 1o §

r(T) = gg-——mingg max” 9 " T,.eTCT,,

T;-opt_ Tmin E:;a_max Topt+ (0]

19 :

I'O T >T max

! : (7)

whereT ., T ., T are minimum, optimumand maximum growing temperatures with

min * ‘opt? 'max
values 4.88, 30.69\ , 42.92\ regectively.c is a scaling parameter with value of 1.696.

All these parameterme derived from growth tradlata(Deen et al., 1998®een et al., 1998b
Shrestha et al., 199Deen et al., 2001

The response of development rates to photoperiod is simulated using a modified version of

function presented by Chapman et al. (2014)

(- 140)InC- L) L2140

r (L) =j
(D (1 L <140 | @

where L is day length, expressed in hours. The photoperiod response dakays
development when the day is longer than the threshold photogeadto 14.0 h(Deen et
al., 1998h. Lsis aphotoperiod sensitivity parameteairying betweei® and 1 which controé

developmentdelay and can beadjustedaccording to sensitivity tedsio reflect ragweed

phenology adapted to local ecological environment. Photoperiods are assumed to affect

reproductive development from the end of the juvenile phase.

The response of development rates to soil moisture is assumed tofr@couhe germination
to seedling emergence stage. We use a linear function similar eme¢hesed to account for

soil moisture@mpact on biogeniemission activity factor in MEGANGuenther et al., 20)2

€0 g<gq,
1
rs(g) =1 9- G q,¢qg¢tq,
7 Gopt = Qu
[ q>q, 1 9)

whereg is volumetric water content@ m®), g, ( m®> m*®) is wilting point (the soil moisture

level below which plants cannot extract water from soil) gnd(=g, +0.1, m? m'3) is the

11
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optimum soil moisture level in the seed zone over which the developmenteeatiees

maximum(Deen et al., 2001

According to thisphenology model, a total of about 25 BD are theoretically needeshoi

the beginning of pollen seas@bDss from the initiation date of BD accumulatiorlowever

this model relies on parametatetermined from controlled conditions and transposition to
natural environment is not straightforward in order to calculatelstie BD;s . Moreover, the
model does not allowo calculae a priori the end of season d@&®;. required inEq. (5)

While we do rely on BD to represent the pheonolgical evolution within the season, we
however constrain the starting and ending biolalgitays of the seasoBD;s andBDy) based

on observations, as explained hereatfter.

2.7.2 Dates of the f lowering season

Experimentally, pllen season can be defined in a number of ways from observed pollen
concentrationsand listed for examplein Jato et al. (2006 A widely useddefinition is the
period during which a given percentage of thgearly pollen sumis reached Another
definition refers to the period between the first and last day with paolbercentrations
exceedinga specific levelLooking at the tmporal distribution of observationparticularly

long distribution tails can be fourid some caseat the beginning anthe end of the pollen
season, especialip stations where pollen levetse moderate. This makéhe definition of
pollen seasomather imprecise while it is in general moreonstrainedn areas with high
yearly pollen sum In our approach, we define the start of the pollen season 4#bm
observation station@described inSect 2.1) as:The first day of a series of three days in a
weekly window for whichthe pollenconcentrationgxceed 5 grains h and afte2.5%of the
yearly pollen sum has been reach&be end of the pollen season is definedTa® last day

of a seris of three days in a weekly window for whithe pollenconcentationsexceed 5
grains n’, justbefore reacing 97.5%of the yearly pollen sun(5 grains it is supposed the
minimum threshold to induce medically relevant riski)e centre of the pollen season is
simply defined as the time whéine yearly pollen sumreaches 5%. Kriging methodis then

used to spatially interpolate pollen season dates determined for each station over the
simulation domain. For each grid ceBD;s and BDy,, are determined by simulating and

accumulating biological days up to the expanntally defined starting and mikason dates.

Ending seson dates is calculated &BD,, - BD, accordingEqg. ). This methodology

requires again a praalculation run of RegCM4/CLM4.5 where simulated BDoutputin
12
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order to be matched witbbsened season datder each yearOnce this step is achieved,
spatially resolvedDss and BDs can beobtained by averaging across the years @setl to
perform the integrated pollen run.

2.8 Instantaneous release factor

In Eq. (2), the K¢ factor accourg for short term modulation of gien flux from
meteorological conditions. Following Sofiev et al. (20K3)is a function of wind speed,
relative humidity and precipitation calculated by Reg&8ALM45 during the run.

Ko= (oo ), - expc Sy g Prn P

) hmax - hmin U satur Pmax™ Prmin (10)

In this formula, h and p are relative humidity (%) and precipitation (mmi)hwhich do not
affect the release until lower thresholds.{ pmin) are reached. After reaching upper
thresholds lfmax Pmay the pollen releases totally inhibited. U is theinteractivel0 m wind
speed (m3) connected t&RegCM prognostievind and surface roughness- is a convective
velocity scale (m9), Usawr is the saturation wind speed (n)sandfmay is the maximum
value that wind can contribute the release rate. The definitgof threshold parameters are
discussed in detail isofiev et al., 2013

3 Model application and evaluation

3.1 First guess simulation and calibration of the ragweed density

A first pollenrun is performed using tHest guessragweeddensitydescribed irSect 2 and
displayed inFig. 3a. Firstguess density map shows maxirnhragweedn the southreast of
France Benelux countrigsandcentral Europe regions. When comparthe resulting fieldo
observation, simulated comgeations obtained with the first guess distribution are generally
overestimated over France, Switzerland and Germany, underestimated in pestsralf

Europe and have comparable order of magnitude over some Italian and Croatian gE&tgons

43). Thee importantbiasesarein large part dueto assumptions made in the construction of

the first guess plant density distribution. In order to reduce these biases we perform a model

calibration by introducing a correction to the first gueggveedlistribution. For eachstation

calibration coefficients are obtainég minimizing theyearlyroot mean square err(RMSE)
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after constraininghe decadal (200@2010) meansimulatedpollen concentratioto match the
decadal mean observed concentrations (ZAD) within an admissible valueCalibration
coefficientsobtainedover each statiomre theninterpolated spatiallyn the domairusing
ordinary Kriging technique. Then a calibrated simulation using the calibrated density
distribution is carried out and repedtseveral times. Aftehreeiterations, the correlation of
yearly totals across observation stationsrease from 0.230 0.8 and the patterns are
clustering around thg:1 line (Fig 4b).

The final calibratedragweed distributionFig. 3b) shows highdensity in central Europe
including Hungary, Serbia, Bosnia and Herzegovina, Croatiaywastern Romania, northern
Italy, west Franceand also insouthern Netherland andbrthern Belgium. The calibration
adjusts the density over all the grid cells wilgweedpresence by a factor ranging between
0.1 and4.4with an average d3.98.

To estimate the error and sensitivity of this calibration method to the individual stations we
implementa 5-fold cross validationThe 44 sites areandomly divided into 5groups. 5
calibration experiments are conducesth timewith one groupeft and usedor validation
respectively. The results of5 validation groups are then combinedto assess the final
performance With this approach a model measuremeRtarson corration of 0.54is
obtained together with aormalized root mean squared error (RBSM 21% (Fig 4c)
Without surprise, this is less than when using the full data sets for calibration. In particular
few stations with particularly high concentratiopsotrudng from surrounding sitesfgr
example ITMAGE andROUSSILLON)have a large impacin the results of validatioWe
compared our cross validation (8 or 9 sites left out each time) with three papers about
ragweed pollen source estimation over BamnoniarPlain France and AustrigSkjath et al.,

201Q Thibaudon et al., 201&Karrer et al., 201p Their crossvalidations(one site left out

each timé showcorresponding correlations of 0.37, 0.25, 0.63 and root mean squared error of
25%, 16% and 3%, respectivel@ur resuls are within this rangeWe agreethat caution
should be taken iareas witlbbut a decent number of station coveragbere the calibration

cannot be done.

Note that throughcorrection other systematic sources of errors possibly affecting the
modelling chain might also be implicitly correctedeatling to undesirable error

compensations. However, after running additional tests (not shown toerexamplevarying
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model dynamical boundary conditions, a relatively small impagtatlen model performance

is foundwhen compared tthe ragweed dengidistribution impact.

3.2 Simulation of pollen season

The simulatedstaring dates, central dateand endingdates of pollen season are averaged
from 2000 to 2010 and presented in Fig.The pollen season generally show a positive
gradient from thesouth tothe north and from low altitude to high altitudeesulting from the
combined effects of temperaturday length and soil moisture The staring date varies
between21 July and8 September. Flowering starts in the central European source regions
earlierthan in west and north of source regions. Tkatraldatesare reachedbetweenl
August and27 September, without noticeable difference between central and west source
regions. Flowering ends in the central later than in the west of source regions.|l€he po

season is longest in the central main source regions.

Table 2 liststhe statistical correlation between simulated and observed ragweed pollen
staring, centra) andendingdates. The model can reproduce stgrand central dates better
thanendingdates. Goodnes®f-fit tests show that the models account for 68.6%, 39&i%
34.3% of theobservedvariance in staimg, centra] andendingdates The RMSEis 4.7, 3.9

and 7.0 days for the pollen siag, centra] and ending dates respectively. The odel
reproduces the pollen season in the main source regions fairly Vedlle(), where the
averaged differences between the simulated and observed pollen season progrelesen are
or equal to3 days and RMSHs lower than 6days. For the areas withwer ragweed
infestation the results vary widel¥he staring dates and central dates are still reproduced
well for a majority of the stations while tlemdingdates arenore problematic with averaged
differencesabove 610 days and RMSE over® days asome stations. Thisight result

from patchylocal ragweed distributioand theeffectof long range transpodf pollen which
contributes to theletermination opollen seasordatesandare assumed to beepresentative

of local flowering in our approactSome stationglso stop pollen measurement before the

actual end of pollen season which leads lkmner accuracyf season ending date

This phenology model iurther testedor years of 20112012 and compared to observations
(Table 2).Despite lower orrelations starting dates in both years and emgldates in 2012 are
predictedreasonalyl well with 38.5, 28.7%, 26.1% of the explained variance. The model

however fails in predicting central dates in 2012 wittow correlatiors to experimetally
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determine dates Even so the prediction errors of RM$&# all dates in both yeai@e well
controlled andhe differences betweditting and predictiorRMSE are kept within 1.6 days,
which means degradation of model performance has limited effects on the ipnedict
pollen season. Extendirtge fitting to several years observation may contribute to improve
the stablity and robustness of the fitted threshadohd furtherimprove the phenology
modeling of ragweed.

3.3 Model performance and evaluation

The evaluatn of the model performance iBadeby comparing the modelled to observed
airborne pollen concentrations over the 2@000 period. In the Taylor diagram on F&).

we present an overview on how the models perform in terms of gpatjworal correlations,
standard deviationsand RMSE compared to observations. The statistics are given for
different time scales of variability: dailgnnuaj or for the full 11 years period (in this case, it

is equivalent to spatial statistics only). Different variables armalyzed: the daily
concentrations, the annual concentration sums, meam$ maxima, and the 11 years
concentration sum, meaand maxima. To plot all the statistics on a single diagram, standard
deviation and RMSE are normalized by the standard deviafiobservations at the relevant
spatiotemporal frequency: observations are thus represented by point OBS on the diagram
(perfect correlation coefficient, RMSE = 0 and normalized standard deviation =1). The closer
a point to the reference OBS, the beghis model skill for this particular variable. From the

diagram, we can see that:

The model tends to perform very well when the variability is purely spatial and concentrations
averages over the Mear period (dots 5, 6 are very close to OB®)jt surprisngly it means

the uncertaintiesre reducedto alarge extet by the calibrabn procedureHowever,the
calibrated simulationgdo not capture the concentration maximuas well and tend to
underestimate the measurgghatialstandard deviation (decade nraxim dot 7 and also for

the annual maximum dot 4). The modkles not perform that welbut still shows some
realismwhen the variability is involved in both spatial and temporal corcglatiThe yearly
statistics which reflect the interannual variatiof pollenconcentrations over the statigase
captured well with correlation coefficients all above 0.80 aonalisedstandard deviations

of 0.89, 0.88and 0.61 for concentration sum, megand maximum respectivel\When scores
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are calculated for dail concentrations over all the station$etoverall spatiattemporal

correlation coefficienteache®.69 for arelativestandard deviationf 0.80.

Daily variability is obviously the most difficult to simulate histat the same time the most
relevant interm of pollen health impact. To investigate further this point, riwel
performance isegionallyevaluated withhoth discrete and categoricahtstical indicatorsas

listed in Zhang et al. (2012 The discrete indicatorsconsidered in this study include
correlation coefficient, normalized mean bias factors (NMBF), normalized mean error factors
(NMEF), mean fractional bias (MFBand mean fractional error (MFENMBFQ:0.25 and
NMEF(.35 areproposed byYu et al. (2005 as a criteria of good model performance.
Boylan and Russell (2008ecommended MF&:0.30 and MFEX*0.50 asgood performance
andMFBQ+0.60 and MFEX*0.75 asacceptable performance fparticaulate matterpollution.

All metrics are computed over daily time series at each station and on whole European
domain (Table 3). For the whole domain, th&veragevalues of NMBF, NMEF, MFBand

MFE are-0.11,0.83,-0.15, and-0.31, respectively. Except for NMEe indices fall in the
range of good performanaecordingto above criteriaThe pollen concentratiorsver the
whole domain are underestimated by a factor of 1.11 based on NRHEB. measure of
absolute gross erroNMEF characterize the spread of theviddon between simulations and
observations. Although relativelylarge gross erroof 0.83exists, the NMEF obtained here

is consistent withwhat is expected from operational air quality modé€¥u et al., 2006
Zhang ¢ al., 2006.

The spatial distributions of correlation coefficient, NMBF, NMEF are shown in#ighe
correlations between simulated and observed daily time series are above id.éhecentral
Europesource region and are mostly above-@.6 in the source regions of northern Italy and
eastern France, while the correlaBame low in areas without strong local emission where the
majority of observed pollen may originate from long range transpodporadic ragweed
sources Overall 56.8% of the sians show a NMBFwithin £0.25 and 79.5% are within
+0.50. In the source regions oentral Eiropeand eastern Francalmost all NMBF values lie
within +0.25. In northern Italy the modehostly overestimateshe mean daily pollen
concentrations by factorsanging from 1.25 to above 2@xcept forITMAGE station)
Simultaneous overestimation and underestimation can be found for neighbouringsstation
whichreflects probably the influence of local and patchy sources difficult to account for at 50

km resoluton. Better performanceareobtained forcentral Eiropeansource regios) where
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the majority of NMEFare within1.0. Performance degrades in France, where most NMEF
values are within 1.2Simulations are more problematic overthern Italy, where valuesf
NMEF are often above 1.2. Generally 51.4% of the stations with NMEF are within 1.0 and
79.5% are within 1.4.

A Categorical evaluatiors done by classifying the values of pollen concentration with regard

to the thresholds of 5, 2Gnd 50 grains M Hit rates (fraction of correctly simulated
exceedances out of all observed exceedances) and false alarm ratio (fraction of incorrectly
simulated exceedances out of all simulated exceedances) are calrolatddily time series

over the periodOn the whod domain, hit rates for these thresholds are 67.9%, 736660

74.3% and false alarm ratios are 33.3%, 31.886 32.2%, respectively. The model tetmls
perform betterfor high thresholdexceednce while gives more false alarms for losv
threshold. As shavn on Fig. 8, there arehowever large regional differences inmodel
performance Over central European source regiaorrect prediction often exceed 80% at
moderate and high thresholds and false alarms are about 10% at low and moderate thresholds
and 20%at high threshold. Performance degrades in France and northern Italy sourcg region
where correct predictions are migsaround 5670% at low and moderate thresholds but false

alarms are generally high, especially at moderate threshold.

3.4 Ragweed pollen d istribution pattern and risk assessments

With a reasonable confidence in model results, risks region can be identified over the domain.
Risk is defined from certain health relevant concentration threshiids:we can consider
minimum ragweed concentrams triggering an allergic reaction. These thresholds are based
on experiments involving short exposutiene to pollen and theextrapolatedn orderto

define health thresholds in term dlaily average concentratienit is not known, whether a
shorttime exposure to a large pollen concentrativrequivalento the same dose when less
pollen is inhaled over a longer period. Furthermore, these thresholds vary largely between
different region and ethnic group. The likely ramdesuch daily thresholds 520 grains ri?

per day estimated b@swalt and Marshall (2008Very sensitive people can be affected by as

few as 12 pollen grains i per day(Bullock et al., 201p

On this basis, simulated surface concentratemegpostprocessed to produce -Pdaverage

concentrations. Ae footprints ofragweed pollen risk ahenobtained by selecting thearly
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and monthly maximum from daily averaged concentratiorithe yearly and monthly
maximums areaveragecdver the decad20002010)to produce footprintslepicedin Figs.

9, 10). The risk is divied into 16 levels to reflect the rangehealth relevant thresholased
in different countries and regions as listedrable 4.3of Bullock et al. (2012). The numbers
of grid cells at differenthreshold riskevels are given in Tabkk Hereafter we sect some of

the representative risk level® tbe discused in more detais. From annual footprint of

ragweed pollen spread ri sk, “Yobcepesaimesis50.3%6 t h ¢ o

area of domain, with an average concentration of 23.7 grathsTherisk pattern extends

from European mainlantb the seaslue tothe longrange transport. The lowest risk areas

with concentration of 6 grains n? are locatedover the sea as well as in the countries
upwind and far from th&nown sources, such &pain, UK, Poland, Belaruyand Latvia. The

low risk areas with concentration of2® grains nt arefound onthe periphenof the source
regionsandover Mediterranean Sea, occupying 18.2% of domain. The intermediate risk areas
with concentration of 280 grains n? are close to the sources, taking up 6.1% of domain.
The areas with ver y?adconoemtatedson marsssurc€sstdkinggup a i n

5.2% of domain.

Temporally, the pollen risk is determined by seasonal evolufignX0). Augustis in general

the month contributing the most to the annual risk footprint, with an average concentration of
25,6 grains n? (from grid cells with concentration above 1 graing)nHowever for some
northern region like Belgium and Germany, the maximurk igsfound for Septemb€Fig.

10). Overall September shows still important levé&9 grains m® when October and July
exhibits much weaker concentrations. The risk areas associated to pollen for each month are
given in Tabled.

Besides the triggering @lllergic reactions at a certain threshold, the time of exposure above a
certain threshold might be also important e.g. in term of sensitisati@yweedpollen. To
assess a risk based on this criterion, exposure @rpgessed as the decadal averagthef
number of days per season above a certain thresir@lctalculatednd reportedn Fig. 11.

Relevant threshold are 50,20, 50 grainm™.

The longesexposure timesccurs in Pannonian Plain at #ikesholds, reaching for example
about30 days abee 20grainsm™. Northern Italy and Francgan also show some important
exposure timeOver the measurement stations, we can compare measured and simulated

exposure time at different threshslk reported ifrig. 11, wheremeasurements anedicated
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with circles colared by the measuratumber of daygleft half) and corresponding simulated
number of daygright half). Simulated and measweisk agree reasonably for st stations
with in general better comparison for moderate threshd@sand20 grainm™) relative to
high or low thresholdsNevertheless except for a few statiohe simulated exposure time

tends to be@verestimated

4  Summary and conclusions

This study presesta regionalclimatic simulation framework based on RegCM4 for
investigatingthe dynamics of emissions and transpontagfweedpollen. The RegCMollen
modelling system incorporates a pollemission moduleoupled toCLM4.5 and a transport
moduleas partof the chemistrytransportcomponenif RegCM Because climate, CLM4.5
and demistry components are synchronously coupled to the RegCM ntbidedpproach
allows dynamial response of pollen ripeningelease and dispersiorio key environmental
driver like temperature, photoperiod, soil moisture, precipitation, relative humidity
turbulence and wind.Through thepollen productionlink to NPP, other environmental and
climate relevant factors as atmospheric ;Gfncentrations are also accounted fbhe
specific ragweeghenology is parameterized from growttontrolledexperimenbut has to be
somehow adjustetb obserations for more realism of the flowering season simulataves
Europe Similarly, ragweed spatial distribution is a very poorly constrained parameter which
has to be corrected through a calibration proceduitee @libration isperformed considering
the decadal mean pbllencounts oveall sites As a resulthe spatial correlatiobhetween the
simulated and measurexverageconcentration®ver the decades greatly increasefrom
0.23 to 0.98 by the calibrationWhile the cross validation aimed at evaluating the calibration
shows a corresponding correlation of 0.54 and RESM of 2iich reflecs reasonable error
and sensitivity of the calibrationThe model measuremenbreelatiors based ondaily
comparison which are the mostrelevant for pollen impactare also increastgom 0.28 to
0.69 The simulation of daily and interannual variability of pollen concentrations reflect
model skills that do not purely rely on the calibration sincgdhe is performed on dadal

mean of yearly pollen count.

The RegCMpollen frameworkis applied to the European domain for the period 22000.
Compaing with the observed flowering seasdhe model can reproducgartingdates and
central dates well, with 68.6%, 39.2% of theplained variance and 4.7, 3.9 days of RMSE in
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startingdate and central date, respectively. The pollen season in the main source regions are
reproduced fairly well while in the areas with lower ragweed infestation élimttbnsare
evident The model ingenerally captures the gross features of the pollen concentrations found
in Europe Statistical measures of NMBF, ME-Bnd MFEover the domaiffiall in the range of
recommendation for a good performamdale NMEF is a bitlarge with a value of 0.83. The
model performs better over the centrair&pearsource region, where the daily correlations at
most stations are above @6/ and NMEF lie within 1.0. Performanéends todegrade in
Franceand northern Italy. Stil] the values of NMEF for pollen simulaticare generally
consistent wittwhat isexpected from operational air quality modils aerosols for example
Categorical evaluation reveals the model tends to lgeteerpredictiors for high threshold

while gives more false alarms for low threshold. Attee performance ialsoshown over the
central European source region at all levels, with correct prediction are above 80% and false

alarms are within 20%.

The mult-annual average footprints of ragweed pollen spread risk are produced from
calibrationsim | ati ons. The pollen pl umennmachdnthe oncer
sea far away from European mainland. The risk areas with concentration above 5 gfains m

are around the source and on Mediterranean Sea, occuptah?9.5% of domainWhile the

areas with very s tame cogfines inrmarrsve soutce Greag Fram thes m
seasonal distribution, Augush general contributes most to the annual footpriahd

September shows still important levels. The longist exposure tim@ccus on Pannonian

Plain at allthresholdsNorthern Italy and France also show saroesiderablexposure time.

The modelling framework presented here allows simultaneous estimatragveéed pollen
risk both forhindcastsimulations including sensitivity studiesto different parameteysand

for study of potential risk evolution changes under futli®ate scenarios aiustratedin
HamaouiLaguel et al. (2016 Still a long list of uncertainties hindeas accurate estimate of
the airbornepollen patterns and risk within presented framewddso caution should be
takenwhile interpreting the resulis areas witlbbut a dense observational netwakdwhere
calibrationis weaker In this regard, challenging research efforts should focus battar
characterization of ragweed spatial distributions and biomassaduhition, a better
understanding ofphenological process and the dynamic response lefase rate to
meteorological conditionswill help to reduce these uncertainties and improve model

performanceA accurate and diverse observation of ragweed phenolotheisrforeof the
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essence to better represent local flowering and also there is afeoreexperimental

observations to better constrain the release maddeparallel, systematic ragweed pollen

concentrations should be further developed as part of air quality networks and public access to

data should be promoted.
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1 Tablel. Generalinformation(20002010)for pollenobservation sitesThe Annual pollen sum is calculated from 15 July to 31 October. Only
2 years with data availédexceedings7% between20 July and2 Septembeare used to determine the observed start date and years with data

3 availableexceedig 56% betweer8 September anil8 Octoberareused tadetermine the end date.

Obsened pollen season Simulated pollen season RMSEs d pollen season
Years  Annual pollen (Julian day) (Julian day)
Station city Courtry Longitude Latitude Source available sum

W) (grains n) start centre End start centre end start centre end

ATPULL Oberpull AT 16.504 47.503 EAN 6 656.0 224 243 268 226 242 264 3.6 8.2 0.0
ATWIEN Vienna AT 16.39 48.300 EAN 11 1607.7 227 247 276 230 248 276 7.1 4.3 7.6
CHGENE Geneva CH 6.190 46.1D EAN 11 200.0 230 243 264 231 243 270 5.2 2.7 10
CHLAUS Lausanne CH 6.640 46.5D EAN 11 96.2 231 238 255 232 238 265 5.8 4.1 5.9
DEFREI Freiburg DE 7.866 48,000 EAN 11 249 239 240 248 236 237 246 20 3.0 7.9
AIX Aix-enP FR 5.442 43.535 RNSA 11 238.8 232 243 260 232 245 258 0.0 0.0 0.7
FRANGO Angouleme FR 0.164 45.649 RNSA 4 191.5 234 244 256 234 244 255 6.0 3.4 3.4
FRANNE Annecy FR 6.133 45.904 RNSA 6 81.3 226 231 247 227 234 256 0.0 0.0 0.0
FRAVIG Avignon FR 4.805 43.9D RNSA 6 361.7 230 242 261 230 242 261 5.5 4.1 6.6
FRBESA Besancon FR 6.026 47.241 RNSA 6 53.8 239 242 245 244 247 251 0.0 0.0 0.0
FRBOUB Bourg en B FR 5.221 46.210 RNSA 5 593.6 229 241 258 229 240 258 5.1 4.2 5.2
FRBOUR Bourges FR 2.396 47.084 RNSA 2 300.0 221 236 263 227 238 267 100 0.7 0.7
FRCHAL Chalon S S FR 4.845 46.780 RNSA 6 252.6 229 241 256 229 240 257 2.7 3.7 4.1
FRCLER ClermontF FR 3.094 45.759 RNSA 6 251.8 236 244 256 235 243 256 5.8 2.8 5.6
FRDIJO Dijon FR 5.066 47.319 RNSA 6 134.7 236 246 255 238 247 257 7.9 1.2 6.1
LYON Lyon FR 4.825 45.728 RNSA 11 1528.1 222 240 264 224 242 266 4.0 5.3 51
FRMONT Montlucon FR 2.606 46.344 RNSA 6 197.4 235 243 257 234 242 256 5.9 3.1 4.9
FRNEVE Nevers FR 3.161 46.987 RNSA 6 834.2 225 242 261 226 241 261 2.7 1.9 6.6
FRNIME Nimes FR 4.3 43.833 RNSA 6 157.3 236 245 258 236 244 258 2.2 3.3 6.4

FRORLE Orleans FR 1.898 47.908 RNSA 3 21.3

ROUSSILLON Roussillon FR 4.812 45.371 RNSA 9 5210.2 221 242 262 223 242 263 3.3 3.1 8.0
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1
2

Table 2. Statistical correlation between simulated and obseragd/eedpollen seasonfor
fitting 2000-2010and prediction (2011, 2012)

Explained variance (%) RMSE
period
start centre end start centre end
200062010 68.6 39.2 34.3 4.7 3.9 7.0
2011 385 0.03 144 6.2 5.0 8.0
2012 28.7 48.0 26.1 6.3 3.4 8.2
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1 Table3. Model performancen simulation of dailyaverage concentratiofgr 20062010

discretestatistical indicatrs

normalized mean bias factqisMBF) -0.11
normalized mean error factofNMEF) 0.83
mean fractional bia@VIFB) -0.15
mean fractional errqiMFE) -0.31
correlation coefficien(R) 0.69
Threshold grains n?)
categoricaktatistical indicator§%o)
5 20 50
Hit rates 67.9 73.3 743
false alarm ratio 33.3 319 322




1 Tabled. Percent arewith the surface concentration i@gweedpollen at different risk levels,
2 average for 2002010

Lower bound of Percent arean domain
level the thresholds/
(grain ) Jul  Aug Sep Oct annual
1 0 99.6 61.1 54.3 924 49.7
2 1 0.2 6.8 115 23 091
3 2 0.1 88 10.2 2.7 117
4 5 00 25 1.9 03 21
5 6 01 31 3.6 05 38
6 8 00 21 2.7 0.3 29
7 10 00 1.0 1.2 01 1.3
8 11 00 6.8 6.5 08 8.1
9 20 00 26 2.1 04 35
10 30 00 1.3 1.9 02 26
11 50 00 1.2 1.3 00 16
12 80 00 04 0.4 0.0 0.6
13 100 00 11 1.4 00 14
14 200 00 1.0 0.8 00 1.2
15 500 0.0 0.2 0.2 0.0 0.3
16 1000 0.0 0.0 0.0 00 0.1
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a) First guess Ambrosia density (indiv./mz)
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First guess simulations versus observations

Calibration simulations versus observations

Validation simulations versus observations
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Figure 4. Average (200R010) annual pollen sum for first gues®, (calibraion (b) and

validation (c)simulations on sites
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Figure 5. Average pollen season (day of the year) from 2000 to 2010: start datesrral
date b), and end dates)
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