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Interactive comment on “Estimates of common ragweed pollen emission

and dispersion over Europe using RegCM-pollen model” by L. Liu et al.

Anonymous Referee #1
Received and published: 2 December 2015

Review of the article Estimates of common ragweed pollen emission and dispersion over
Europe using RegCM-pollen model by Liu et al (2015) The study present a model
developments and simulations with the RegCM model during the period 2000-10 with focus

on ragweed pollen

Author’s response: We would like to thank Referee #1 for the detailed comments and
suggestions, which hopefully will help to improve the manuscript a lot. Please find the

specific responses below and a revised version of our manuscript.

General comments:

1. The topic address a relevant scientific questions that is within the scope of Biogeosciences:

Interactions within the biosphere-atmosphere system

Author’s response: Thanks for the comment.

2. The manuscript presents the RegCM model and the pollen emission estimates. This
modelling framework was previously presented by Hamaoui-Laguel et al. (2015) so there
appears to be limited new knowledge with respect to concepts, tools and ideas. The study use
46 sites, but there is no information on the data from the sites except for a map (e.g. Fig 2)
and scatter plots (e.g. Fig 4). This suggest that overall there is limited new information in this

study.
Author’s response:

a) Although it shares some common points with Hamaoui-Laguel et al., 2015, the modelling

framework presented here shows nevertheless substantial differences:
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In Hamaoui-Laguel et al. (2015), the pollen production is “externally” calculated from
ORCHIDEE land surface model, in which a process-based phenological model (PMP) is used
to simulate ragweed pollen season. The daily pollen production is then injected in CHIMERE

and RegCM atmospheric model respectively to calculate the pollen release and dispersion.

In the RegCM-pollen modelling framework, plant distribution, pollen production, phenology
based on biological day, flowering probability distribution, pollen release and transport are all
calculated within the same RegCM system and using CLM45, which is the land surface
scheme coupled to RegCM.

This on line approach allows for example for improved consistency between simulated pollen
production, vegetation and climate, and a higher frequency of coupling between simulated
meteorology, pollen release and transport. The methodology employed here shows also a
different approach than the PMP developed by our colleagues working with ORCHIDEE. We

believe that there is enough substantial new material in this regard to justify a new publication.

Moreover, in this paper, we carried out a specific evaluation about ragweed pollen risk on a
decadal time scale and discuss it in terms of statistics relevant to air quality and health
impacts. This to our knowledge has not been specifically proposed for Ambrosia pollen over

Europe. We believe this is a meaningful discussion, although there are of course uncertainties.

b) About observations, we fully agree with Referee #1° comments in this regard. We also
believe that observations are of primary importance and included for any model development.
As also detailed further, additional information are given about stations and measurements in

the revised manuscript (new table + rewriting section 2.1).

3. The conclusion that are reached are substantial as they conclude that the simulations are
possible with the RegCM model. However, as far as I know, then their approach on
simulating pollen emission is not new. Similar methods are to my knowledge used in both
European and American models such as COSMO-ART, CMAQ, SILAM, KAMM/DRAIS
and a number of other models. So it would be good to be explicit on what is the difference
with this method and e.g. the method published by Prank et al. (2014) or Helbig et al. (2004)
and Sofiev et al. (2013), which they rely on.

Author’s response: We agree with the Referee #1 that our model system is based on existing

parameterisations which might be fully or partially used in other modelling framework. These
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precursor studies have been acknowledged by appropriates citations. The originality of our
approach lies more in the modelling suite that we used and how we combined different
parameterisations for different aspects of pollen modelling: Our general approach on
simulating pollen emission is based on pollen flux formula presented by Helbig et al. (2004).
This formula involves pollen production, flowering probability, pollen season, flux response
to meteorological conditions. However, for the calculation of these different terms we
proposed different approach than reported in Helbig et al. (2004), accounting for more recent
studies. For example, we calculate annual pollen production based on the plant biomass
according to Fumanal et al. (2007) instead of a constant one. For flowering probability
distribution, we use the normal distribution function reported by Prank et al. (2013). But for
pollen season, we adapt the mechanistic phenology model of Chapman et al. (2014), and for
short term modulation of flux from meteorological conditions, we follow Solfiev et al. (2013).
Technically, these parameterisations have also been adapted to match the CLM45 framework.
In Sect. 2, we give a detailed description of model development and related reference. For

improved clarity in our goal, we also rephrased introduction and conclusion sections.

4. The atmospheric modelling techniques are well founded by using established methods.
However, the observational record that is used in this study is largely undescribed, except for
a map and the number. As a minimum a list with names, coordinates and a basic description

of the observations record is needed (e.g. start dates, pollen index etc).

Author’s response: We fully agree with Referee #1° comment and suggestion. In the revised
manuscript, we added Table 1 to give the general information about the observational records,
including site name, coordinate, years available, annual pollen sum, pollen season, and
simulation errors. We also modified the description of pollen observations. Please see the Sect.

2.1 observed pollen concentrations.

5. The conclusion appears to rely on a weak foundation as the observational data is not
presented. Additionally, then the authors validate their results against the same calibration
data set. A result of this approach is that the conclusion of the simulated pollen concentrations
in Europe, are less well founded (page 17617, line 10 and onwards). As a minimum then the

authors should have introduced an error estimate of their simulations (e.g. by using cross
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correlations) and probably, then the study should be limited to areas with a decent number of

station coverage such as France and the regiona around Croatia.
Author’s response:

We fully agree with Referee #1°s comment. We hope that the additional information about
stations will strengthen the manuscript. One should point out here that the availability of free
public data for ragweed pollen is unfortunately limited. We try to use the best data sets
available to us at the time. Ideally, we agree that model validation shall be conducted using
another data sets. On the other hand, since we wanted to perform a risk assessment, we felt
that it was important to do so by using a version of the model optimized with regards to the
data we have. Nevertheless, estimation of the uncertainties and cross validation is certainly a

very important point that we have now addressed in the revised version:

We implemented a 5-fold cross validation to estimate the error and sensitivity of our
calibration method to the individual stations. The 44 sites are randomly divided into 5 groups.
5 calibration experiments are conducted each time with one group left and used for validation.
The results of the 5 validation groups are then combined to assess the final performance. With
this approach a model measurements Pearson correlation of 0.54 is obtained together with a
normalized root mean squared error (RMSE) of 21%. Without surprise, this is less than when
using the full data sets for calibration. In particular few stations with particularly high
concentrations protruding from surrounding sites (for example, ITMAGE and ROUSSILLON)
have a large impact on the results of validation. We compared our cross validation (8 or 9
sites left out each time) with three papers about ragweed pollen source estimation over the
Pannonian Plain, France and Austria (Skjoth et al. (2010), Thibaudon et al. (2014), Karrer et
al. (2015)). Their cross validations (one site left out each time) show corresponding
correlations of 0.37, 0.25, 0.63 and root mean squared error of 25%, 16% and 3%,
respectively. Our results are within this range. We agree that caution should be taken in areas
without a decent number of station coverage where the calibration cannot be done. The
revised manuscript includes this cross validation material and the text has been modified

accordingly.

However, for the impact assessment section, we think it is justified to use the best possible
calibration based on all observations available to maximize the model performance. We
should also outline that the full calibration is performed on the mean annual pollen sum while

the model validation is performed on daily time series, relevant for impacts. Simulation of
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daily concentration evolution along the season, as well as pollen sum interannual variability
are directly connected to model skills. Please see the modification in Sect. 3.1 and Sect. 4

Summary and conclusions.

6. The lack of data presentation makes it impossible to allow for a reproduction of their
results. Without the calibration data it is not possible for me to assess the methods and verify
the quality. The calibration data appears to be the most important component in the entire

system(e.g. the substantial increase in correlations).

Author’s response: We hope the additional information about data will help for the
manuscript assessment. Please note that we also regret that data more easily and publically

accessible.

7. 1 have the impression that the authors do not give credit to the work that provided the
observational record. There is no description of the data sites, a limited description of the

observational method and the data source is limited to the acknowledgement section.

Author’s response: We absolutely respect the hard work and investment of the data providers.
We are sorry for giving the reviewer, and the potential reader, such an impression. As
mentioned before we modify the description of pollen observations and add a table to give the

detailed information about observation records. Please see the Table 1 and the Sect. 2.1.

8. The title does not clearly reflect the contents of the paper. According to their results, then
the observational record is the most important component (the large increase in correlations),

but this is not reflected in the title
Author’s response:

We thank Referee #1 for his/her comment. Please note that “calibration” is used in a
modelling approach for bypassing a lack of constraints on important parameters for example
ragweed density distribution (which should be probably a scientific priority, though very
challenging).

Similar calibration methods have been used by Prank et al., (2013), Hamaoui-Laguel et al.,

(2015), Skjoth et al., (2010) and other authors. Our study is not about a new measurement
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method or pure statistical analysis of data, but about pollen modelling in regional climate
model, calibration being one important aspect for its application to impact study. We can thus

propose a new title which hopefully will reflect more the nature of our study:

“Ragweed pollen production and dispersion modelling within a regional climate system,

calibration and application over Europe”

9. The abstract do to some degree cover the contents. However the parts on health risk appear

to be unfounded as this require estimates against thresholds, which is not done in this study.

Author’s response: We perform risk assessments estimations using explicit health related

threshold in Sect. 3.4 of the initial and revised manuscript.

10. The overall presentation is clear and easy to follow.
11.The language is fluent and precise
12. The equations and symbols are well defined

Author’s response: Thanks to Referee #1 for his/her comments.

13. The manuscript contain a lot of figures. Many figures could be removed if the authors

used a few tables.

Author’s response: Thanks for these suggestions. Figure 5 and the relative description in
Sect.3.1 have been deleted. Figure 7 is deleted and the fit results of pollen season are put into
Table 2. Figure 8 is deleted and pollen season and simulation accuracy in Figure 8 are put into

Table 1.

14. The used scientific literature is recent and relevant

Author’s response: We added four references following the revision we made in the new

manuscript.
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Galan, C., Smith, M., Thibaudon, M., Frenguelli, G., Oteros, J., Gehrig, R., Berger, U., Clot,
B., and Brandao, R.: Pollen monitoring: minimum requirements and reproducibility of

analysis, Aerobiologia, 30, 385-395, 10.1007/s10453-014-9335-5, 2014.

Karrer, G., Skjoth, C. A., gikoparija, B., Smith, M., Berger, U., and Essl, F.: Ragweed
(Ambrosia) pollen source inventory for Austria, Science of The Total Environment, 523, 120-

128, doi:10.1016/j.scitotenv.2015.03.108, 2015.

Sofiev, M., Berger, U., Prank, M., Vira, J., Arteta, J., Belmonte, J., Bergmann, K. C., Chéroux,
F., Elbern, H., Friese, E., Galan, C., Gehrig, R., Khvorostyanov, D., Kranenburg, R., Kumar,
U., Marécal, V., Meleux, F., Menut, L., Pessi, A. M., Robertson, L., Ritenberga, O.,
Rodinkova, V., Saarto, A., Segers, A., Severova, E., Sauliene, 1., Siljamo, P., Steensen, B. M.,
Teinemaa, E., Thibaudon, M., and Peuch, V. H.: MACC regional multi-model ensemble
simulations of birch pollen dispersion in Europe, Atmos. Chem. Phys., 15, 8115-8130,
10.5194/acp-15-8115-2015, 2015.

Thibaudon, M., gikoparija, B., Oliver, G., Smith, M., and Skjeth, C. A.: Ragweed pollen
source inventory for France — The second largest centre of Ambrosia in Europe, Atmos

Environ, 83, 62-71, doi:10.1016/j.atmosenv.2013.10.057, 2014.

Minor comments:

a) The figure on initial guess and calibrated ragweed density map appear to have very little
similarity with related regional maps published by Karrer et al. (2015), Smith et al. (2013),
Thibaudon et al. (2014) in areas without a dense observational network. As an example then it
shows that there is substantial infection in the UK even though it is well known that the UK
has very few ragweed populations due to unfavourable ecology (Essl et al., 2015) and
ragweed pollen are rarely found in the UK pollen counts (Pashley et al., 2015). This put a
question to the foundation of the study and in which area the model results are usable. Also,
their results leaves the impression that this study is an advanced way of developing an
correlative model (although with an atmospheric model in between) where they have heavily
tuned a model against a limited set of available observations and then validated their model

against the same set of observations (e.g. Fig 7).

Author’s response:
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The difference between ragweed density maps presented by different authors could be related
to the methods for estimating pollen source. The regional maps published by Karrer et al.
(2015), Smith et al. (2013), Thibaudon et al. (2014) are based on annual pollen sum, plant
ecology in relation to elevation, and land covers information that identifies the main ragweed
habitats. Then ragweed density in areas without a dense observational network is mainly
determined by elevation and land covers. The first guess density (without calibration against
annual pollen sum) presented in this paper is based on infestation rate related to observed
presence as reported in Bullock et al. (2012), suitable land use surface, and climate suitability
index from Storkey et al. (2014). Bullock et al. (2012) (please see their Figure 3-29) collated
records as far north as Scandinavia and still substantial presence in southern margin of UK,
although most records are considered as casual. The climate suitability indexes in south UK
are classed by Storkey et al. (2014) as established but less established compared with those of
central EU. Accordingly our first guess density in southern margin of UK shows a bit
substantial. The calibrated ragweed density in this part almost stays the same because of no
observations nearby available. The site of Leicester or Derby in Pashley et al. (2015) is bit
north than this area so ragweed pollens are rarely found. We acknowledge it is expedient to
estimate the abundance of ragweed distribution from its presence without actual plant

investigation.

We adapt the mechanistic phenology model of Chapman et al. (2014) to simulate the
flowering season. We think the biological day (BD), which in relation to temperature,
photoperiod and soil moisture, represent the ragweed pheonological evolution to some extent.
But the parameters of this model are determined from controlled conditions and we still know
little about how ragweed plant adapt to natural environment. So we have to adjust multi-year
mean BD threshold of each site against observation to reflect its local adaptation. According
to reviewer’ comment, we validate phenology model using pollen observations of 2011 and
2012 (Table 2). Despite lower correlations, starting dates in both years and ending dates in
2012 are predicted reasonably well with 38.5, 28.7%, 26.1% of the explained variance. The
model however fails in predicting central dates in 2012 with low correlations to experimetally
determined dates. Even so the prediction errors of RMSE for all dates in both years are well
controlled and the differences between fitting and prediction RMSE are kept within 1.6 days,
which means degradation of model performance has limited effects on the prediction of

pollen season. Extending the fitting to several years of observation may contribute to improve
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the stability and robustness of the fitted threshold and further improve the phenology

modeling of ragweed. Please see the modification of Sect. 3.2

b) It is important that a number of relevant ragweed models are developed as it is unlikely that
there will be one specific models that will be the overarching model that always perform the
best. Due to this I consider it important that this study is fully published. However, based on
the 14 points above as well as the minor comment, then it is my impression that major

changes are needed in this manuscript.

References Essl, F., Bir6, K., Brandes, D., Broennimann, O., Bullock, J. M., Chapman, D. S.,
Chauvel, B., Dullinger, S., Fumanal, B., Guisan, A., Karrer, G., Kazinczi, G.,Kueffer, C.,
Laitung, B., Lavoie, C., Leitner, M., Mang, T., Moser, D., Miiller-Schirer, H., Petitpierre, B.,
Richter, R., Schaffner, U., Smith, M., Starfinger, U., Vautard, R., Vogl, G., von der Lippe, M.
and Follak, S. (2015). Biological Flora of the British Isles: Ambrosia artemisiifolia. Journal of
Ecology 104(4), 1069-1098.

Hamaoui-Laguel, L., Vautard, R., Liu, L., Solmon, F., Viovy, N., Khvorostyanov, D., Essl, F.,
Chuine, I, Colette, A., Semenov, M. A., Scha i "n"A hauser, A., Storkey, J.,

Thibaudon, M., and Epstein, M. M.: E i "n"A ects of climate change and seed dispersal on
airborne ragweed pollen loads in Europe, Nature Clim. Change, 5, 766771,
doi:10.1038/nclimate2652, 2015.

Helbig, N., Vogel, B., Vogel, H., and Fiedler, F.: Numerical modelling of pollen dispersion
on the regional scale, Aerobiologia, 20, 3—19, doi:10.1023/B:AER0.0000022984.51588.30,
2004.

Karrer, G., Skjeth, C.A., gikoparija, B., Smith, M., Berger, U., Essl, F., 2015. Ragweed
(Ambrosia) pollen source inventory for Austria. Sci. Total Environ. 523, 120—-128.

C. H. Pashley,J. Satchwell, R. E. Edwards, Ragweed pollen: is climate change creating a new
aeroallergen problem in the UK?, Clinical and Experimental Allergy, Volume 45, Issue 7,

July 2015, Pages 1262-1265,

Prank, M., Chapman, D. S., Bullock, J. M., Belmonte, J., Berger, U., Dahl, A., Jager,
S.,Kovtunenko, 1., Magyar, D., Niemela, S., Rantio-Lehtimaki, A., Rodinkova, V., Sauliene,

I.,Severova, E., Sikoparija, B., and Soin"A_ev, M.: An operational model for forecasting rag-



AN N A~ W

~

10
11
12

13
14

weed pollen release and dispersion in FEurope, Agr. Forest Meteorol., 182, 43—

53,d0i:10.1016/j.agrformet.2013.08.003, 2013.

Soin"A ev, M., Siljamo, P., Ranta, H., Linkosalo, T., Jaeger, S., Rasmussen, A., Rantio-
Lehtimaki, A., Severova, E., and Kukkonen, J.: A numerical model of birch pollen emission
and dispersion in the atmosphere. Description of the emission module, Int. J. Biometeorol., 57,

45-58, doi:10.1007/s00484-012-0532-z, 2013.

Thibaudon, M., Sikoparija, B., Oliver, G., Smith, M., Skjeth, C.A., 2014. Ragweed pollen
source inventory for France a"A “T the second largest centre of Ambrosia in Europe. Atmos.

Environ. 83, 62-71.

Zink, K., Vogel, H., Vogel, B., Magyar, D., and Kottmeier, C.: Modeling the dispersion of
Ambrosia artemisiifolia L. pollen with the model system COSMO-ART, Int. J. Biometeorol.,
56,669—680, doi:10.1007/s00484-011-0468-8, 2012.

Author’s response: We thank Referee #1 for his/her in depth review of the manuscript.
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Anonymous Referee #2
Received and published: 25 February 2016

This paper presents a model aimed at estimating the emission and density of ragweed pollen
over Europe. Estimating these parameters is important as ragweed pollen is highly allergenic.
Furthermore, ragweed is an invasive species and its pollen can be transported by the wind
over large distances, which undelines the need for accurate modelling of the flowering
phenology and pollen concentration in the atmosphere. And overall, the paper focuses on

these points.

Author’s response: We would like to thank Referee #2 for the valuable comments and
suggestions that help improving the manuscript. Thanks a lot for the positive comment on our
research objective and significance. Please find the specific responses below and a revised

version of our manuscript.

1. However, my first cconcern is that I cannot evaluate the quality of the model , as 1 am not a
specialist of modeling. Although the different parts of the model setup and the parameters

used seem correct to me, I cannot make valuable comments on this part of the ms.

2. My second concern deals with the accuracy of the model in predicting the pollen season
and the model’s performance over short time scales. The model reproduces the pollen season
quite well in the main regions where ragweed is abundant, but performs much less
satisfactotily in regions where ragweed is less common. This might be a problem if these
regions where the species is not common represent areas that are under colonization by
ragweed: indeed, it is in these regions that the prediction should be the most accurate. About
the model’s performance over short time scales, I think this is also a concern because daily or
weekly variations of pollen contents in the atmosphere are the ones that hae the biggest
impact on public health. The authors clearly underline these weaknesses in the discussion and
conclusions, but they should provide more clus and avenues of research to overcome these

problems in future models.

Author’s response:
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We fully agree with Referee #2° comments in these regards.

About the lower accuracy of pollen season in areas with lower ragweed infestation, larger
errors mainly exist in predicting ending dates and partly in starting dates. We think three main

reasons might explain these:

1) Some stations stop pollen measurement before the actual end of pollen season which leads

to a lower accuracy of ending date;

We tried to address this issue by using Gaussian central dates instead of ending dates (Eq. 5)
in order to calculate flowering probability. It avoids to some extent the larger error on
simulating airborne pollen concentration induced by lower accuracy on ending dates. We give

details to determine pollen season in Sect.2.7.2.

2) The patchy local ragweed distribution in these regions and the possible relative importance
of long range transported pollens possibly introduce errors in the determination of local pollen

season dates;

This point is very difficult to adress. The ideal would be to have a accurate and diverse
observation of ragweed phenology. It is of the essence to better represent local flowering with
local measured environmental variables. We cannot do more than giving suggestions in Sect.

4 Summary and conclusions.

3) The phenology model itself we used which relies on fitting biological day thresholds (BDj,
BDy,, and BDy,) for these dates.

Here, we validate the phenology model using pollen observations for 2011 and 2012 (Table 2),
which shows no big differences between fitting and prediction errors. However extending this
fitting to several years of observation may contribute to improve the stability and robustness
of the fitted threshold for biological days and further improve the phenology modelling of

ragweed. Please see the modification in the revised manuscript Sect. 3.2.

About the model’s performance over short time scales, we agree that they are the most
relevant for pollen impact and also are directly connected to model skills. We therefore use
the best possible calibration based on all observations available to maximize the model
performance. In addition to a better characterization of ragweed spatial distributions and
biomass, a better understanding of phenological process and the dynamic response of release
rate to meteorological conditions is needed to reduce the uncertainties and further improve

model performance over short time scales. Again there is a need for experimental
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observations to better constrain the release model. Please note also that the modelling
framework is initially designed for running over long time period and that the simulated local
daily meteorolgy shows also quite a lot of uncertainties. Please see the modification of Sect. 4

Summary and conclusions.

3. Despite these concerns, I think the paper gives valuable simulations of the ragweed pollen
contents in the atmosphere. The manuscript I have reviewed already mentions that the paper
has been accepted for publication and published on November 3, 2015, so I do not think my
review should include recommendations concerning the publishing (by the way, I did not

fully understand why I had to review a paer that seems to be alreday published?)

Author’s response: Thanks a lot for the positive comment on this manuscript. Our manuscript
was published on November 3 2015 as a discussion paper in Biogeosciences Discussion,
which is the scientific discussion forum for Biogeosciences. Your review is crucial for the

paper to access BGD final stage.

More specific comments:

A few spelling and grammatical erros in the ms. but overall the English is very satisfactory

and the paper reads easily and is clearly written.

Author’s response: Thanks for the comment. We have double checked the manuscript and

correct spelling and grammatical errors as much as possible.
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List of all relevant changes made in the manuscript

1. P17595, Title of the manuscript

B: Estimates of common ragweed pollen emission and dispersion over Europe using RegCM-

pollen model

A: Ragweed pollen production and dispersion modelling within a regional climate system,

calibration and application over Europe
2. P17595, authors’ name

B: L. Liu ' , F. Solmon ! , R. Vautard 3 , L. Hamaoui-Laguel 3 , Cs. Zs. Torma ! , and F.
Giorgi '

A: L. Liu '*, F. Solmon ! , R. Vautard °* , L. Hamaoui-Laguel 34 Cs. Zs. Torma ' , and F.

Giorgi '
3. P17595, authors’ affiliation
B: [3]{National Center for Scientific Research, Paris, France}

A: [3]{ Laboratoire des Sciences du Climat et de I’Environnement, IPSL, CEA-CNRS-UVSQ,
UMRS8212, Gif sur Yvette, France}

[4]{Institut National de I’Environnement Industriel et des Risques, Parc technologique

ALATA, Verneuil en Halatte, France}
4. P17595, corresponding author

B: Correspondence to: L. Liu (liliuliulish@outlook.com)

A: Correspondence to: L. Liu (liliuliulish@outlook.com); F. Solmon (fsolmon@ictp.it)

5. P17596, L7-L9 in Abstract

B: In the online model environment where climate is integrated with dispersion and

vegetation production, pollen emissions ...
A: In this on line approach pollen emissions ...
6. P17596, L14-L15 in Abstract

B: To reduce the large uncertainties notably due to ragweed density distribution on pollen

emission, a calibration based on airborne pollen observations is used.
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A: To reduce the large uncertainties notably due to the lack of information on ragweed
density distribution, a calibration based on airborne pollen observations is used. Accordingly

a cross validation is conducted and shows reasonable error and sensitivity of the calibration.
7. P17596, L22-1.24 in Abstract

B: Statistical scores show that the model performs better over the central Europe source

region where pollen loads are larger.

A: Statistical scores show that the model performs better over the central Europe source

region where pollen loads are larger and the model is better constrained.
8. P17596, L.25-L.27 in Abstract

B: From these simulations health risks associated common ragweed pollen spread are then

evaluated

A: From these simulations health risks associated to common ragweed pollen spread are

evaluated
9. P17597, L15-L16 in Introduction

B: “Atopic diseases in changing climate, land use and air quality” (http://www.atopica.eu)

A: “Atopic diseases in changing climate, land use and air quality” (ATOPICA)

(http://www.atopica.eu)

10. P17597, L18 in Introduction

B: In this context the present study introduce a modelling framework
A: In this context the present study introduces a modelling framework
11. P17598, L5-L6 in Introduction

B: by top-down approach (such as Skjeth et at., 2010, 2013).

A: by top-down approach (such as Skjeth et at., 2010, Skjeth et al., 2013, Thibaudon et al.,
2014, Karrer et al., 2015).

12. P17598, L13-L18 in Introduction

B: obtain a ragweed density inventory map, which combined with a vegetation model
(ORCHIDEE) and a phenology model (PMP) allowed to obtain daily available pollens

(potential emissions) in Europe. Here we present a new approach with explicit treatment of
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pollen ripening, release and dispersion due to environmental driver in a fully online model

environment where climate is integrated with dispersion and vegetation production.

A: obtain a ragweed density inventory map. This approach made use of the Organising
Carbon and Hydrology in Dynamic Ecosystems (ORCHIDEE) and the Phenological
Modeling Platform (PMP) for obtaining daily available pollens (potential emissions) in

Europe.

13. P17598, L21 in Introduction

B: for individual during the growth season could alter plant fitness

A: for an individual plant during the growth season could alter its fitness
14. P17599, L21 in Introduction

B: and pollen release pattern based on recent studies findings.

A: and pollen release based on recent studies.

15.P17599, L28 - P17600, L2 in Introduction

B: present the simulation results of pollen season and evaluate the performances of the
coupled model system over a recent period covered with observations. The climatological
information about the ragweed pollen risk over European domain on decade-time scale is

presented in Sect. 4.

A: present the simulation results of pollen season, evaluate the performances of the coupled
model system over a recent period covered with observations, and finally present the
climatological information about the ragweed pollen risk over European domain on decadal

time scale. Summary and conclusions appear in Sect. 4.

16. P17600, L20 — P17601, L6 in Sect. 2.1

The Sect. 2.1 is rewritten.

17.P17601, L25-L26 in Sect. 2.3

B: discussed in Hamaoui-Laguel et al. (2015) (Supplement).

A: discussed in Hamaoui-Laguel et al. (2015) (Supplementary Information).
18. P17603, L5 in Sect. 2.4

B: the grid level using the plant density D, (plant-m™) discussed previously in Sect. 2.2.
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A: the grid level using the plant density D, (plant-m™) discussed previously in Sect. 2.3.
19. P17603, L12 in Sect. 2.5
B: parameter are determined on the basis of C3 grass land use categories during summer.

A: parameter are determined on the basis of CLM4.5 C3 grass land use categories during

summer.
20. P17603, L15-L16 in Sect. 2.5

B: the accumulated net primary production (NPP) of C3 grass CLM4.5 plant functional type

during the growth season. Through this assumption,

A: the accumulated net primary production (NPP) of CLM4.5 C3 grass plant functional type

during the growth season. Based on this assumption,

21.P17604, L22 in Sect. 2.6

B: distribution of flowering time is represented by Gaussian depending on

A: distribution of flowering time is represented by a Gaussian depending on
22.P17605, L4 in Sect. 2.6

B: represents about four standard deviations Gaussian distribution

A: represents about four standard deviations of the Gaussian distribution

23.P17605, L5 in Sect. 2.6

B: probability distribution is however set to zero as soon as daily minimum temperature
A: probability distribution is however set to zero as soon as the daily minimum temperature
24.P17607, L12 in Sect. 2.7.1

B: Moreover, the model does not allow calculating a priori the end of season

A: Moreover, the model does not allow to calculate a priori the end of season
25.P17607, L14 in Sect. 2.7.1

B: we however constrained the starting and ending biological

A: we however constrain the starting and ending biological

26.P17608, L3 in Sect. 2.7.2
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B: of the pollen season from 46 observation stations

A: of the pollen season from 44 observation stations
27.P17609, L3 in Sect. 2.8

B: w+ is convective velocity scale

A: wx is a convective velocity scale

28.P17610, L6-L25 in Sect. 3.1

L6-L25 are deleted and replaced by following paragraph:

To estimate the error and sensitivity of this calibration method to the individual stations we
implement a 5-fold cross validation. The 44 sites are randomly divided into 5 groups. 5
calibration experiments are conducted each time with one group left and used for validation
respectively. The results of 5 validation groups are then combined to assess the final
performance. With this approach a model measurements Pearson correlation of 0.54 is
obtained together with a normalized root mean squared error (RESM) of 21% (Fig 4c).
Without surprise, this is less than when using the full data sets for calibration. In particular
few stations with particularly high concentrations protruding from surrounding sites (for
example, ITMAGE and ROUSSILLON) have a large impact on the results of validation. We
compared our cross validation (8 or 9 sites left out each time) with three papers about
ragweed pollen source estimation over the Pannonian Plain, France and Austria (Skjeth et al.,
2010; Thibaudon et al., 2014; Karrer et al., 2015). Their cross validations (one site left out
each time) show corresponding correlations of 0.37, 0.25, 0.63 and root mean squared error of
25%, 16% and 3%, respectively. Our results are within this range. We agree that caution
should be taken in areas without a decent number of station coverage where the calibration

cannot be done.
29. P17610, L28-L.29 in Sect. 3.1

B: i.e. by varying model dynamical boundary conditions, a relatively small impact on model

performance is found in comparison to the ragweed density distribution impact.

A: for example varying model dynamical boundary conditions, a relatively small impact on

pollen model performance is found when compared to the ragweed density distribution impact.

30 P17611, L12-L20 in Sect. 3.2
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Start dates and end dates are changed into starting date and ending dates respectively.
31.P17611, L7-L8 in Sect. 3.2

B: The central dates occur between 1 August and 27 September,

A: The central dates are reached between 1 August and 27 September,
32.P17611, L11 in Sect. 3.2

B: Figure 7 shows the statistical correlation between

A: Table 2 lists the statistical correlation between

33.P17611, L16 in Sect. 3.2

B: the pollen season in the main source regions fairly well (Fig. 8),

A: the pollen season in the main source regions fairly well (Table 1),
34.P17611, L22-L.24 in Sect. 3.2

B: This might result from patchy local ragweed distribution and the contribution of long range
transport of pollen, which contributes to the determination of pollen season dates and are

representative of local flowering as assumed in our approach.

A: This might result from patchy local ragweed distribution and the effect of long range
transport of pollen, which contributes to the determination of pollen season dates and are

assumed to be representative of local flowering in our approach.
35.P17611, L26 in Sect. 3.2

B: which leads to a lower accuracy season ending date.

A: which leads to a lower accuracy of season ending date.

36. P17611, L26 onwards in Sect. 3.2

We add following paragraph:

This phenology model is further tested for years of 2011-2012 and compared to observations
(Table 2). Despite lower correlations, starting dates in both years and ending dates in 2012 are
predicted reasonably well with 38.5, 28.7%, 26.1% of the explained variance. The model
however fails in predicting central dates in 2012 with low correlations to experimetally
determined dates. Even so the prediction errors of RMSE for all dates in both years are well

controlled and the differences between fitting and prediction RMSE are kept within 1.6 days,
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which means degradation of model performance has limited effects on the prediction of
pollen season. Extending the fitting to several years of observation may contribute to improve
the stability and robustness of the fitted threshold and further improve the phenology

modeling of ragweed.

37.P17612, L17-L18 in Sect. 3.3

B: That means the uncertainties about ragweed habitat and its pollen production are reduced
A: Not surprisingly it means the uncertainties are reduced

38.P17612, L22 in Sect. 3.3

B: The model performs less well but

A: The model does not perform that well, but

39.P17613, L1-L2 in Sect. 3.3

B: Daily variability is obviously the most difficult to simulate but at the same time might be

the most relevant

A: Daily variability is obviously the most difficult to simulate but is at the same time the most

relevant

40. P17613, L15 in Sect. 3.3

B: are slightly underestimated by a factor of 1.11 based on NMBF.
A: are underestimated by a factor of 1.11 based on NMBF.
41.P17616, L21-L.26 in Sect. 4

B: The emission module is designed to calculate online pollen release based on plant density
distribution, species-specific phenology, pollen production, flowering probability and
modulation by short-term meteorological conditions. Once released, pollens are considered as

monodisperse aerosol undergoing classical transport and deposition processes. This approach

A: Because climate, CLM4.5 and chemistry components are synchronously coupled to the

RegCM model, this approach
42.P17617, L7-L9 in Sect. 4

B: The calibration increases the spatial correlation over the decade from 0.23 to 0.98 and the

spatial temporal correlation of simulated and measured daily concentrations from 0.28 to 0.69.
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A: The calibration is performed considering the decadal mean of pollen counts over all sites.
As a result the spatial correlation between the simulated and measured average concentrations
over the decade is greatly increased (from 0.23 to 0.98) by the calibration. While the cross
validation aimed at evaluating the calibration shows a corresponding correlation of 0.54 and
RESM of 21%, which reflects reasonable error and sensitivity of the calibration. The model
measurement correlations based on daily comparison, which are the most relevant for pollen
impacts are also increase from 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 since this one is performed on decadal mean of yearly pollen count.
43.P17617, L12-L13 in Sect. 4

B: start dates and central dates well, with 68.6, 39.2% of the explained variance and 4.7,

3.9days of RMSE in start date and central date, respectively.

A: starting dates and central dates well, with 68.6%, 39.2% of the explained variance and 4.7,
3.9 days of RMSE in starting date and central date, respectively.

44 P17618, L12-L14 in Sect. 4

B: A better understanding of phenological process, production potential, plant distribution
and the dynamic response of release rate to meteorological conditions will help to reduce

these uncertainties and improve the model performance.

A: Also caution should be taken while interpreting the results in areas without a dense
observational network and where calibration is weaker. In this regard, challenging research
efforts should focus on a better characterization of ragweed spatial distributions and biomass,
in addition, a better understanding of phenological process and the dynamic response of
release rate to meteorological conditions will help to reduce these uncertainties and improve
model performance. A accurate and diverse observation of ragweed phenology is therefore of
the essence to better represent local flowering and also there is a need for experimental
observations to better constrain the release model. In parallel, systematic ragweed pollen
concentrations should be further developed as part of air quality networks and public access to

data should be promoted.
45 P17618, L19 in Acknowledgements

B: ARPA-Veneto, ARPA-FVG, and Croatian monitoring sites.
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A: ARPA-Veneto, ARPA-FVG, Croatian Institute of Public Health, the Department of
Environmental Protection and Health Ecology at Institute of Public Health “Andrija Stampar”
and Associate-degree college of Velika Gorica. Constructive comments from two anonymous

reviewers improved the quality of this paper a lot.
46. P17620 and onwards, in References
The following four references are added.

Galan, C., Smith, M., Thibaudon, M., Frenguelli, G., Oteros, J., Gehrig, R., Berger, U., Clot,
B., and Brandao, R.: Pollen monitoring: minimum requirements and reproducibility of

analysis, Aerobiologia, 30, 385-395, 10.1007/s10453-014-9335-5, 2014.

Karrer, G., Skjoth, C. A., gikoparija, B., Smith, M., Berger, U., and Essl, F.: Ragweed
(Ambrosia) pollen source inventory for Austria, Science of The Total Environment, 523, 120-

128, doi:10.1016/j.scitotenv.2015.03.108, 2015.

Sofiev, M., Berger, U., Prank, M., Vira, J., Arteta, J., Belmonte, J., Bergmann, K. C., Chéroux,
F., Elbern, H., Friese, E., Galan, C., Gehrig, R., Khvorostyanov, D., Kranenburg, R., Kumar,
U., Marécal, V., Meleux, F., Menut, L., Pessi, A. M., Robertson, L., Ritenberga, O.,
Rodinkova, V., Saarto, A., Segers, A., Severova, E., Sauliene, 1., Siljamo, P., Steensen, B. M.,
Teinemaa, E., Thibaudon, M., and Peuch, V. H.: MACC regional multi-model ensemble
simulations of birch pollen dispersion in Europe, Atmos. Chem. Phys., 15, 8115-8130,
10.5194/acp-15-8115-2015, 2015.

Thibaudon, M., Sikoparija, B., Oliver, G., Smith, M., and Skjeth, C. A.: Ragweed pollen
source inventory for France — The second largest centre of Ambrosia in Europe, Atmos

Environ, 83, 62-71, doi:10.1016/j.atmosenv.2013.10.057, 2014.
47. P17626 and onwards, in Table

Table 1 is changed to Table 3 and Table 2 is changed to Table 4. Another two tables are
added as Table 1 and Table 2 respectively.

48. P17631, Figure 4

Figure 4 is changed by including validation simulation (Fig. 4c) and the title in Figure 4 is
changed accordingly.

B: Figure 4. Average (2000-2010) annual pollen sum for first guess (a) and calibrated (b)

simulations on sites.
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A: Figure 4. Average (2000-2010) annual pollen sum for first guess (a), calibration (b) and

validation (c) simulations on sites.
49. P17632, Figure 5

Figure 5 is deleted.

50. P17633, Figure 6

Figure 6 is changed into Figure 5.
51. P17634, Figure 7

Figure 7 is deleted.

52. P17635, Figure 8

Figure 8 is deleted.

53. P17636, Figure 9

Figure 9 is changed into Figure 6.

54. P17637, Figure 10

Figure 10 is changed into Figure 7.

55. P17638, Figure 11

Figure 11 is changed into Figure 8.

56. P17639, Figure 12

Figure 12 is changed into Figure 9.

57. P17640, Figure 13

Figure 13 is changed into Figure 10.

58. P17641, Figure 14

Figure 14 is changed into Figure 11.

59. The number of tables and figures in the text are changed accordingly.
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Abstract

Common ragweed (Ambrosia artemisiifolia L.) is a highly allergenic and invasive plant in
Europe. Its pollen can be transported over large distances and has been recognized as a
significant cause of hayfever and asthma (D'Amato et al., 2007;_Burbach et al., 2009). To
simulate production and dispersion of common ragweed pollen, we implement a pollen

emission and transport module in the Regional Climate Model (RegCM) version 4 using the

framework of the Community Land Model (CLM) version 4.5. In this on line approach the

produetion;—pollen emissions are calculated based on the modelling of plant distribution,
pollen production, species-specific phenology, flowering probability, and flux response to
meteorological conditions. A pollen tracer model is used to describe pollen advective

transport, turbulent mixing, dry and wet deposition.

The model is then applied and evaluated on a European domain for the period 2000-2010. To
reduce the large uncertainties notably due to the lack of information on ragweed density

distribution-en—peHen-emission, a calibration based on airborne pollen observations is used.

Accordingly a cross validation is conducted and shows reasonable error and sensitivity of the

calibration. Resulting simulations show that the model captures the gross features of the
pollen concentrations found in Europe, and reproduce reasonably both the spatial and
temporal patterns of flowering season and associated pollen concentrations measured over
Europe. The model can explain 68.6%, 39.2%, and 34.3% of the observed variance in starting,
central, and ending dates of the pollen season with associated root mean square error (RMSE)
equal to 4.7, 3.9, and 7.0 days, respectively. The correlation between simulated and observed
daily concentrations time series reaches 0.69. Statistical scores show that the model performs

better over the central Europe source region where pollen loads are larger and the model is

better constrained.

From these simulations health risks associated to common ragweed pollen spread are then
evaluated through calculation of exposure time above health-relevant threshold levels. The
total risk area with concentration above 5 grains m™ takes up 29.5% of domain. The longest
exposure time occurs on Pannonian Plain, where the number of days per year with the daily

concentration above 20 grains m™ exceeds 30.
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1 Introduction

Ambrosia artemisiifolia L. (common ragweed, hereafter ragweed), is an alien plant that has
invaded parts of Europe over the last century, creating severe allergies in populations
(Chauvel et al., 2006; Kazinczi et al., 2008;_Gallinza et al., 2010;_Pinke et al., 2011). It has
been shown that concentrations of ragweed pollen down to 5-10 grains m™ can lead to health
problems for sensitive persons (Taramarcaz et al., 2005). In Europe, ragweed typically
flowers from July to October (Kazinczi et al., 2008). Ragweed has developed wind pollination
strategy, which allows each plant to produce millions of pollen grains with diameter of 18-22
pum and containing small air chambers (Payne, 1963). Pollen grains can readily become
airborne when conditions are favourable (Dahl et al., 1999; Taramarcaz et al., 2005; Cecchi et

al., 2006; Stach et al., 2007; Smith et al., 2008;_Sik0parija etal., 2013).

One of the goals of the project “Atopic diseases in changing climate, land use and air quality”
(ATOPICA) (http://www.atopica.eu) is to better understand and quantify the effects of
environmental changes on ragweed pollen and associated health impacts over Europe. In this
context the present study introduces a modelling framework designed to simulate production
and dispersion of ragweed pollen. Ultimately these models can be used for investigating the
effects of changing climate and land use on ragweed (Hamaoui-Laguel et al., 2015) and for

providing relevant data to health impact investigators.

Presently a number of regional models, mostly designed for air quality prevision, incorporate
release and dispersion dynamics of pollen (Helbig et al., 2004;_Sofiev et al., 2006;_Skjoth,
2009;_Efstathiou et al., 2011; Zink et al., 2012; Prank et al., 2013;_Sofiev et al., 2013;_Zhang
et al., 2014). Methods for producing ragweed pollen emission suitable for input to regional
scale models have been developed in recent studies (Skjoth et al., 2010; Sikoparija et al., 2012;
Chapman et al., 2014). Due to lack of statistical information related to plant location and
amount within a given geographical area, the bottom up approach to produce plant presence
inventories is unpractical for most herbaceous allergenic species like ragweed. Quantitative
habitat maps for such species are often derived from spatial variations in annual pollen sum,
knowledge on plant ecology and detailed land cover information by top-down approach (such

as Skjeth et at., 2010, Skjeth et al., 2013, Thibaudon et al., 2014, Karrer et al., 2015). Lately,

an observation-based habitat map of ragweed has been published in the context of the
ENV.B2/ETU/2010/0037 project “Assessing and controlling the spread and the effects of

common ragweed in Europe” (Bullock et al., 2012). This inventory is further calibrated
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against airborne pollen observations to reproduce the ragweed distribution with a high
accuracy, according to Prank et al (2013). Recently Hamaoui-Laguel et al. (2015) used the
observations collected in Bullock et al. (2012), combined with simplified assumptions on
plant density and a calibration using observations to obtain a ragweed density inventory map.;
This approach made use of the Organising Carbon and Hydrology in Dynamic Ecosystems

which—eombined—with—a—vegetation—model-(ORCHIDEE) and the Phenological Modeling
Platform a—phenologymedel-(PMP) allewed-to—obtain—for obtaining daily available pollens

(potential emissions) in Europe.Here—wepresent-a—new-approach—with-expheittreatment-of

On average, one ragweed plant can produce 1.19+0.14 billion pollen grains in a year
(Fumanal et al., 2007), but resources available (solar radiation, water, CO,, and nutrients) for
an individual plant during the growth season could alter itsplant fitness and further influence
its pollen production (Rogers et al., 2006;_Simard and Benoit, 2011, 2012). 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 of flowering. This allows 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 release pattern driven by short-term meteorological conditions
(Martin et al., 2010;_Smith et al., 2013;_Zink et al., 2013). Ragweed is a summer annual,
short-day plant. Before seeds are able to germinate, it requires a period of chilling to break the
dormant state (Willemsen, 1975). The following growth and phenological development
depends on both temperature and photoperiod (Allard, 1945; Deen et al., 1998a). Flowering is
initiated by a shortening length of day but could be terminated by frost (Dahl et al., 1999;
Smith et al., 2013) or drought (Storkey et al., 2014). A number of phenological models have
been developed for ragweed, either based on correlation fitting between climate and
phenological stages (Garcia-Mozo et al., 2009) or explicitly represented by biological
mechanisms (Deen et al., 1998a; Shrestha et al., 1999;_Storkey et al., 2014;_Chapman et al.,
2014). The mechanistic models take into account the responses of development rates to
temperature, photoperiod, soil moisture, or stress condition (frost, drought, etc.). Mostly they

are based on growth experiments but have to enforce a standard calendar date or a fixed day
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length for the onset of flowering when they are used in real condition. While 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
correlation fitting when the knowledge of plant physiology and local adaptation of phenology

are not sufficiently known at the moment.

In this paper, we present a pollen emission scheme that incorporate plant distribution, pollen
production, species-specific phenology, flowering probability distribution, and pollen release
pattern-based on recent studies—findings. By combining the emission scheme with a transport
mechanism a pollen simulation framework within the Regional Climate Model (RegCM)
version 4 is then developed to study ragweed pollen dispersion behaviours on regional scale.
In Sect. 2 we provide a description of the RegCM-pollen simulation configuration, emission
parameterization details, the processing of plant spatial density and observations data used for
calibration in the study. In Sect 3 we define the model experiment, explain the method used to
calibrate ragweed density, present the simulation results of pollen season,-and evaluate the
performances of the coupled model system over a recent period covered with observations-,

and finally present Fthe climatological information about the ragweed pollen risk over

European domain on decadale- time scale-is-presented. Summary and conclusions appear in

Sect. 4.

2 Materials and methods

The development of RegCM-pollen model is based on the Abdus Salam International Centre
for Theoretical Physics (ICTP) regional climate model, i.e. RegCM4, which has been used for
a number of years in a wide variety of applications (Giorgi et al., 2006; Meleux et al., 2007;
Pal et al., 2007;_Giorgi et al., 2012). In this framework, we develop a pollen model for
ragweed which calculates (i) the seasonal production of pollen grains and (ii) their emission
and atmospheric processes (transport and deposition) determining regional pollen
concentrations. As detailed hereafter pollen emission and transport are developed in the
preexisting framework of the RegCM atmospheric chemistry module (Solmon et al., 2006;
Zakey et al., 2006;_Tummon et al., 2010;_Shalaby et al., 2012;_Solmon et al., 2012). Pollen
production is developed in the framework of the Community Land Model (CLM) version 4.5
(Oleson et al., 2013), which is the land surface scheme coupled to RegCM. Figure 1 gives an
overview of such development framework. In the following subsections, we give details about

the important data and steps of the development.
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2.1 Observed pollen concentrations

Pollen observations are central for calibration and validation of the pollen module as
discussed further. The pollen data are provided by the European Aeroallergen Network
(https://ean.polleninfo.eu/Ean/) and affiliated national aerobiology monitoring network
RNSA(France,  http://www.pollen.fr), = ARPA-Veneto_ ——and—ARPA-FEVG(Italy,
http://www.arpa.veneto.it), and Croatian menttering-sitesorganizations including the Institute

of Public Health, the Department of Environmental Protection and Health Ecology at Institute

of Public Health “Andrija Stampar” and Associate-degree college of Velika Gorica. The

archives cover ragweed pollen concentrations (expressed as grain'm™) with daily resolution
from 46-44 observations stations from 2000 to 2012 year (Table [Fig—2). The pollen
observation sites range from 42:53542.649°N to 48:24948.300°N and from 6-0620.164°E to

21-69321.583°E. The sites are grouped for study purposes into four regions: France (FR),
Italy (IT), Germany-Switzerland (DE+CH) and central Europe (Central EU) including Austria,
Croatia, and Hungary (Fig. 2). In—mest-situatiens;—+Ragweed pollens are collected at an

airflow rate of 10 L min” using volumetric spore traps based on the Hirst (1952) design.

Samples were examined with and-eounted-under-light microscopy for the identification and

counting of pollen grains. The International Association for Aerobiology recommends for the

samples reading at magnification 400x minimum of 3 longitudinal bands or at least 12

transverse bands or minimum 500 random fields (Jager et al., 1995). The actual sampling

methods (longitudinal, transverse or random) and magnifications may vary between the

several national networks but generally comply (Jato et al.. 2006; Skjeth et al.. 2010; Garcia-
Mozo et al.. 2009; Sofiev et al.. 2015: Galan et al., 2014: Thibaudon et al., 2014). We based

our study on daily pollen concentrations, although for some stations hourly data are available.
The observations period ranges from 2000 to 2012 but for some stations observations only

cover part of this period._The observations of 2000-2010 are designed for model application

and evaluation about ragweed pollen risk. The data for 2011 and 2012 are left and only used

for verifing pollen season simulated by phenology model.

2.2 Model setup

Ragweed pollen simulations are carried out for a European domain ranging from

approximately 35°N to 70°N, and from 20°W to 40°E (Fig. 2). The horizontal resolution is 50
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km, with 23 atmospheric layers from the surface to 50 hPa. Initial and lateral atmospheric
boundary conditions are provided by ERA-Interim analysis at 1.5°spatial resolution and 6-h
temporal resolution. Weekly SSTs are obtained from the NOAA optimum interpolation (OI)
SST analysis (with weekly ERA sea surface temperatures). Beside CLM4.5 as a land surface
scheme, other important physical options are Holtslag PBL scheme (Holtslag et al., 1990) for
boundary layer, Grell scheme (Grell, 1993) over land and Emanuel scheme (Emanuel and
Zivkovic-Rothman, 1999) over ocean for convective precipitation, the SUBEX scheme (Pal et
al., 2000) for large-scale precipitation. Aerosol and humidity are advected using a semi-
Lagrangian scheme. The period 2000-2010 is chosen for the study. Even though the focus of
the study is July-October of the flowering season, the model is integrated continuously
throughout the year notably for simulating ragweed phenology. To compare with the
observation described in Sect. 2.1, simulated pollen concentrations time series are interpolated

to the station locations and averaged daily.

2.3 Ragweed spatial density

Ragweed spatial distribution is obtained through a procedure discussed in Hamaoui-Laguel et
al. (2015)_(Supplementary infermationInformation). For country where observations are
available and of sufficient quality, ragweed distribution is assumed to result from habitat
suitability combined with infestation (not all suitable habitats are populated). The habitat
suitability is assumed to scale as the product of the fraction of suitable land use surface H(x,y)
with a climate suitability index Cl(x,y) calculated from the SIRIUS ecological model (Storkey
et al., 2014). The infestation rate is derived from the density of 10x10 km cells K(x,y) with
plant presence as reported in Bullock et al. (2012). Assuming a homogeneous surface
distribution of suitable habitats within each model grid cell (50x50 km) and assuming that
observers only investigate suitable areas, the probability of plant presence (or infestation rate)
should then be proportional to K(x,y)/25. But considering that an observer probably finds
ragweed plants more often than what a random search would predict, the density should
actually be lower than that predicted by K(x,1)/25. We assumed that infestation rate actually
scales as (K(x,y)/25)", with r>1, taken here equals to 2. The final ragweed density D, (in
plant-m'2) at 50 km resolution is therefore obtained from the infestation rate, surface fraction

of suitable land use, and climatic suitability index as:

D, (x,y) = Const- H(x,y)-CI(x,y)- (%S’y))’ ) (1)
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Here Const = 0.02 is assumed to be the maximal density (plant-m™) in the most suitable
habitats (Efstathiou et al., 2011), H(x,y) taken as the crop and urban lands in CMIPS5 land use
classification (Hurtt et al., 2006). For countries with low-quality observations or with no
available inventories, the detection probability is replaced by the average over neighbouring

countries with reliable data.

2.4 Parameterization of the pollen emission flux

Pollen emission patterns on regional scale depend on plant density, production, and
meteorological conditions. The parameterization of pollen emission flux is a modified version
of Helbig et al. (2004). The vertical flux of pollen particles F), in a given grid cell is assumed
to be proportional to the product of a characteristic pollen grain concentration per plant
individual ¢ (grain'm'3-plant'1) and the local friction velocity u« This potential flux is then
modulated by a plant-specific factor ¢, that describes the likelihood of blossoming, and a
meteorological adjustment factor. Finally the flux is scaled up at the grid level using the plant

density D, (plant-m™) discussed previously in Sect. 2.23.

Fp = Dp'ce'Ke'C Uy R (2)
2.5 Pollen production
The characteristic concentration c¢* is related to pollen grain production using
¢ = il
LAl -H, > 3)

where ¢, is the annual pollen production in grains per individual plant (grains-plant™), LAI=3
is the leaf area index term, and H =1 is the canopy height (m). These later parameter are

determined on the basis of CLM4.5 C3 grass land use categories during summer.

Annual pollen production ¢, is estimated from plant biomass production, based on an
assumption that pollen production per plant is a function of the plant dry biomass i.e. the
accumulated net primary production (NPP) of CLM4.5 C3 grass €EM4-5-plant functional
type during the growth season. Based onThreugh this assumption, g, is calculated following
Fumanal et al. (2007) (Eq. 4). This parameterisation integrates the response of pollen grain

productivity to various environmental conditions affecting C3 grass NPP, including climate
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variables and atmospheric CO, concentration for example. It involves a variety of biophysical
and biogeochemical processes at the surface such as photosynthesis, phenology, allocation of
carbon/nitrogen assimilates in the different components of plant, biomass turnover, litter

decomposition, and soil carbon/nitrogen dynamics.

Log,,(q,)=T7.22+1.12l0g (plant dry biomass) )

In this approach, yearly total pollen production calculation from mature plant dry biomass
needs to be determined in advance, i.e. before integration of the pollen modelling chain. This
is done by making a preliminary RegCM-CLM4.5 run with prognostic NPP activated and
archived. Alternatively, in order to reduce simulation costs and insure model portability to
other domain we also built a precomputed global C3 grass yearly accumulated NPP data base.
This data can be directly interpolated and prescribed to RegCM4 for pollen runs. This global
data base is built by running the land component CLM4.5 of the Community Earth System
Model version 1.2 (CESM1.2) (Oleson et al., 2013) with the Biome-BGC biogeochemical
model (Thornton et al., 2002;_Thornton et al., 2007) enabled and forced by CRUNCEP
(Viovy, 2011). We acknowledge that NPP obtained this way is not fully consistent with

RegCM simulated climate but this approach represents a reasonable and practical compromise.

2.6 Flowering probability density distribution

In Eq. (2), C. is a probability density function accounting for the likelihood of the plant to
flower and effectively release pollen in the atmosphere. The inflorescences of common
ragweed consist of many individual flowers that reach anthesis sequentially (Payne, 1963). At
the beginning of the season only 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 dynamic, we use the normal distribution
function reported in Prank et al. (2013). The probability distribution of flowering time is
represented by a Gaussian depending on “accumulated biological days” BD, and centred

midway between flowering starting and ending biological days BDy, and BDy:

BD,+BD
(BD- Je s )2

1
o2z , (5)
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where const =20-10" is determined by adjusting the integrated amount of pollens between
BDy, and BDy to the total yearly production g, determined from NPP. ¢ is the standard
deviation determined by the length of the season, considering that the season represents about

four standard deviations of the Gaussian distribution 40 =BD, —BD, . The probability

distribution is however set to zero as soon as the daily minimum temperature is below 0°C,

considering that first frost set up the end of ragweed activity (Dahl et al., 1999). In the

following section we describe how biological days (BD) are effectively determined.

2.7 Phenology representation and flowering season definition

2.7.1 Biological days

For simulating the timing of the flowering season, we adapt the mechanistic phenology
model of Chapman et al. (2014), which is based on growth experiments (Deen et al., 1998a;
Deen et al., 1998b;_Shrestha et al., 1999; Deen et al., 2001). Phenology is simulated using
BD accumulated for the current year of simulation and from the first day (#) after the

spring equinox for which daily minimum temperature exceeds a certain threshold 7 .

defined further (Chapman et al., 2014). BD on time ¢ depends on key environmental

variables through:

BD(T,L,0)=| r.(T)-r,(L)-r,(0)-dt
(T.L.8)= | rr(T)-1,(L)-15(6) e

where 1,7, , 7 are the response of development rates to temperature 7', photoperiod L, and

soil moisture €, respectively. In this approach, biological day varies according to local
climate as illustrated in Sect. 3.2. The phenological development of ragweed before flowering
is separated into vegetative and reproductive phases controlled by different factors.
Vegetative development stages are germination to seedling emergence (4.5 BD) and
emergence to end of juvenile phase (7.0 BD) (Deen 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.
From the end of the juvenile phase to the beginning of anthesis (13.5 BD) (Deen et al., 2001)

the reproductive development phase takes place and is affected by temperature and
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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)

0 T<T,,
Tm xiTopr ¢
— — T;Jpz_Tmin
rT(T) = a Tmin Tmax d Tmin = T B T'max
Tapt_Tmin Tmax_Topt
0 T>T . R

where 7 . ,7T ,7  are minimum, optimum, and maximum growing temperatures with

min > “opt > £ max
values 4.88°C, 30.65°C, 42.92°C respectively. c¢ is a scaling parameter with value of 1.696.

All these parameters are derived from growth trail data (Deen et al., 1998a; Deen et al., 1998b;
Shrestha et al., 1999; Deen et al., 2001).

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

function presented by Chapman et al. (2014)

o(L140)In(1-L) L>14.0

L) =
2(5) {1 L<140 ®)

where L is day length, expressed in hours. The photoperiod response delays plant
development when the day is longer than the threshold photoperiod fixed to 14.0 h (Deen et
al., 1998b). Ls is a photoperiod sensitivity parameter varying between 0 and 1, which controls
development delay and can be adjusted according to sensitivity test to 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 to occur from the germination
to seedling emergence stage. We use a linear function similar to the one used to account for

soil moisture impact on biogenic emission activity factor in MEGAN (Guenther et al., 2012)

0 0<06,
(@) =12~ % 6 <0<0
S 9 _ 0 w 1
opt w
1 0 >0,

; ©)
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where 6 is volumetric water content (m’> m™), o, ( m’ m”) is wilting point (the soil moisture
level below which plants cannot extract water from soil) and 6,, (=6, +0.1, m’ m™) is the

optimum soil moisture level in the seed zone over which the development rate reaches

maximum (Deen et al., 2001).

According to this phenology model, a total of about 25 BD are theoretically needed to reach
the beginning of pollen season BDg from the initiation date of BD accumulation. However
this model relies on parameters determined from controlled conditions and transposition to
natural environment is not straightforward in order to calculate a realistic BDg . Moreover, the
model does not allow to calculateing a priori the end of season date BDy, required in Eq. (5).
While we do rely on BD to represent the pheonolgical evolution within the season, we
however constrained the starting and ending biological days of the season (BD; and BDy)

based on observations, as explained hereafter.

2.7.2 Dates of the flowering season

Experimentally, pollen season can be defined in a number of ways from observed pollen
concentrations and listed for example in Jato et al. (2006). A widely used definition is the
period during which a given percentage of the yearly pollen sum is reached. Another
definition refers to the period between the first and last day with pollen concentrations
exceeding a specific level. Looking at the temporal distribution of observations, particularly
long distribution tails can be found in some cases at the beginning and the end of the pollen
season, especially in stations where pollen levels are moderate. This makes the definition of
pollen season rather imprecise, while it is in general more constrained in areas with high
yearly pollen sum. In our approach, we define the start of the pollen season from 4446
observation stations (described in Sect. 2.1) as: The first day of a series of three days in a
weekly window for which the pollen concentrations exceed 5 grains m™, and after 2.5% of the
yearly pollen sum has been reached. The end of the pollen season is defined as: The last day
of a series of three days in a weekly window for which the pollen concentrations exceed 5
grains m™, just before reaching 97.5% of the yearly pollen sum. (5 grains m™ is supposed the
minimum threshold to induce medically relevant risks). The centre of the pollen season is
simply defined as the time when the yearly pollen sum reaches 50%. Kriging method is then
used to spatially interpolate pollen season dates determined for each station over the

simulation domain. For each grid cell, BDs and BDj, are determined by simulating and
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accumulating biological days up to the experimentally defined starting and mid-season dates.

Ending season dates is calculated as 2BD,, —BD, according Eq. (5). This methodology

requires again a pre-calculation run of RegCM4/CLM4.5 where simulated BD is output in
order to be matched with observed season dates for each year. Once this step is achieved,
spatially resolved BD; and BDy, can be obtained by averaging across the years and used to

perform the integrated pollen run.

2.8 Instantaneous release factor

In Eq. (2), the K, factor accounts for short term modulation of pollen flux from
meteorological conditions. Following Sofiev et al. (2013) K, is a function of wind speed,

relative humidity, and precipitation calculated by RegCM-CLM45 during the run.

h,..—h U+ w. . —
K, = () [ f —exp(—— )] (PP
max min Usatur pmax ~ Pmin (10)

In this formula, / and p are relative humidity (%) and precipitation (mm h™"), which do not
affect the release until lower thresholds (%, pmin) are reached. After reaching upper
thresholds (Zmax, pmax) the pollen release is totally inhibited. U is the interactive 10 m wind
speed (m s™) connected to RegCM prognostic wind and surface roughness, w+ is a convective
velocity scale (m s™), U is the saturation wind speed (m s™), and fj,q is the maximum
value that wind can contribute to the release rate. The definitions of threshold parameters are

discussed in detail in sofiev et al., 2013

3 Model application and evaluation

3.1 First guess simulation and calibration of the ragweed density

A first pollen run is performed using the first guess ragweed density described in Sect. 2 and
displayed in Fig. 3a. First guess density map shows maxima of ragweed in the south-east of
France, Benelux countries, and central Europe regions. When comparing the resulting field to
observation, simulated concentrations obtained with the first guess distribution are generally
overestimated over France, Switzerland and Germany, underestimated in parts of central
Europe, and have comparable order of magnitude over some Italian and Croatian stations (Fig.

4a). These important biases are in large part due to assumptions made in the construction of
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the first guess plant density distribution. In order to reduce these biases we perform a model
calibration by introducing a correction to the first guess ragweed distribution. For each station,
calibration coefficients are obtained by minimizing the yearly root mean square error (RMSE)
after constraining the decadal (2000-2010) mean simulated pollen concentration to match the
decadal mean observed concentrations (2000-2010) within an admissible value. Calibration
coefficients obtained over each station are then interpolated spatially on the domain using
ordinary Kriging technique. Then a calibrated simulation using the calibrated density
distribution is carried out and repeated several times. After three iterations, the correlation of
yearly totals across observation stations increase from 0.23 to 0.98 and the patterns are

clustering around the 1:1 line (Fig. 4b).

The final calibrated ragweed distribution (Fig. 3b) shows high density in central Europe
including Hungary, Serbia, Bosnia and Herzegovina, Croatia, and western Romania, northern
Italy, west France, and also in southern Netherland and northern Belgium. The calibration

adjusts the density over all the grid cells with ragweed presence by a factor ranging between

0.1 and 4.4 with an average of 0.98.
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To estimate the error and sensitivity of this calibration method to the individual stations we

implement a 5-fold cross validation. The 44 sites are randomly divided into 5 eroups. 5

calibration experiments are conducted each time with one group left and used for validation

respectively. The results of 5 validation groups are then combined to assess the final

performance. With this approach a model measurements Pearson correlation of 0.54 is

obtained together with a normalized root mean squared error (RESM) of 21% (Fig 4c).

Without surprise, this is less than when using the full data sets for calibration. In particular

few stations with particularly high concentrations protruding from surrounding sites (for

example, ITMAGE and ROUSSILLON) have a large impact on the results of validation. We

compared our cross validation (8 or 9 sites left out each time) with three papers about

ragweed pollen source estimation over the Pannonian Plain, France and Austria (Skjeth et al.,

2010;_Thibaudon et al., 2014;_Karrer et al., 2015). Their cross validations (one site left out

each time) show corresponding correlations of 0.37, 0.25, 0.63 and root mean squared error of

25%., 16% and 3%, respectively. Our results are within this range. We agree that caution

should be taken in areas without a decent number of station coverage where the calibration

cannot be done.

Note that through correction, other systematic sources of errors possibly affecting the
modelling chain might also be implicitly corrected, leading to undesirable error
compensations. However, after running additional tests (not shown here), for example -i-e-by
varying model dynamical boundary conditions, a relatively small impact on pollen model

performance is found when compared to in-eemparisen—to-the ragweed density distribution

impact.

3.2 Simulation of pollen season

The simulated startstarting dates, central dates, and endending dates of pollen season are
averaged from 2000 to 2010 and presented in Fig. 65. The pollen season generally show a
positive gradient from the south to the north and from low altitude to high altitude, resulting
from the combined effects of temperature, day length, and soil moisture. The startstarting date
varies between 21 July and 8 September. Flowering starts in the central European source

regions earlier than in west and north of source regions. The central dates are reached eeeur

38



wW N

O 0 39 N »n b

10

12
13
14
15
16
17
18
19

20
21
22
23
24
25
26
27
28
29

30

between 1 August and 27 September, without noticeable difference between central and west
source regions. Flowering ends in the central later than in the west of source regions. The

pollen season is longest in the central main source regions.

Table 2 lists Figure—7shews—the statistical correlation between simulated and observed
ragweed pollen startstarting, central, and endending dates. The model can reproduce starting
and central dates better than endending dates. Goodness-of-fit tests show that the models
account for 68.6%, 39.2%, and 34.3% of the observed variance in starting, central, and
endending dates. The RMSE is 4.7, 3.9, and 7.0 days for the pollen starting, central, and
endending dates, respectively. The model reproduces the pollen season in the main source
regions fairly well (Table 1FEig—8), where the averaged differences between the simulated and
observed pollen season progression are less or equal to 3 days and RMSE is lower than 6 days.
For the areas with lower ragweed infestation the results vary widely. The starting dates and
central dates are still reproduced well for a majority of the stations while the endending dates
are more problematic with averaged differences above 6-10 days and RMSE over 8-12 days at
some stations. This might result from patchy local ragweed distribution and the
effecteentribution of long range transport of pollen, which contributes to the determination of
pollen season dates and are assumed to be representative of local flowering as-assumed-in our
approach. Some stations also stop pollen measurement before the actual end of pollen season

which leads to a lower accuracy of season ending date.

This phenology model is further tested for years of 2011-2012 and compared to observations

(Table 2). Despite lower correlations, starting dates in both years and ending dates in 2012 are

predicted reasonably well with 38.5, 28.7%. 26.1% of the explained variance. The model

however fails in predicting central dates in 2012 with low correlations to experimetally

determined dates. Even so the prediction errors of RMSE for all dates in both years are well

controlled and the differences between fitting and prediction RMSE are kept within 1.6 days,

which means degradation of model performance has limited effects on the prediction of

pollen season. Extending the fitting to several years of observation may contribute to improve

the stability and robustness of the fitted threshold and further improve the phenology

modeling of ragweed.
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3.3 Model performance and evaluation

The evaluation of the model performance is made by comparing the modelled to observed
airborne pollen concentrations over the 2000-2010 period. In the Taylor diagram on Fig. 96,
we present an overview on how the models perform in terms of spatio-temporal correlations,
standard deviations, and RMSEs compared to observations. The statistics are given for
different time scales of variability: daily, annual, or for the full 11 years period (in this case, it
is equivalent to spatial statistics only). Different variables are analyzed: the daily
concentrations, the annual concentration sums, means, and maxima, and the 11 years
concentration sum, mean, and maxima. To plot all the statistics on a single diagram, standard
deviation and RMSE are normalized by the standard deviation of observations 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 best is the 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 11 year period (dots 5, 6 are very close to OBS). Not surprisingly it

meansThat—means the uncertainties abeut—ragweedhabitat—andits—poHenproduetion—are

reduced to a large extent by the calibration procedure. However, the calibrated simulations do

not capture the concentration maximum as well and tend to underestimate the measured
spatial standard deviation (decade maximum dot 7 and also for the annual maximum dot 4).
The model does not perform that well.perfermstess—wel but still shows some realism when

the variability is involved in both spatial and temporal correlations. The yearly statistics,

which reflect the interannual variation of pollen concentrations over the stations, are captured
well with correlation coefficients all above 0.80 and normalised standard deviations of 0.89,
0.88, and 0.61 for concentration sum, mean, and maximum respectively. When scores are
calculated for daily concentrations over all the stations, the overall spatial-temporal

correlation coefficient reaches 0.69 for a relative standard deviation of 0.80.

Daily variability is obviously the most difficult to simulate but is at the same time might-be
the most relevant in term of pollen health impact. To investigate further this point, the model
performance is regionally evaluated with both discrete and categorical statistical indicators as
listed in Zhang et al. (2012). The discrete indicators considered in this study include

correlation coefficient, normalized mean bias factors (NMBF), normalized mean error factors
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(NMEF), mean fractional bias (MFB), and mean fractional error (MFE). NMBF<£0.25 and
NMEF<0.35 are proposed by Yu et al. (2006) as a criteria of good model performance.
Boylan and Russell (2006) recommended MFB<+0.30 and MFE<+0.50 as good performance
and MFB<£0.60 and MFE<=£0.75 as acceptable performance for particulate matter pollution.
All metrics are computed over daily time series at each station and on whole European
domain (Table 43). For the whole domain, the average values of NMBF, NMEF, MFB, and
MFE are -0.11, 0.83, -0.15, and -0.31, respectively. Except for NMEF, the indices fall in the
range of good performance according to above criteria. The pollen concentrations over the
whole domain are shghthyunderestimated by a factor of 1.11 based on NMBF. As a measure
of absolute gross error, NMEF characterize the spread of the deviation between simulations
and observations. Although a relatively large gross error of 0.83 exists, the NMEF obtained
here is consistent with what is expected from operational air quality models (Yu et al., 2006;

Zhang et al., 2006).

The spatial distributions of correlation coefficient, NMBF, NMEF are shown in Fig. +07. The
correlations between simulated and observed daily time series are above 0.6-0.7 in the central
Europe source region and are mostly above 0.5-0.6 in the source regions of northern Italy and
eastern France, while the correlations are low in areas without strong local emission where the
majority of observed pollen may originate from long range transport or sporadic ragweed
sources. Overall 56.8% of the stations show a NMBF within £0.25 and 79.5% are within
+0.50. In the source regions of central Europe and eastern France, almost all NMBF values lie
within +0.25. In northern Italy the model mostly overestimates the mean daily pollen
concentrations by factors ranging from 1.25 to above 2.0 (except for ITMAGE station).
Simultaneous overestimation and underestimation can be found for neighbouring stations,
which reflects probably the influence of local and patchy sources difficult to account for at 50
km resolution. Better performances are obtained for central European source regions, where
the majority of NMEF are within 1.0. Performance degrades in France, where most NMEF
values are within 1.2. Simulations are more problematic over northern Italy, where values of
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 evaluation is done by classifying the values of pollen concentration with regard
to the thresholds of 5, 20, and 50 grains m™. Hit rates (fraction of correctly simulated

exceedances out of all observed exceedances) and false alarm ratio (fraction of incorrectly
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simulated exceedances out of all simulated exceedances) are calculated from daily time series
over the period. On the whole domain, hit rates for these thresholds are 67.9%, 73.3%, and
74.3% and false alarm ratios are 33.3%, 31.9%, and 32.2%, respectively. The model tends to
perform better for high threshold exceedance while gives more false alarms for lower
threshold. As shown on Fig. H8, there are however large regional differences in model
performance. Over central European source region, correct 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 source regions,
where correct predictions are mostly around 50-70% at low and moderate thresholds but false

alarms are generally high, especially at moderate threshold.

3.4 Ragweed pollen distribution 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 thresholds: First we can consider
minimum ragweed concentrations triggering an allergic reaction. These thresholds are based
on experiments involving short exposure time to pollen and then extrapolated in order to
define health thresholds in term of daily average concentrations. It is not known, whether a
short-time exposure to a large pollen concentration is equivalent to 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 range of such daily thresholds is 5-20 grains m™
per day estimated by Oswalt and Marshall (2008). Very sensitive people can be affected by as
few as 1-2 pollen grains m™ per day (Bullock et al., 2012).

On this basis, simulated surface concentrations are post-processed to produce 24-h average
concentrations. The footprints of ragweed pollen risk are then obtained by selecting the yearly
and monthly maximum from daily averaged concentrations. The yearly and monthly
maximums are averaged over the decade (2000-2010) to produce footprints depicted in Figs.
129, 4210). The risk is divided into 16 levels to reflect the range of health relevant threshold
used in different countries and regions as listed in Table 4.3 of Bullock et al. (2012). The
numbers of grid cells at different threshold risk levels are given in Table 24. Hereafter we
select some of the representative risk levels to be discussed in more details. From annual

footprint of ragweed pollen spread risk, the area with concentration > 1 grains m™ occupies
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almost 50.3% area of domain, with an average concentration of 23.7 grains m~. The risk
pattern extends from European mainland to the seas due to the long-range transport. The
lowest risk areas with concentration of 1-5 grains m™ are located over the sea as well as in the
countries upwind and far from the known sources, such as Spain, UK, Poland, Belarus, and
Latvia. The low risk areas with concentration of 5-20 grains m™ are found on the periphery of
the source regions and over Mediterranean Sea, occupying 18.2% of domain. The

3 are close to the sources, taking

intermediate risk areas with concentration of 20-50 grains m’
up 6.1% of domain. The areas with very strong stress >50 grains m™ are concentrated on main

sources, taking up 5.2% of domain.

Temporally, the pollen risk is determined by seasonal evolution (Fig. +310). August is in
general the month contributing the most to the annual risk footprint, with an average
concentration of 25.6 grains m™~ (from grid cells with concentration above 1 grains m™).
However for some northern region like Belgium and Germany, the maximum risk is found for
September (Fig. 4210). Overall September shows still important levels 18.9 grains m~ when
October and July exhibits much weaker concentrations. The risk areas associated to pollen for

each month are given in Table 24.

Besides the triggering of allergic reactions at a certain threshold, the time of exposure above a
certain threshold might be also important e.g. in term of sensitisation to ragweed pollen. To
assess a risk based on this criterion, exposure time, expressed as the decadal average of the
number of days per season above a certain threshold, are calculated and reported in Fig. +411.

Relevant threshold are 5, 10, 20, 50 grain m>.

The longest exposure times occurs in Pannonian Plain at all thresholds, reaching for example
about 30 days above 20 grains m™. Northern Italy and France can also show some important
exposure time. Over the measurement stations, we can compare measured and simulated
exposure time at different thresholds as reported in Fig. +411, where measurements are
indicated with circles coloured by the measured number of days (left half) and corresponding
simulated number of days (right half). Simulated and measured risk agrees reasonably for
most stations with in general better comparison for moderate thresholds (10 and 20 grain m™)
relative to high or low thresholds. Nevertheless except for a few stations the simulated

exposure time tends to be overestimated.
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4 Summary and conclusions

This study presents a regional-climatic simulation framework based on RegCM4 for

investigating the dynamics of emissions and transport of ragweed pollen. The RegCM-pollen

modelling system incorporates a pollen emission module coupled to CLM4.5 and a transport

module as part of the chemistry transport component of RegCM. Fhe-emisston—module—is

i i 1t —Because climate, CLM4.5 and

chemistry components are synchronously coupled to the RegCM model, Fhis-this approach

allows dynamical response of pollen ripening, release, and dispersion to key environmental
driver like temperature, photoperiod, soil moisture, precipitation, relative humidity,
turbulence, and wind. Through the pollen production link to NPP, other environmental and
climate relevant factors as atmospheric CO, concentrations are also accounted for. The
specific ragweed phenology is parameterized from growth controlled experiment but has to be
somehow adjusted to observations for more realism of the flowering season simulations over
Europe. Similarly, ragweed spatial distribution is a very poorly constrained parameter which
has to be corrected through a calibration procedure. The calibration is performed considering

the decadal mean of pollen counts over all sites. As a resultThe—ecalibration—inereases the

spatial correlation between the simulated and measured average concentrations over the

decade 1s greatly increased (from 0.23 to 0.98) by the calibration. While the cross validation

aimed at evaluating the calibration shows a corresponding correlation of 0.54 and RESM of

21%, which reflects reasonable error and sensitivity of the calibration. The model

measurement correlations based on daily comparison, which are the most relevant for pollen

impacts are also increase a

concentrations-from 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 since this one is

performed on decadal mean of vearly pollen count.

The RegCM-pollen framework is applied to the European domain for the period 2000-2010.
Comparing with the observed flowering season, the model can reproduce startstarting dates
and central dates well, with 68.6%, 39.2% of the explained variance and 4.7, 3.9 days of
RMSE in startstarting date and central date, respectively. The pollen season in the main

44



O 0 I N DN kB~ W N ==

—_ =
N o= O

13
14
15
16
17
18
19
20

21
22
23
24
25
26
27
28
29
30
31
32

source regions are reproduced fairly well while in the areas with lower ragweed infestation
the deviations are evident. The model in generally captures the gross features of the pollen
concentrations found in Europe. Statistical measures of NMBF, MFB, and MFE over the
domain fall in the range of recommendation for a good performance while NMEF is a bit
large with a value of 0.83. The model performs better over the central European source region,
where the daily correlations at most stations are above 0.6-0.7 and NMEF lie within 1.0.
Performance tends to degrade in France and northern Italy. Still, the values of NMEF for
pollen simulation are generally consistent with what is expected from operational air quality
models for aerosols for example. Categorical evaluation reveals the model tends to give better
predictions for high threshold while gives more false alarms for low threshold. A better
performance is also shown over the central European source region at all levels, with correct

prediction are above 80% and false alarms are within 20%.

The multi-annual average footprints of ragweed pollen spread risk are produced from
calibration simulations. The pollen plume with concentration > 1 grains m™ can reach on the
seas far away from European mainland. The risk areas with concentration above 5 grains m™
are around the source and on Mediterranean Sea, occupying total 29.5% of domain. While the
areas with very strong stress >50 grains m™ are confined in narrow source areas. From the
seasonal distribution, August in general contributes most to the annual footprint and
September shows still important levels. The longest risk exposure time occurs on Pannonian

Plain at all thresholds. Northern Italy and France also show some considerable exposure time.

The modelling framework presented here allows simultaneous estimation of ragweed pollen
risk both for hindcast simulations (including sensitivity studies to different parameters) and
for study of potential risk evolution changes under future-climate scenarios as illustrated in
Hamaoui-Laguel et al. (2015). Still a long list of uncertainties hinders an accurate estimate of

the airborne pollen patterns and risk within presented framework. Also caution should be

taken while interpreting the results in areas without a dense observational network and where

calibration is weaker. In this regard, challenging research efforts should focus on a better

characterization of ragweed spatial distributions and biomass, in addition, aA better

understanding of phenological process;—production—peotential,—plant—distribution and the

dynamic response of release rate to meteorological conditions will help to reduce these

uncertainties and improve the-model performance. A accurate and diverse observation of

ragweed phenology is therefore of the essence to better represent local flowering and also
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there is a need for experimental observations to better constrain the release model. In parallel,

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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Table 1. General information (2000-2010) for pollen observation sites. The Annual pollen sum is calculated from 15 July to 31 October. Only

years with data available exceeding 67% between 20 July and 2 September are used to determine the observed start date and years with data

available exceeding 56% between 3 September and 18 October are used to determine the end date.

Observed pollen season Simulated pollen season RMSEs of pollen season
Years Annual pollen (Julian day) (Julian day)

Station city Country Longitude Latitude Source available sum
Ml gy cenve  End st conme  end st cene  end
ATPULL Oberpull AT 16.504 47.503 EAN 6 656.0 224 243 268 226 242 264 3.6 82 0.0
ATWIEN Vienna AT 16.350 48.300 EAN 11 1607.7 227 247 276 230 248 276 7.1 4.3 1.6
CHGENE Geneva CH 6.150 46.190 EAN 11 200.0 230 243 264 231 243 270 52 27 10
CHLAUS Lausanne CH 6.640 46.520 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 2.0 3.0 7.9
AIX Aix-en-P FR 5.442 43.535 RNSA 11 238.8 232 243 260 232 245 258 0.0 0.0 07
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 6 813 226 231 247 227 234 256 0.0 0.0 0.0
FRAVIG Avignon FR 4.805 43.920 RNSA 6 3617 220 242 261 230 242 261 55 41 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 Bourgen B FR 5.221 46.210 RNSA 5 593.6 229 241 258 229 240 258 5.1 4.2 52
FRBOUR Bourges FR 2.396 47.084 RNSA 2 300.0 221 236 263 227 238 267 10.0 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 Clermont-F 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 47319 RNSA 6 134.7 236 246 255 238 247 257 1.9 12 6.1
LYON Lyon FR 4.825 45.728 RNSA 11 1528.1 222 240 264 224 242 266 4.0 53 5.1
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 19 6.6
FRNIME Nimes FR 4.350 43.833 RNSA 6 157.3 236 245 258 236 244 258 2.2 33 6.4

FRORLE Orleans FR 1.898 47.908 RNSA 3 213
ROUSSILLON Roussillon FR 4.812 45.371 RNSA 9 5210.2 221 242 262 223 242 263 33 3.1 8.0




TOULON Toulon FR 5.978 43.127 RNSA 1 133.6 238 246 251 238 243 254
FRTOUS Toulouse FR 1.454 43.559 RNSA 6 56.2 245 248 256 243 245 254
FRVICH Vichy FR 3.434 46.131 RNSA 3 343.0 227 240 259 229 240 261
BJELOVAR Bielovar HR 16.843 45.897 HRTEAM 6 6993.8 221 240 261 222 239 262
DUBROVNIK Dubrovnik HR 18.076 42.649 HRTEAM 6 152.8 240 242 257 241 243 265
KARLOVAC Karlovac HR 15.542 45.492 HRTEAM 3 5159.0 218 237 256 219 238 260
OSIJEK Osijek HR 18.688 45.558 HRTEAM 4 6924.5 218 240 259 219 241 261
SLAVONSKI Slavonski HR 18.023 45.154 HRTEAM 3 13964.0 220 240 266 223 242 267
SPLIT Split HR 16.299 43.540 HRTEAM 3 281.3 232 249 259 233 254 266
ZADAR Zadar HR 15.235 44.107 HRTEAM 4 5152 232 244 270 234 245 275
HRZAGR Zagreb HR 16.000 45.800 EAN 8 4207.5 221 240 262 222 240 263
HUDEBR Debrecen HU 21.583 47.533 EAN 11 72754 217 240 264 220 240 265
HUGYOR Gybr HU 17.600 47.667 EAN 11 2976.5 222 241 268 223 242 271
AGORDO Agordo T 12.021 46.284  ARPA-Veneto 3 0.3
BELLUNO Belluno T 12.200 46.136  ARPA-Veneto 5 14
JESOLO Jesolo T 12.661 45510  ARPA-Veneto 5 221.6 235 244 262 236 243 264
LEGNAGO Legnago T 11315 45185  ARPA-Veneto 5 1757 231 244 255 231 245 256
ITMAGE Magenta 1T 8.883 45.466 EAN 4 5584.8 221 242 267 223 244 267
MESTRE Mestre T 12.250 45480  ARPA-Veneto 5 290.5 234 244 263 234 243 263
ITPARM Parma T 10.310 44.800 EAN 7 244.1 226 240 257 227 240 258
ROVIGO Rovigo T 11.786 45.049  ARPA-Veneto 4 81.0 240 244 250 238 244 250
VERONA Verona T 10.992 45427  ARPA-Veneto 5 1724 230 242 255 230 244 257
VICENZA Vicenza T 11.562 45546  ARPA-Veneto 5 223.1 232 244 260 232 245 262
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Table 2. Statistical correlation between simulated and observed ragweed pollen season for

fitting 2000-2010 and prediction (2011, 2012).

Explained variance (%) RMSE
period
start centre end start centre end
2000-2010 68.6 39.2 34.3 4.7 3.9 7.0

11 8.5 .
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1 | Table 4+3. Model performance on simulation of daily average concentrations for 2000-2010.

discrete statistical indicators

normalized mean bias factors (NMBF) -0.11
normalized mean error factors (NMEF) 0.83
mean fractional bias (MFB) -0.15
mean fractional error (MFE) -0.31
correlation coefficient (R) 0.69
Threshold (grains m™)
categorical statistical indicators (%)
5 20 50
Hit rates 67.9 733 743
false alarm ratio 333 319 322




1 | Table 24. Percent area with the surface concentration of ragweed pollen at different risk levels,

2 average for 2000-2010.

Lower bound of Percent area in domain
level the thresholds/
(grain m™) Jul  Aug Sep Oct annual
1 0 99.6 61.1 543 924 497
2 1 0.2 6.8 11.5 23 9.1
3 2 0.1 8.8 102 2.7 117
4 5 0.0 25 1.9 03 2.1
5 6 0.1 3.1 3.6 0.5 38
6 8 0.0 2.1 2.7 03 29
7 10 0.0 1.0 1.2 0.1 1.3
8 11 0.0 6.8 6.5 0.8 8.1
9 20 0.0 26 2.1 04 35
10 30 0.0 1.3 1.9 02 26
11 50 0.0 1.2 1.3 0.0 1.6
12 80 0.0 04 0.4 0.0 0.6
13 100 0.0 1.1 1.4 00 14
14 200 0.0 1.0 0.8 0.0 1.2
15 500 0.0 0.2 0.2 00 03
16 1000 0.0 0.0 0.0 0.0 0.1
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First guess Ambrosia density (indiv./mz)
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First guess simulations versus observations

Calibrated simulations versus observations
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Figure 4. Average (2000-2010) annual pollen sum for first guess (a), and-calibrationed (b) and
validation (c) simulations on sites.
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Average annual emission flux from 2000 to 2010

Total annual pollen counts average from 2000 to 2010
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Average pollen start date from 2000 to 2010 b) Average pollen centre date from 2000 to 2010 Average pollen end date from 2000 to 2010

a) c
AW IEW 00 IS°E 30 45°E 30°W  15W 00 1B 30°E 45 ! 30°W  15°W  0° IS 30°E  45°E
1 1 Il L | 1 L L
65N 4 . Ty - - 65°N = I 65°N
d day
80°N — 60°N | F 60N 00
s
56°N — 55°N | F 55N 20
218
-] 4

3 50N — 3 50°N F 50°N e
g '; 205
A 3 250

ag*N 45N | b aseN
B
i 50
lcN—‘_r‘! 40°N — - 40N s
; 20
3N 35°N 35N 2
=0

10°W o° 10°E 20°E 30°E 10°w [ 10°E 20°E 30°E
Longitude Longitude Longitude

Figure 65. Average pollen season (day of the year) from 2000 to 2010: start dates (a), central
date (b), and end dates (c).
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Difference from observed start dates for 2000-2010

Difference from observed central dates for 2000-2010

Difference from observed end dates for 2000-2010
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Figure 96. Normalized Taylor diagram showing spatial and temporal correlations coefficients,
standard deviations and RMSEs between simulations and observations for the period 2000-
2010. Standard deviation and RMSE are normalized by the standard deviation of observations

at the relevant spatiotemporal frequency.
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Figure +18. Categorical statistics at thresholds of 5 grains m~ (left column), 20 grains m™

(middle column), and 50 grains m™ (right column): upper panel — hit rate (percentage of
correctly predicted exceedances to all actual exceedances), lower panel — false alarm ratio

(percentage of incorrectly predicted exceedances to all predicted exceedances).
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‘ Figure 429. Annual footprint of ragweed pollen at the surface, obtained by selecting the

maximum from daily averaged concentrations during the whole pollen season.
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Footprints of Ambrosia pollen for July
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Figure +310. Footprints of ragweed pollen at the surface in each month during pollen season,

average from 2000 to 2010, obtained by selecting the maximum from daily averaged

concentrations in each month.

70



65°N

60°N

55°N

50°N

Latitude

45°N

40°N

35°N

65°N

60°N

55°N

50°N

Latitude

45°N

40°N

35°N

Above 5.0 grains m* day
30°W  15°W  0°  15°E  30°E  45°E

10°W 0° 10°E 20°E 30°E

Longitude
1 2 4 6 8 10 20 30 40 50 60

Above 20.0 grains m™ day
30°W  15°W  0°  15°E  30°E  45°E

10°W 0° 10°E 20°E 30°E

Longitude

1 2 4 6 8 10 20 30 40 50 60

65°N

60°N

55°N

50°N

45°N

40°N

35°N

65°N

60°N

55°N

50°N

45°N

40°N

35°N

Latitude

Latitude

65°N

60°N

55°N

50°N

45°N

40°N

35°N

65°N

60°N

55°N

50°N

45°N

40°N

35°N

Above 10.0 grains m* day
30°W  15°W  0°  15°E  30°E  45°E

10°W 0° 10°E 20°E 30°E

Longitude
1 2 4 o6 8 10 20 30 40 50 60

Above 50.0 grains m* day
30°W  15°W  0°  15°E  30°E  45°F

10°W 0° 10°E 20°E 30°E

Longitude

1 2 4 6 8 10 20 30 40 50 60

65°N

60°N

55°N

50°N

45°N

40°N

35°N

‘ Figure +411. Number of days when the daily average concentration exceeding certain risk

levels. Ground-based measurement locations are indicated with circles coloured by the

measured number of days (left half) and corresponding simulated number of days (right half).
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