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Abstract This article reviews interactions and health
impacts of physical, chemical, and biological weather.
Interactions and synergistic effects between the three types
of weather call for integrated assessment, forecasting, and
communication of air quality. Today’s air quality legislation
falls short of addressing air quality degradation by biological
weather, despite increasing evidence for the feasibility of
both mitigation and adaptation policy options. In compari-
son with the existing capabilities for physical and chemical
weather, the monitoring of biological weather is lacking
stable operational agreements and resources. Furthermore,
integrated effects of physical, chemical, and biological
weather suggest a critical review of air quality management
practices. Additional research is required to improve the
coupled modeling of physical, chemical, and biological
weather as well as the assessment and communication of
integrated air quality. Findings from several recent COST
Actions underline the importance of an increased dialog
between scientists from the fields of meteorology, air qual-
ity, aerobiology, health, and policy makers.

Keywords Air quality - Health impacts - Pollen -
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INTRODUCTION
Outline

This article reviews health impacts and interactions of
physical, chemical, and biological weather and their
implications for the assessment, monitoring, forecasting,
and communication of air quality. In this article, the terms
physical, chemical, and biological weather are used as in
current European and international research communities
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such as the COST networks ES0602 (COST ES0602 2011),
ES0603 (COST ES0603 2011), ES1004 (COST ES1004
2011). Definitions:

e Physical weather is defined as the short-term atmo-
spheric state and variation, characterized by physical
atmospheric variables, such as solar radiation, temper-
ature, humidity, pressure, and wind speed and direction.

e The term chemical weather in turn is defined as the
short-term (<2 weeks) state and variation of the atmo-
spheric chemical composition (Lawrence et al. 2005;
Kukkonen et al. 2012).

e By analogy, the short-term state and variation of
concentrations of bioaerosols, such as allergenic pollen
and fungal spores, can be defined as the biological
weather.

The term “air quality” in this article is defined in a broad
sense, including also bioaerosols.

The article starts with a brief introduction to health
aspects of physical, chemical, and biological weather. The
“Main analysis” section provides a review and a concrete
example of interactions among the different types of
weather as well as a critical analysis of the existing policy
frameworks and infrastructures used to assess, forecast, and
communicate air quality. The article concludes with a list
of identified gaps and associated recommendations.

Our review is based on the existing scientific literature
and findings from five workshops and expert meetings
organized by the COST Action ES0602: “Towards a Euro-
pean Network on Chemical Weather Forecasting and
Information Systems (ENCWF)” (Kukkonen et al. 2009).
Our analysis focuses on Europe with selected references to
scientific findings for other regions. For the sake of com-
pendiousness, we exclude issues such as pollution from
accidents and natural air pollution from other than biological
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sources, and air pollution impacts on vegetation or materials.
For an overview of physical, chemical, and biological
weather in a changing climate the reader is referred to
existing reviews (e.g., [PCC 2007a, b).

Health Impacts of Physical, Chemical,
and Biological Weather

Physical weather can include a wide variety of hazardous
extreme weather events, such as tornados, severe storms,
heatwaves, etc. We focus in this brief review solely on
temperature effects.

Exposure to high temperatures causes increases in blood
viscosity, blood cholesterol levels, and mortality forward
displacement (Huynen et al. 2001). Recent European
heatwaves include the 2003 heatwave, the less severe
heatwaves in 2006 and 2007, and the 2010 Russian heat-
wave. During the latter heatwave, weeks of unprecedented
heat and suffocating smog led to a significant rise in
mortality (e.g., Barriopedro et al. 2011).

Detrimental effects of cold weather on health have also
been observed. Cold spells may affect cardiovascular and
peripheral diseases, cerebrovascular diseases, and respira-
tory diseases, and may contribute to communicable dis-
eases. Influenza also indirectly contributes to cold-related
mortality. Increased risk of injuries and frostbite can be
observed. In contrast to heatwaves, extreme cold does not
lead to cold-induced mortality forward displacement
(Huynen et al. 2001). However, effects on mortality may
persist for considerable time periods, beyond 2weeks
(Keatinge and Donaldson 2001; Carder et al. 2005),
opposing the initial suggestions for immediate effects (e.g.,
Alberdi et al. 1998; Pattenden et al. 2003). According to
Keatinge and Donaldson (2001), atypical patterns of pro-
longed cold weather can give false indications of mortality
associated with sulfur dioxide (SO,), carbon monoxide
(CO), or smoke episodes.

Chemical weather can affect respiratory, cardiovascular,
immunological, hematological, neurological, and repro-
ductive developmental systems. Existing literature (e.g.,
WHO 2005; Curtis et al. 2006) demonstrates the associa-
tions between exposure to atmospheric pollutants and ill-
health endpoints. According to an assessment of air pol-
lution in Europe for the period of 1990-2004, the main air
pollution human health issues in Europe are impacts of
exposure to particulate matter (PM) and ozone (O3), and to
a lesser extent nitrogen dioxide (NO,), SO,, lead, benzene,
and other heavy metals, and persistent organic pollutants
(EEA 2007). In a mapping study for 2005 (EEA 2009), the
number of premature deaths per million inhabitants
attributable to PM;y exposure (the EU27 as a whole) is
estimated to range from 510 to 1150 cases per million, with
a best estimate of 830 deaths per million (median).
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Biological weather can imply health impacts through
adverse concentrations of pollen, spores, viruses, bacteria,
and microbes. Diseases due to aeroallergens (allergic
asthma, hay fever, and atopic dermatitis) are among the
major causes of a growing rate of morbidity and demand
for healthcare. In a pan-European survey of an unselected
population, the prevalence of self-reported allergic rhinitis
was 18.7 % across Europe (Bauchau and Durham 2004). In
the European Community Respiratory Health Survey
(ECRHS), another population-based study, the sensitiza-
tion rate was 19.3 % for pollen and 4.4 % for molds. Among
subjects with rhinitis sensitized to pollen, 16 % also had
asthma, and among those with rhinitis sensitized to molds,
the asthma prevalence was 22% (Leynaert et al. 2004).
Among asthmatics in general, the prevalence of mold
sensitization is around 30 %, and is also associated with
asthma severity (Denning et al. 2006).

MAIN ANALYSIS
Interactions
Physical and Chemical Weather

Physical weather is a key driver of chemical weather. It
impacts on emissions, transport, chemical processes, and
atmospheric removal processes (e.g., Seinfeld and Pandis
2006). There is also increasing evidence of chemical
weather impacts on physical weather. Examples of the
latter include aerosol feedbacks on meteorology (e.g.,
Baklanov et al. 2007; Jacobson et al. 2007; Zhang 2008),
such as:

e areduction of downward solar radiation (direct effect);

e changes in surface temperature, wind speed, relative
humidity, and atmospheric stability (semi-direct effect);

e a decrease in cloud drop size and an increase in drop
number by serving as cloud condensation nuclei (first
indirect effect);

e an increase in liquid water content, cloud cover, and
lifetime of low level clouds, and suppression or
enhancement of precipitation (second indirect effect).

Traditionally, aerosol feedbacks have been neglected in
numerical weather prediction (NWP) and air quality
modeling mostly due to a historical separation between
the meteorological and air quality communities as well as a
limited understanding of the underlying interaction mech-
anisms. Such mechanisms may, however, be important on a
wide range of temporal and spatial scales, from days to
decades and from global to local. Field experiments and
satellite measurements have shown that chemistry-atmo-
sphere feedbacks exist among the Earth systems including
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the atmosphere (e.g., Grell et al. 2005; Rosenfeld et al.
2007, 2008). The issue of including aerosols in NWP
models is currently being addressed (e.g., Grell and
Baklanov 2011).

Synergistic health impacts of physical and chemical
weather are especially evident at local levels, e.g., in urban
heat islands (McMichael 2000). Increasing energy demand
increases the energy-related primary emissions, while ele-
vated temperatures increase directly the formation rate of
secondary pollutants. In urbanized areas, the spatial distri-
bution is also influenced by enhanced turbulence (e.g.,
Sarrat et al. 2006; Bossioli et al. 2009). The combined effect
of higher air pollution levels, increased daytime tempera-
tures and reduced nighttime cooling, can affect human
health directly (McMichael 2000). The spread of vector-
borne diseases can also be enhanced. The combined effect
of urban heat islands and heatwaves may also increase the
risk for potential heat-related illness for the individuals
living in the urban zone (Basara et al. 2010). The possibility
of interactions between cold temperature and air pollutants
in terms of their effect on cardiorespiratory mortality and
whether this relation varies according to season has been
investigated (Roberts 2004; Carder et al. 2008).

A recent example of a prolonged episode with interac-
tions and joint impacts of physical and chemical weather in
Eurasia is illustrated in Fig. 1 (2010 Russian heatwave). The
episode was characterized by the simultaneous effect of
anomalously high temperatures and severe air pollution
from the wild-land fires in Central Russia. It is noteworthy
that the meteorological conditions enhanced the fire devel-
opment and also provoked the concentration build-up due to
poor ventilation of the lower troposphere in the anti-cyclonic
conditions. Potential contributions of biological weather to
health impacts during this episode have not been studied.

Physical and Biological Weather

The primary driver of biological weather is the climate,
i.e., the long-term average of the physical weather, but its
effects are to a large degree modified by short-term phys-
ical weather. Physical weather controls the reproduction of
plants and fungi and thus the emissions of pollen and
spores as well as their atmospheric transport, diffusion, and
deposition. Changes in meteorological factors can affect
aeroallergen production, which in turn impacts the preva-
lence or severity of allergic illness via sensitivity and
response pathways. Changes in the timing and length of the
pollen season, as presently observed as a result of climate
change, lead to changes in human exposure, which can
affect sensitization as well as exacerbation of allergic
illnesses (Reid and Gamble 2009).
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(ﬂ) Temperature ot 2 m, deq. C, 12Z08AUG2010

Forecast for PM_m_50 from forest fires, FRP—based.
Last actual FRP map: 2010 8 7 0 0 0.0 UTC

Concentration, ugPM/m3, 20Z08AUG2010

Fig. 1 Example of an episode with severe physical and chemical
weather (2010 Russian heatwave): a air temperature at 2m (C), based
on 12-h-ECMWF deterministic forecast, valid at 2010-08-08
1200UTC, b SILAM-predicted fine PM from wild-land fires
(ugPM2,5m_3), valid at 2010-08-08 2000UTC, ¢ MODIS aerosol
optical depth at 550-nm wavelength, valid at 2010-08-08
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Physical weather can affect the size and nature of the
biotic matter in the air. For instance, damaged pollen grains
that may have burst from excess water or osmotic shock
can expel cytoplasm debris of micronic and submicronic
size (subpollen particles, SPP). These minute particles are
often associated with cytoplasmic allergens. In ragweed,
they have been shown to carry enzymes that cause oxida-
tive stress and allergic airway inflammation. As with other
small particles, SPPs are able to penetrate deep into the
airways, where they can have direct inflammatory effects
and where they may induce a stronger immune response
than intact pollen does. Grass pollen grains are sensitive to
humidity and can rupture in the anthers during moist
conditions (Taylor et al. 2007 and references therein).

Schappi et al. (1997) found that atmospheric birch pol-
len allergen concentrations are correlated with birch pollen
counts, but that light rainfall produced a dramatic increase
in birch allergen-loaded respirable particles in the atmo-
sphere. In Derby, UK, pollen levels had an effect on
emergency visits for asthma on days of light rainfall, but
not on dry days (Lewis et al. 2000). An increased incidence
of asthma has been observed in connection with large-scale
thunderstorms. It was suggested that during such weather,
bioaerosols can be trapped into a cloud base, where they
are exposed to electric fields that cause them to rupture and
fragment. Cold outflows transport the debris, containing,
e.g., fragmented fungal spores, to ground levels, where
sensitized people may react to their allergens (Pulimood
et al. 2007). Resuspension processes can play a significant
role in secondary re-emission of pollen particles during dry
weather conditions.

Chemical and Biological Weather

Chemical weather can cause quantitative and qualitative
changes of the content of bioaerosols, e.g., of pollen,
increase their allergenic load and the bioavailability of
their content. The pollen grains contain proteins, including
allergens, and an array of non-allergenic and pro-inflam-
matory lipid mediators and enzymes, that have been sug-
gested may be involved in the pathogenesis of allergic
diseases (Gilles et al. 2009). Pollutants may cause collapse
and thinning of the outer pollen wall (Shahali et al. 2009),
and facilitate the release of the pollen content, including
sub-pollen particles (Traidl-Hoffmann et al. 2009). In a
contaminated environment, the amount of allergenic pro-
teins or lipid mediators may increase (Aina et al. 2010) and
the proteins can easily be nitrated by polluted air which
may augment their allergenic potential. Pollen grains
absorb heavy metals, nitrate, and sulfur.

The defense system of the human airways can be altered
by air pollutants, which induce respiratory inflammation
and impact the response to bioaerosols. The response tends
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to promote allergic reactions in predisposed individuals.
The impact involves damage to the mucociliary system and
to the epithelium, giving an increase in airway permeability
(D’ Amato et al. 2000), which is partly caused by oxidative
stress. O3, NO,, and particulate pollutants oxidize bio-
molecules. Thereby, they induce the production of reactive
oxygen species (ROS) that induce or aggravate allergic
inflammation. Vagaggini et al. (2002) suggested that O3
and NO, exposure may “prime” eosinophils for sub-
sequent activation by the allergen. Exposure to O3 and NO,
lower the response threshold to bioaerosols (D’ Amato et al.
2000; Peden and Reed 2010 and references therein).

Diesel exhaust particles (DEPs) represent the major part
of inhaled abiotic particles below 2.5um in urban sur-
roundings. Their particulate nature has adverse effects, but
they also challenge the airways because of their association
with organic compounds. For example, polycyclic aromatic
hydrocarbons (PAHs) easily enter the circulation, e.g.,
through the alveolar epithelium, where they interact with
cells involved in the immune response, contribute to
enhanced antibody (IgE) and cytokine synthesis, and to an
increased release of inflammatory mediators even in the
absence of antigen (Lubitz et al. 2010 and references
therein). They do so also at low ambient concentrations and
at short-term exposure (Li et al. 2003; Schober et al. 2007).
In birch pollen-sensitized persons, but not in non-atopics,
DEPs synergizing with antigen can significantly enhance
the activation of basophils that are key initiators of
immediate allergic responses after allergen exposure (Lu-
bitz et al. 2010). Pollen grains can carry DEPs and other
particles on their surface (Traidl-Hoffmann et al. 2009 and
references therein).

Other evidences of synergistic effects of bioaerosols and
chemical weather are from long-term epidemiological
studies evaluating the relationship between, e.g., living in
an area with a high load of traffic pollutants and the risk of
developing allergic disease and asthma (Brabdck and
Forsberg 2009). Indoor air is a complex mixture of bio-
aerosols and chemical pollutants, of which some enter the
building through ventilation and leaky envelopes. In the
RIOPA-project, it was found that almost three quarters of
indoor PM, 5 concentration had an outdoor origin (Meng
et al. 2005; RIOPA 2011). Several studies conducted in
different countries and under different climatic conditions
show that the occupants of damp or moldy buildings are at
increased risk of respiratory disease and exacerbation of
asthma, even if the causative agents of these have not yet
been identified conclusively.

There are few short-term epidemiological studies
showing acute, short-term reactions due to such combined
effects. In some of the studies that have collected both the
aeroallergen data and the pollutants, a potential synergy
was not evaluated, but one factor or the other has been
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regarded as a possible confounder. The results from studies
addressing interaction are contradictory. The levels of Os,
SO,, and PM;y were associated with an increased risk of
asthma symptoms in pollen-allergic asthmatic patients (Feo
Brito et al. 2007). Dales et al. (2004) found a synergistic
adverse effect of O3 and aeroallergens combined. Higgins
et al. (2000) found a relationship between symptom
severity of asthma and chronic obstructive pulmonary
disease (COPD) and the prior O5; level, indicating a
potentiating role of the latter. Hospital admissions have
been related to an interaction between airborne pollens and
particulates (Lierl and Hornung 2003; Ghosh et al. 2010).
A number of authors (references in Fuhrman et al. 2007,
Peden and Reed 2010) found significant but independent
effects of pollen and air pollution. Low et al. (2006) found
independent exacerbating effects of warmer, drier air, grass
pollen, SO,, and particulate air pollution, on upper respi-
ratory infections and stroke incidence. A data-driven
analysis conducted with the aid of computational intelli-
gence methods indicated strong correlations between pol-
len concentrations of particular taxa (Betula, Alnus and
Poaceae) with PM, and O5; (Voukantsis et al. 2009).

A number of other studies did not find any convincing
evidence of interaction (e.g., references in Fuhrman et al.
2007). Possible explanations of the contradictory results
are geographical differences in the species mix of aeroal-
lergens and in the prevalence of sensitization in the human
population (Heinzerling et al. 2005). The majority of
studies have focused on the most severe episodes, although
there may be an aggravation of symptoms without needing
emergency care. The relationship between effects and
aeroallergen levels could be nonlinear (Tobias et al. 2004;
Erbas et al. 2007), whereas some authors have looked for
linear effects only. The study period was not always lim-
ited to the period of pollen or spore dispersal. Then, the
subject group sometimes included both the atopics and the
non-atopics, although their reactions are likely to be
different.

The existing evidence of physical, chemical, and bio-
logical weather interactions with regard to atmospheric

Table 1 Interactions between different weather types

emissions, transport, deposition, and human health is
summarized in Table 1, while Fig. 2 provides a graphical
illustration of selected interactions.

An illustration of combined health impacts of physical,
chemical, and biological weather is given in Fig. 3. It
should be noted that interactions and synergistic effects
may lead to an earlier appearance or aggravation of certain
impacts/symptoms and to larger parts of the population
being affected compared to the isolated health impacts of
either type of weather.

An Example of an Integrated Air Pollution Episode

An example episode that contained pollen, pollutants from
wild-land fires and anthropogenic air pollution occurred in
Europe in April and May 2006 (Sofiev et al. 2011).
Examples of predicted concentrations during this episode
are presented in Fig. 4. In a comparison to MODIS data,
Sofiev et al. (2011) found that the prediction model SILAM
correctly captured the main developments of the main fire-
induced episode. Verification against in situ pollen mea-
surements showed that pollen arrival dates were within an
error range of +1day and that the absolute levels of the
concentrations were of the same order of magnitude as the
observations. The birch pollen mainly originated from
forests in Eastern Europe and Western Russia. The mea-
sured concentrations of pollen grains were very high over
most of Central and Northern Europe during several days
in the beginning of May and reached record high levels in
some regions.

For a few weeks before the episode, dry and warm
weather conditions in Western Russia contributed both to
the flowering of birches, and to the formation of wide-
spread wild-land fires. Therefore, the area affected by the
fires overlapped with the flowering birch forests. The pre-
dictions of this episode are based on forecasts and re-
analysis performed using the SILAM modeling system.
The pollutants forecast by SILAM included birch pollen,
PM, 5 originating from wild-land fires, primary anthropo-
genic PM, 5, and PM, and sulfur oxides.

Impact on influencing Impact on affected weather type

weather type

Emissions Atm. transport and deposition Human health

CW BW PW CW BW PW CW BW
PW X X X X X X X X
Ccw X X X X X X X X
BW X X X X X

PW physical weather, CW chemical weather, BW biological weather

An “X” in the table indicates that a particular weather type denoted in the leftmost column influences a weather type denoted in the second row

»

with regard to the impact areas atmospheric “emissions,
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atmospheric transport and deposition,” and “human health”
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Fig. 2 Selected interactions of physical, chemical, and biological
weather. / Plants emit gases into the atmosphere that influence air
quality and may cause particulate and cloud formation. 2 Plants and
fungi produce pollen and spores that may affect the health of human
beings. 3 Heat and light from the sun affect the amount of pollen
production. Rain and moisture cause the release of subpollen
particles. Clearly, physical weather influences the dispersion and
transformation of both the chemical and the biological pollutants. 4
Heatwaves or cold spells together with high pollutant concentrations

Fig. 3 Illustration of combined
health impacts of physical,
chemical, and biological
weather. Effects of cold spells
are not included in the figure as
the concentrations of
bioaerosols are generally low
during such episodes.
Interactions and synergistic
effects may lead to an earlier
appearance or aggravation of
certain impacts/symptoms and
to larger parts of the population
being affected compared to the
isolated health impacts of either
type of weather

Severity of health effect

may have synergistic effects on human health. 5 Tropospheric ozone
is formed from nitrogen oxides and hydrocarbons, the latter partly
from biogenic sources, through photochemical reactions. 6 Gaseous
pollutants may affect plants and pollen as to enhance their allergenic
effects. 7 Chemical and biological pollutants jointly affect the health
of human beings, e.g., chemical pollutants may act as adjuvants and
enhance allergic reactions. 8 Particles from chemical pollution and
bio-aerosols may cause cloud formation and thus influence physical
weather

A Physical weather

A Chemical weather

A Biological weather

- Proportion of population affected ‘
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Fig. 4 Example results of a European-scale pollen, wild-land fire,
and anthropogenic air pollution episode that occurred in April and
May 2006 (Sofiev et al. 2011). The panels show the predicted
distribution of concentrations on May 9, 2006: a birch pollen
(grainsm™), b PM,s originated from biomass burning
(ngPM, 5 m73), ¢ PM, 5 originated from anthropogenic emissions of
primary aerosol and sulfur oxides (ug PM, 5 m—>)
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During the episode, primarily warm and dry weather
continued for several weeks. These conditions resulted in
high concentrations of various air pollutants over Eastern
Europe and Russia in the beginning of May 2006. This
multi-pollutant plume was transported toward Central and
Northern Europe during May 1-7, 2006 and caused severe
deterioration of air quality up to Iceland and Spitsbergen
and widespread allergenic reactions.

Capabilities and Policy Needs
Monitoring

Physical weather monitoring has a long history and builds
on many established networks and mechanisms at different
levels. The collective infrastructure of the meteorological
community comprises observing systems, telecommunica-
tion facilities, and data-processing, forecasting, and dis-
semination centers. Internationally, operational monitoring
and exchange of data in near-real-time (NRT) are coordi-
nated through organizations such as WMO and, at the
European level, through the Network of European National
Meteorological Services (EUMETNET) and the European
Organisation for the Exploitation of Meteorological Satel-
lites (EUMETSAT) for in situ and space-based observa-
tions, respectively.

Chemical weather monitoring and its coordination have
developed rapidly during the last decades in response to
emerging environmental problems (Tgrseth and Fahre Vik
2009). The EU-Directive 96/62/EC on ambient air quality
assessment and management establishes rules for air
quality measurement principles in a pan-European moni-
toring network. Today, the Co-operative Programme for
Monitoring and Evaluation of the Long-range Transmis-
sion of Air Pollutants in Europe (EMEP, European Moni-
toring and Evaluation Programme) and the Exchange on
Information decision (Eol) on Air (Council Decision
97/101/EC of Jan 27, 1997 establishing a reciprocal
exchange of information and data from networks and
individual stations measuring ambient air pollution within
the Member States) form the basis for all air quality
monitoring in Europe. Most European countries have even
developed data acquisition systems for NRT collection of
data and web-based systems for providing up-to-date
information to their citizens. NRT data may also be used to
validate chemical weather forecasts or to improve and
constrain them through data assimilation techniques (e.g.,
GAS 2011). A working group of the COST Action ES0602
was tasked to further improve the coordination and to
reduce redundancies among the many existing data
exchange mechanisms for chemical weather observations.
The working group also found that today’s monitoring
requirements do not always reflect the emerging political
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priorities: e.g., while there is a need for increased moni-
toring of PM, s mass and composition, there is an abun-
dance of sites measuring SO, close to instrument detection
limits throughout the year. The monitoring systems
(monitoring sites, data acquisition, and dissemination sys-
tems) are furthermore not designed to take advantage of the
modeling and forecasting capabilities that are currently
being developed (Tgrseth and Fahre Vik 2009).

There are fewer biological weather observations com-
pared to physical and chemical observation networks. The
most prominent initiative for the exchange of observations
is the European Aeroallergen Network (EAN) Pollen
Database, which is used to gather information from more
than 600 pollen counting stations all over Europe (EAN
2011). These data are used by European scientists (largely
aerobiologists) to create statistics and calculate trends of
the pollen distribution, but also for models of phenology
and flowering intensity. EAN’s webpage is intended for
scientists and is accessible to registered users under spe-
cific agreements only, although part of the data are made
available for the purpose of dispersion modeling and pollen
forecasting to other organizations. Measurement tech-
niques are often relatively time consuming which compli-
cates NRT exchange and, e.g., assimilation in operational
models (COST ES0602 2009). Key issues such as the
positioning of monitoring equipment, geographical repre-
sentativeness of pollen observations, harmonization needs,
and concentration thresholds are under investigation by the
COST Action ES0603. The scarcity of today’s biological
weather observations and the lack of resources to ensure
their sustainability were highlighted by the joint COST
ES0602, COST ES0603, and WMO workshop on
“Chemical and biological weather forecasting” (COST
ES0602 2009).

Modeling

Significant efforts have been invested in the documentation
and comparison of existing forecast capabilities for
chemical weather. The COST Action 728 compiled a
model database, and an extensive compilation of model
properties, including scientific model evaluation, was per-
formed by COST ES0602 (Kukkonen et al. 2012). Recent
reviews of European modeling capacities (Baklanov et al.
2011; Kukkonen et al. 2012) show that chemical weather
models have substantially advanced during the last decade,
although there are still considerable research challenges
compared to traditional NWP models.

Today, the majority of atmospheric chemical transport
(ACT) models in operational use in Europe are so-called
offline models, which use meteorological physical fields
from external NWP models as driver of the chemical
transport system. Online models unite ACT and NWP
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model capabilities in the same model, thus allowing for
feedbacks of changes in modeled atmospheric composition
on the driving physical meteorological fields. Yet, both
types of modeling approaches have specific strengths and
weaknesses (Baklanov et al. 2007). The number of on-line
coupled ACT and NWP models is quickly growing, but
most of them are still in a research and development phase
(Baklanov et al. 2011; Kukkonen et al. 2012). The COST
Action ES1004 EuMetChem (European framework for
online integrated air quality and meteorology modeling)
will focus on a new generation of online integrated ACT
and meteorology modeling with two-way interactions
among atmospheric chemistry (including gas-phase and
aerosols), clouds, radiation, boundary layer, and other
meteorological and climate processes.

In the list of 18 models compared by Kukkonen et al.
(2012), two models (SILAM and Enviro-HIRLAM)
included allergenic pollen. Following these examples,
several other modeling communities are currently working
on the inclusion of biological weather forecasting in their
operational models. These three-dimensional transport
models can complement the statistical models in use in
many countries and provide biological weather forecasters
(trained aerobiologists) with information on the ambient
flow and large-scale transport patterns.

Communication

The findings from the COST ES0602 workshop in Thes-
saloniki (Karatzas and Kukkonen 2009) stressed the
increasing need to provide society and, in particular, sen-
sitive user communities with tailored and personalized
information services on chemical weather.

Coordinated initiatives such as the GMES Atmospheric
Service (GAS 2011) or COST ES0602 (Kukkonen et al.
2009; Balk et al. 2011) integrate a large number of stand-
alone (often national or regional) modeling initiatives and
systems. The latter facilitates the transition from individual
deterministic forecasts of chemical weather to ensemble
chemical weather prediction systems with the ability to
provide more robust forecasts and to assess and explore
forecast uncertainty. The scientific and technical com-
plexity that characterizes the prediction of chemical
weather forecasts and the development of ensemble sys-
tems poses new challenges in the communication of
chemical weather and its related uncertainties. While many
user communities of physical weather information (e.g.,
energy sector, agriculture) have become used to this con-
cept, it is still relatively new to users of chemical weather
information (Karatzas and Kukkonen 2009).

According to the findings of the five workshops orga-
nized by COST ES0602, there are considerable improve-
ments in the availability of information sources for the
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individual atmospheric domains, e.g., the Meteoalarm
system for physical weather (Meteoalarm 2010), the COST
ES0602 Chemical weather portal ENCWP (Balk et al.
2011), and the Polleninfo-site (Polleninfo 2011). These
examples reflect a trend for a transition from individual,
isolated systems toward internationally integrated services
accessible from portals and one-stop shops, in a seamless
and transparent way, especially for citizens. Yet, despite
progress on harmonization and integration within the
individual domains, there is currently no single interna-
tional portal for physical, chemical, and biological weather,
delivering integrated air quality assessments, forecasts, and
information. Scientifically robust and agreed indices for the
assessment of joint health effects or quality of life in
general, for physical, chemical, and biological weather, are
also missing.

Overall criteria for integrated weather forecast and
information services will include an adequate level of
aggregation, integration, and comprehensibility of infor-
mation content, user friendliness, presentation, and deliv-
ery mechanisms (modern ICT tools) as well as timeliness
and reliability of service provision (Karatzas 2009). New
directions include human-centric, personalized, environ-
mental information provision (e.g., Rose et al. 2004; Ka-
ratzas and Lee 2008) and Participatory Environmental
Sensing (PES, Karatzas 2011). PES aims at an active
involvement of citizens to the environmental information
collection, annotation, and communication. A prominent
example of the latter for biological weather is the personal
“pollen diary,” where sensitive people can report on their
symptoms which then can be compared to the registered
pollen values or forecasts (Polleninfo 2011). A recent
development on personalized information provision is
reported in Karatzas et al. (2012) who demonstrate the
combined use of data from pollen forecasts and symptoms
recordings in the development of health services for pollen
allergists.

Policy Frameworks

Physical weather has consequences for national and inter-
national safety, economy, environment, and security and
health. Physical weather information and warnings thus
have a long tradition. In many countries, experiences from
recent heatwaves have led to the installation of additional
information and warning systems and contingency plans
for extreme temperatures (e.g., Fouillet et al. 2008).
Regarding chemical weather, many policy initiatives
have been developed in response to increasing scientific
evidence for environmental issues such as acidification and
nitrification of ecological systems, transboundary air pol-
lution, stratospheric O3 depletion, and climate change.
Examples of international and European policy in the field
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of air pollution are the protocols under the Convention on
Long-range Transboundary Air Pollution (CLRTAP) and
the EU National Emissions Ceilings (NEC) Directive. The
EU-directives 2002/3/EC and 2008/50/EC explicitly
require that up-to-date information on ambient air con-
centrations of pollutants covered by the directives should
be routinely made available to the public. Current EU-
legislation for Os, e.g., defines concentration thresholds for
both the short- and long-term effects and requires member
state authorities to inform and warn the public about ex-
ceedances. As a consequence, significant efforts have been
invested in the monitoring, modeling, and communication
capabilities for chemical weather at national levels and
through European initiatives (e.g., GAS 2011).

For biological weather the situation is different. Allergy
toward pollen and spores has physical, emotional, psy-
chological, and social implications, which often affect the
daily functioning of the affected persons and their families.
Among people with seasonal allergic rhinitis (SAR), dis-
ease severity is mild in ~35% and moderate to severe in
~ 65 %. Asthma occurs in ~ 30 % of people suffering from
SAR, anxiety occurs in 11 %, and sinusitis occurs in ~5%
(Canonica et al. 2007). In addition to the impaired quality
of life attached to these chronic conditions, economical
resources originally intended for basal needs must often be
re-allocated for medical care. There is also a considerable
cost in health care and medicine to society as a whole, plus
absenteeism and decreased productivity at work and school
(Bousquet et al. 2008). In the UK, treatments for asthma
and other allergic disorders account for 10% of primary
care prescribing costs, and social security costs for man-
aging allergic problems are estimated at over 1200 million
Euro per annum (Gupta et al. 2004).

The adverse health effects and economic burden could
be reduced if forecasting and information systems for ae-
roallergens are implemented, in analogy to the capabilities
existing for physical and chemical weather. A positive
correlation between pollen or spore counts with allergic
symptomology has been found in several clinical trials and
in epidemiological studies documenting the impact of ae-
roallergens on symptom scores (Roberts et al. 2005;
Takasaki et al. 2009), drug consumption (Fuhrman et al.
2007 and references therein); consultations for allergic
rhinitis (Pedersen and Rung Weeke 1984), emergency
visits and hospitalizations (Lewis et al. 2000; Lierl and
Hornung 2003; Tobias et al. 2004; references in Fuhrman
et al. 2007 and in Peden and Reed 2010), and mortality
(Targonski et al. 1995).

Allergen avoidance is one of the most important pre-
ventative measures to reduce the risk of symptom and
disease aggravation and for the development of severe
reactions. The World Allergy Organisation stresses that
patient education is essential. Guided self-management to
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prevent, assess, and treat symptom is the key to optimizing
control of the condition (Johansson and Haahtela 2004;
Scadding et al. 2008). In the long term, help with self-
management is likely to reduce large future costs for e.g.,
asthma treatment, emergencies, and hospitalization. Pollen
and spore warnings can give such guidance. They increase
awareness about the disease and its connection to ambient
aeroallergen levels. In several European countries and in
North America, forecasts of the production, release, and
atmospheric dispersal of aeroallergens are provided to the
public and the health care. Additional research is needed to
allow for the provision of public information taking into
account combined impacts and interactions of chemical
and biological pollutants (COST ES0602 2009).

In addition to fine PM, harmful natural allergens are
likely to be the single most important air quality issue.
Every fourth or fifth person suffers from pollen allergy, and
is according to EU-directives (2003/4/EC) entitled to know
about the status of, e.g., the ambient flora and ambient air if
there is a risk that it will exert an adverse health impact
(Karatzas 2009). Yet, the long-term sustainability of the
expertise and infrastructure (databases, networks, modeling
frameworks, and services) able to deliver such information
is a critical issue. The joint COST ES0602, COST ES0603,
and WMO workshop on “Chemical and biological weather
forecasting” stressed the need for stable funding arrange-
ments for biological weather forecast and information
capabilities, e.g., public funding through national govern-
ments and regional authorities (COST ES0602 2009).

Policies for biological weather are not limited to adap-
tive measures such as the provision of information and
warnings. Even mitigation options geared toward a direct
reduction of emissions need to be explored. In some
countries, legislation is needed to prevent the allergen load
to increase due to human activities, as has been the case in
the dispersal of the weed Ambrosia artemisiifolia. Man-
datory abatement strategies have now been introduced in
some of the most severely infested countries and in some
countries at risk of invasion. Scientific research is needed
to find out the most cost-effective strategies and measures
to reduce the adverse health effects. It is also necessary to
take legislative measures to prevent the large-scale planting
for ornamental purposes of plants with a well-known
allergenic capacity, such as Cupressus sempervirens or
Betula pendula in South Europe.

Planning measures to reduce adverse health effects of
allergens require reliable allergy-related forecasts several
days ahead. Such forecasts should include the start time of
the pollen season, the timing of the peak concentrations
and the duration of the high season, but also daily changes
in expected pollen concentration and information about the
area where the particular forecast is relevant (COST
ES0602 2009).

@ Springer

CONCLUSIONS AND RECOMMENDATIONS

Physical, chemical, and biological weather can have sig-
nificant impacts on human health and quality of life. In
addition to the separate impacts, there is increasing evi-
dence of joint and sometimes synergistic health effects.
Interactions among the three weather types can have
important implications both for the assessment, the fore-
casting, and the communication of air quality. The latter
in turn suggests an integrated approach to both air quality
legislation and the design and management of infra-
structure used to monitor, model, and communicate air
quality.

The following knowledge, infrastructure, and policy
gaps have been identified based on the analysis in this
article and associated recommendations are made:

e Monitoring:

— An integrated assessment and forecasting of air
quality will require an improved sustainability and
NRT-data exchange of biological weather observa-
tions. Resources are needed to ensure stable oper-
ational arrangements.

— The monitoring networks for chemical weather
need to be re-evaluated in terms of the current
knowledge of the adverse health effects. More
measurements are needed especially regarding fine
PM and its chemical composition on a fine temporal
resolution.

e Modeling:

— Chemical weather forecasting models need to be
extended by biological forecasting capabilities.

— There is a need to advance models through the
improvement of a wide variety of physical, chem-
ical, and biological processes and, in particular,
interactions and feedbacks between these areas.

— The integration of physical, chemical, and biolog-
ical weather in online modeling systems is recom-
mended as the optimum approach to achieving a
unified treatment of these phenomena. Running
fully integrated models will consume increased
computational resources and require on-going
investment in computing infrastructure.

— Together with modeling developments, further
effort is recommended in model verification
through comparison with observations. For chem-
ical weather, extending verification from sur-
face observations to satellite retrievals is an active
line of research. The challenge with biological
weather, as recognized above, is the availability of
NRT observations against which models can be
evaluated.
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e Research:

— Overall, it is necessary to improve the integration of
physical, chemical, and biological weather and
associated research.

— There is a need for increased interdisciplinary
research, comprising meteorology, air quality and
aerobiology, and health.

— It is specifically recommended to increase research
on integrated health effects, air quality thresholds,
and integrated air quality indices.

e Communication:

— While there has been some progress in the transition
from individual, isolated physical, chemical, and
biological weather forecasting systems to interna-
tionally integrated services, major challenges
remain in developing these services to be compre-
hensive, user-friendly, and versatile.

— Comprehensive, personalized, and participatory
services (e.g., pollen diary) should be explored
further.

— There is a need for a systematic assessment and
better communication of uncertainty and the limits
of confidence of the model forecasts (e.g., ensemble
results).

— Scientifically sound and agreed integrated air qual-
ity indices, taking into account any two of the
combined physical, chemical, and biological
weather effects, are not yet available.

e Policy requirements:

— There is a need to design and implement public
information and warning levels for biological
weather (COST ES0602 2009).

— There is a need to design and implement public
information and warning levels for integrated
weather effects.

— Furthermore, it is necessary to explore options for
emission control legislation for biological air
pollution.

Finally, several recent COST Actions have led to an
improved dialog between scientists from the fields of
meteorology, air quality, aerobiology, and health. We
recommend that this form of interdisciplinary collabora-
tion, and in particular, the dialog between scientists and
policy makers is increased.
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