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Abstract. Online coupled mesoscale meteorology atmo-weather forecasting have developed as separate disciplines,
spheric chemistry models have undergone a rapid evolutioteading to the development of separate modelling systems
in recent years. Although mainly developed by the air qual-that are only loosely coupled. This is particularly true for
ity modelling community, these models are also of interestregional scale models, which are the focus of this review,
for numerical weather prediction and regional climate mod-whereas for global scale and in particular stratospheric mod-
elling as they can consider not only the effects of meteorol-elling, the development and availability of online coupled
ogy on air quality, but also the potentially important effects models is more advanced.

of atmospheric composition on weather. Two ways of online  The dramatic increase in computer power during the last
coupling can be distinguished: online integrated and onlinedecade enables us to use high spatial resolutions (e.g. <a
access coupling. Online integrated models simulate meteagfew km) in numerical weather prediction (NWP) and mete-
rology and chemistry over the same grid in one model usingorological modelling. Fronts, convective systems, local wind
one main time step for integration. Online access models ussystems, and clouds are being resolved or partly resolved.
independent meteorology and chemistry modules that mighFurthermore, the complexity of the parametrization schemes
even have different grids, but exchange meteorology andn the models has increased as more and more processes are
chemistry data on a regular and frequent basis. This articleonsidered. Additionally, this increased computing capacity
offers a comprehensive review of the current research statusan be used for closer coupling of meteorological models
of online coupled meteorology and atmospheric chemistry(MetM) with atmospheric chemical transport models (CTM)
modelling within Europe. Eighteen regional online coupled either offline or online (Fig. 1)Offline modellingmplies that
models developed or being used in Europe are described arttie CTM is run after the meteorological simulation is com-
compared. Topics discussed include a survey of processgieted, whileonline modellingallows coupling and integra-
relevant to the interactions between atmospheric physics, dytion of some of the physical and chemical components to var-
namics and composition; a brief overview of existing on- ious degrees.

line mesoscale models and European model developments; In recognition of the rapid development of coupled me-
an analysis on how feedback processes are treated in theseorology and chemistry modelling, Action ES1004 (Eu-
models; numerical issues associated with coupled modelgyletChem) in the European Cooperation in Science and
and several case studies and model performance evaluatiofechnology (COST) Framework was launched in February
methods. Finally, this article highlights selected scientific is- 2011 to develop a European strategy for online integrated air
sues and emerging challenges that require proper considequality (AQ) and meteorology modelling. The Action does
ation to improve the reliability and usability of these mod- not aim at determining or designing one best model, but to
els for the three scientific communities: air quality, numer- identify and review the main processes and to specify op-
ical meteorology modelling (including weather prediction) timal modular structures for online Meteorology Chemistry
and climate modelling. This review will be of particular in- (MetChem) models to simulate specific atmospheric pro-
terest to model developers and users in all three fields as itesses. Furthermore, the COST Action will develop recom-
presents a synthesis of scientific progress and provides reenendations for efficient interfacing and integration of new
ommendations for future research directions and priorities irmodules, keeping in mind that there is no one best model,
the development, application and evaluation of online cou-but that the use of an ensemble of models is likely to provide
pled models. the most skilful simulations.

In this review paper, these coupled models are distin-
guished with respect to the extent of online coupling: online
integrated and online access coupli@aline integratedne-

1 Introduction teorology chemistry models handle meteorology and chem-
istry using the same grid in one model and using one main
Coupling of atmospheric dynamics, pollutant transport,time step for integratiorOnline accessnodels use indepen-
chemical reactions and atmospheric composition for mod-dent meteorology and chemistry models that might even be
elling environmental impacts, climate change, weather fore-using different grids, but exchange information from mete-
casts and air quality will remain one of the most challeng-orology to chemistry and back to meteorology on a regular
ing tasks over the next decades as they all involve stronglyand frequent basis. The frequency of data exchange needs to
integrated processes. It is well accepted that weather hasiacrease as the timescale of the relevant processes becomes
profound impact on air quality (AQ) and atmospheric trans- smaller. In contrast to online access models, offline models
port of hazardous materials. It is also recognised that atmoeo not exchange data, but merely provide, e.g. meteorology
spheric composition can influence both weather and climaténformation to drive the chemistry model. The ultimate stage
directly by changing the atmospheric radiation budget or in-is the online integration of CTM and MetM to produce a
directly by affecting cloud formation and precipitation. Un- unified modelling system with consistent treatments of pro-
til recently however, because of the scientific complexitiescesses such as advection, turbulence and radiation for both
and lack of computational power, atmospheric chemistry andmeteorological and chemical quantities. Such an integration
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Fig. 1. Schematic diagram of (left) offline and (right) online coupled meteorology and chemistry modelling approaches for air quality and
meteorology simulation and forecasting.

allows online integrated meteorology chemistry simulations(Baklanov, 2010; Grell and Baklanov, 2011; Kukkonen et al.,
with two-way interactions (also referred to as feedbacks).2012; Zhang et al., 2012a, b), the online integrated approach
Climate modelling is also expanding its capability through is already used in many research atmospheric models.
the use of an earth system modelling approach that integrates For NWP/CWF centres, an additional benefit of the on-
the atmosphere, hydrosphere (including both fresh water antine approach would be its possible application for meteoro-
oceans) and biosphere with high spatial and temporal reslogical data assimilation (Hollingsworth et al., 2008). This
olution. Climate modelling, however, does not require theassumes that the modelling system can outperform pollutant
implementation of near-real-time data assimilation, which isconcentration climatologies when forecasting concentrations
crucial for the skill of NWP and can also help improve AQ of aerosols and radiatively active gases. The retrieval of satel-
forecasts. lite data and direct assimilation of radiances is likely to im-
For performing a simulation, the input data need to be tai-prove both weather and chemical weather forecasts.
lored to the specific requirements of the atmospheric model. Online coupled mesoscale meteorology and chemistry
For this purpose several programs are employed for eacmodels have been developed in recent years, particularly in
model, that pre-process data, e.g. meteorology measuremerttse United States (US) (e.g. Zhang, 2008) and these models
on model grids as initial data, land use data consistent withare becoming increasingly popular in Europe. Historically,
the model land use categories and emission data in agreemeBtrope has not adopted a community approach to modelling
with the used chemical mechanism. Specific programs ar@nd this has led to a large number of model development
also needed for providing output data from an atmospherigprogrammes, usually working almost independently, thereby
model. In the context of this paper, “model” refers to a com- yielding results tailored for specific applications. However,
bination of pre-processors’ and post-processors’ tools alon@ strategic framework could help to provide a common goal
with the core MeM and CTM models all comprising a de- and direction to European research in this field, while still
tailed modelling system. For shortness we mainly use théhaving various models as part of a European model ensem-
word “model” and only use “modelling system” in places, ble. The task is manifold since it requires scientific knowl-
where pre- and post-processors are particularly relevant.  edge and practical experience in Met and AQ modelling and
Combining two modelling systems for operational appli- forecasting, numerical analysis, atmospheric physics, chem-
cations, each of which have high CPU time and memory re-istry and data assimilation.
quirements, still poses many problems in practice and thus is The focus on integrated systems is timely, since recent re-
not always feasible at NWP or chemical weather forecastingsearch has shown that meteorology and chemistry feedbacks
centres. Nevertheless, one can argue that such gradual mare important in the context of many research areas and ap-
gration towards ever stronger online coupling of CTMs with plications, including NWP and AQ forecasting, as well as cli-
MetMs poses a challenging but attractive perspective frommate and Earth system modelling. However, the relative im-
the scientific point of view for the sake of both high-quality portance of online integration and of the priorities, require-
meteorological and chemical weather forecasting (CWF).ments, and level of details necessary for representing differ-
While NWP centres, as well as entities responsible for AQent processes can vary greatly between applications. Under
forecasting, are only beginning to discuss whether an onthese circumstances tailored solutions may be required for
line approach is important enough to justify the extra costthe three communities: (i) AQ forecasting and assessments,
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(i) NWP and Met modelling, (iii) climate and earth system models. Furthermore, the timescale of interest is for simula-
modelling. tions of short-term episodes (e.g. on the order of hours and
For example, current NWP models do not incorporate de-days (NWP) to months) rather than for long-term (e.g. mul-
tailed chemical processes, even though aerosols — via radidiple years/decades) relevant to climate simulations. There-
tive and microphysical processes, can affect fog formationfore, some aspects rated here as less relevant might be of
visibility and precipitation, and thus forecasting skill. For cli- much more importance for climate models (e.g. changes in
mate modelling, feedbacks from greenhouse gases (GHGgjiodiversity due to nutrient loads with impacts on evapora-
and aerosols are extremely important, though in most caseion and surface albedo). It should be noted that the time peri-
(e.g. for long-lived GHGSs), online integration of full scale ods used for model evaluations are usually short, and in order
chemistry and aerosol dynamics is not critically needed. Forto determine the impacts of online feedbacks on the meteoro-
CWF and prediction of atmospheric composition in a chang-logical forecast and vice-versa longer evaluation periods are

ing climate, online integration is expected to improve AQ needed.
and atmospheric chemical composition simulations and pro-
jections (e.g. Moran et al., 2010). The AQ, Met and climate
modelling communities have different targets with respectto2  Survey of potential direct impact and feedback
temporal and spatial scales, as well as to the processes in- processes relevant in meteorology chemistry coupling
volved in such modelling. For AQ forecasting, the key is-
sue is usually the ground-level concentrations of pollutants Direct impacts of meteorology on chemistry or vice versa as
whereas for weather and climate models, skill is typically well as feedback processes are varied. Their calculation only
based on screen level temperature, precipitation and windbecame possible only with the introduction of online mete-
Since short-lived pollutants influence climate and air quality orology chemistry models. Traditionally, aerosol feedbacks
conditions, the AQ community is interested in online mod- have been neglected in Met and AQ models mostly due to a
elling to understand the feedback mechanisms and to desighistorical separation between these communities, as well as
air quality policies that can maintain future air quality at ac- a limited understanding of the underlying interaction mech-
ceptable levels under changing climate conditions (Alapatyanisms and associated complexities. Such mechanisms may,
etal., 2011). however, be important on a wide range of temporal and spa-
Several applications are likely to benefit from online mod- tial scales (hours to decades and local to global). Field ex-
elling, although they do not clearly belong to one of theseperiments and satellite measurements have shown that chem-
three main communities mentioned above. These includeastry dynamics feedbacks exist among the Earth system com-
bioweather forecasting, pollen warnings, forecasting of hazponents including the atmosphere (e.g. Kaufman and Fraser,
ardous plumes from volcanic eruptions, forest fires, oil and1997; Rosenfeld, 1999; Rosenfeld and Woodley, 1999; Givati
gas fires, dust storms, assessment of methods in geoengine@nd Rosenfeld, 2004; Jacobson, 2005; Lau and Kim, 2006;
ing that involve changes in the radiation balance (e.g. inputRosenfeld et al., 2007, 2008).
of sulfate aerosols, artificially increased albedo) and conse- The potential impacts of aerosol feedbacks can be broadly
guences of nuclear war. explained in terms of four types of effects: direct, semi-
This paper provides a comprehensive review on the currendlirect, first indirect and second indirect. For example, the
status of modelling practices towards online coupled mod-reduction in solar radiation reaching the Earth by aerosols
elling of meteorology and chemistry with a specific focus onis an example of direct effect (Jacobson et al., 2007).
European models and research. Section 2 is a survey of thEhanges in surface temperature, wind speed, relative hu-
potentially relevant processes in the interactions between atmidity, clouds and atmospheric stability that are caused by
mospheric dynamics (meteorology/climate) and atmospheri@bsorbing aerosols are examples of the semi-direct effect
composition. Sect. 3 gives a brief overview of European de-(Hansen et al., 1997). A decrease in cloud drop size and
velopments and existing online mesoscale models. Section d4n increase in cloud drop number as a result of aerosols
describes how feedback processes are treated in these moid-the atmosphere are nhamed first indirect effect (Twomey,
els. Section 5 addresses the numerical issues of coupled mod977). These changes might enhance cloud albedo. An in-
els. Section 6 describes a few case studies and model evaluarease in liquid water content, cloud cover and lifetime of
tion methods. Section 7 summarises the review and providekw level clouds and suppression or enhancement of precip-
recommendations for future research directions and prioritiestation are examples of the second indirect effect (Albrecht,
for online coupled models. Appendix A includes brief de- 1989). However, this simplified classification is insufficient
scriptions of the main regional online coupled or integratedto describe the full range of two-way, chains and loops of in-
models, which have been developed or are actively beingeractions between meteorological and chemical processes in
used in Europe. A list of acronyms is provided in Table 9.  the atmosphere. It should also be noted that these definitions
This paper focuses on models that simulate mainlyare not always consistently used throughout the literature.
mesoscale phenomena, thus with grid sizes ranging between The main meteorology and chemistry/aerosol interacting
1km and 20km and it does not cover global or local scaleprocesses and effects, which could be considered in online
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Table 1. Meteorology’s impacts on chemistry.

Temperature Modulates chemical reaction and photolytic rates
Modulates biogenic emissions (isoprene, terpenes, dimethyl sulfide, etc.)
Influences biogenic emissions (isoprene, monoterpenes)
Influences the volatility of chemical species
Determines aerosol dynamics (coagulation, condensation, nucleation)

Temperature vertical gradients Determines vertical diffusion intensity

Temperature & humidity Affect aerosol thermodynamics (e.g. gas-particle partitioning, secondary
aerosol formation)

Water vapour Modulates OH radicals, sizehgfirophilic aerosol

Liquid water Determines wet scavenging and atmospheric composition

Cloud processes Affects mixing, transformation and scavenging of chemical compounds

Precipitation Determines the wet removal of trace gases and aerosol

Land surface parameterizationAffects natural emissions (e.g. dust, BVOCs) and dry deposition
(soil type and vegetation cover,
soil moisture, leaf area)

Lightning Determines free troposphere NOx emissions

Radiation Determines photolysis rates and influences many chemical reaction rates
Determines isoprene emissions

Wind speed and direction Determines horizontal transport and vertical mixing of chemical species
Influences dust and sea-salt emissions

ABL height Influences concentrations

Table 2. Chemical species’ impacts on meteorology.

Aerosols Modulate radiation transfers (SW scattering/absorption, LW absorption, LW
scattering by large particles like dust)
Affect boundary layer meteorology (temperature, humidity, wind speed and di-
rection, ABL height, stability)
Extraordinary high concentrations can affect stability and wind speed
Influence cloud formation, since they act as cloud condensation nuclei

Aerosols physical properties  Influence cloud droplet and crystal number and hence cloud optical depth and
(size distribution, mass and hence radiation
number concentrations, Modulate cloud morphology (e.g. reflectance)
hygroscopicity) Influence precipitation (initiation, intensity)
Affect haze formation and atmospheric humidity
Influence scattering/absorption

Soot deposited on ice Influences albedo

Radiatively active gases Modulate radiation transfers

coupled MetM-CTMs, are summarised in Tables 1 and 2.clouds modulate boundary layer outflow/inflow by changes
The order in Table 1 does not reflect their importance or rel-in the radiative fluxes as well as alterations of vertical mix-
evance, since their actual relevance depends on the modéalg and the water vapour modulates radiation. The tempera-
application. In addition to looking at the meteorological pa- ture gradient influences cloud formation and controls turbu-
rameters affecting chemistry, it is also worth mentioning ef- lence intensity and the evolution of the atmospheric bound-
fects of altered meteorology on meteorology, in order to bet-ary layer (ABL). Similar feedback mechanisms exist for al-
ter understand chains and loops of interactions. For exampldgered chemistry impacts on chemistry. For example, biogenic
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emissions affect the concentrations of ozone and secondan- - -

. . ) . - Chemical reaction rates
organic aerosols. The polymerisation of organic aerosols & volatility of species
produces long chain secondary organic aerosol (SOA) with
lower volatility.

Photolysis rates

On a more general level, a number of chains and loops Biogenic emissions \ g
of interactions take place and should be properly simulated Kottt
. . ; . Aerosol dynamics
in an online coupled model. These may include: (a) A loop { Temperature 2 thermo;’ynamiu 7 O

feedback starting with temperature that affects chemistry and
thus chemical concentrations (Table 1); the changes in chem

. . - .. Divergence of Radiation (short-wave,
ical concentrations will in turn affect radiative processes (Ta- e e ot hotol sk |
ble 2), which will then affect temperature to close the loop radiative

(illustrated in Fig. 2). (b) A chain feedback starting with

aerosol that affects radiation (Table 2) and thus photolysis
and chemistry (Table 1). (c) A chain feedback starting with Fig. 2. Conceptual model of impacts from temperature on concen-
temperature gradients that affects turbulence mixing (Met-rations and vice versa.
Met feedback); thus affecting surface-level pollutant concen-
trations (Table 1) and boundary layer outflow/inflow (Met-
Met feedback). (d) A chain feedback starting with aerosols“score2” used to rank the “adequacy of the representation
that affect cloud optical depth through influence of droplet of the interaction in models” was derived from the weighted
number on mean droplet size (Table 2); the resulting changemean of: 4= quite well, 3= fairly well, 2 = poor and 0=
in cloud formation will then affect the initiation of precipita- not included. Based on Jamieson (2004) on how to use Lik-
tion (Met-Met feedback). (e) A chain feedback starting with ert scales, “scorel” and “score2” should not be interpreted as
aerosol absorption of sunlight which results in changes instatistical means but only as indication to judge the order of
the temperature profile of the atmosphere and vertical mixinghe importance or the adequacy of the representation.
(Table 2) and thereby changes in the cloud droplet formation, Even though those participating in the survey were not
which affects cloud liquid water and thus cloud optical depth experts on all aspects of the modelling, as they acknowl-
(Met-Met feedback). edged themselves by marking “Don’t know”, the survey rep-
Against the backdrop of the separate development ofresents an expert view of the participants and hence is of
MetMs and CTMs together with the continued increase inconsiderable value. These results show that the perceived
computing power, a more detailed modelling description of most important interactions differ from one model category
physical and chemical processes and their interactions call® another. In general, most of the meteorology and chem-
for a strategic vision. Such a vision will help to provide istry interactions are more important for CWF models than
shared goals and directions for the European research amdWP and climate models, and those interactions are repre-
operational communities in this field, while still having a sented better in CWF models than in NWP or climate mod-
multiple model approach to respond to diverse national ancels (averaged scores in Table 3). However, only a few in-
European-wide mandates. teractions are considered to be represented “quite well” or
One of the initiatives of this COST Action was to per- “fairly well” in models. Therefore, primary attention needs
form an expert poll to identify the most important chemistry— to be given to interactions with high rank of importance
meteorology interactions (as listed in Tables 1 and 2) andscorel) together with low score in the model representation
how they are represented in current models. The survey de(score2), such as “improvement of aerosol indirect effects”
sign was similar to the expert poll in the EU FP7 PEGASOSfor both NWP and climate models, “changes in liquid wa-
project fttp://pegasos.iceht.forth.yMut extended to cover ter affect wet scavenging and atmospheric composition” and
three model categories: NWP, CWF and climate models. Thisimprovement of wind speed — dust/sea salt interactions” for
survey not only ranks the importance of the meteorologyCWF models (highlighted rows in Table 3). The aerosol in-
chemistry interactions, but also ranks how well they are rep-direct effects that need to be improved according to the sur-
resented in current online models. The survey questionnair@ey responses include: (a) changes in aerosol effect on haze
was sent to different experts in these communities in Europeand changes in aerosol effect on cloud morphology in NWP
and beyond, and the results of its analyses (based on 30 renodels; (b) changes in aerosol effect on cloud droplet num-
sponses) are shown in Table 3. The original frequency of théber or cloud optical depth and changes in aerosol effect on
votes has been listed in the “importance for models (%)” andprecipitation in both NWP and climate models. There is a
“representation in models (%)” columns. In order to make it critical need for further improvement of model treatments of
easier to sort these interactions based on their importance fdeey aerosol processes such as the size/composition-resolved
the numerical models, an indicator “scorel” has been derivederosol/cloud microphysics for multiple size distributions
from the weighted mean of: 4 high, 3= medium, 2= low and aerosol-cloud interactions, as well as subgrid variabil-
and 1= negligible. In a similar way, the second indicator ity associated with these processes (Zhang, 2008). However,
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Table 3. Summary of the survey (based on 30 participants) on expert assessment of the most important meteorology and chemistry interac-
tions for online MetChem models. Only the top six ranked important interactions (out of 24 total interactions in the survey questionnaire)
for each model category (NWP, CWF and climate) are reported here. Score 1 is an indicator for ranking the “importance of the interaction”
from the weighted mean of: 4 high, 3= medium, 2= low and 1= negligible; while score 2 is another indicator for ranking the “adequacy

of the representation of the interaction in models” as the weighted mear-ofiudte well; 3= fairly well; 2 = poor; 0= not included.

Rank  Top six ranked Meteorology and chemistry interactions Importance for models (%) Scorel Representation in models (%) Score2

Changes in.. affect () ...
High Medium Low Neg. Don'tknow Quite well  Fairly well Poor Notincl. Don't know

(A) Numerical Weather Prediction (NWP)

1 aerosol precipitation (initiation and intensity of 50 25 17 4 4 31 0 8 54 25 13 13
precipitation)

2 aerosols— radiation (shortwave scattering/absorption 38 46 13 0 4 3.1 8 21 46 17 8 1.9
and longwave absorption)

3 temperature vertical gradients vertical diffusion 48 28 16 0 8 3.1 4 64 8 8 16 2.2

4 aerosol> cloud droplet or crystal number density and 40 40 12 4 4 3.1 4 8 44 28 16 1.3
hence cloud optical depth

5 aerosol> haze (relationship between the hygroscopic 36 40 8 8 8 2.9 0 4 44 32 20 1.0
growth of aerosols and humidity)

6 aerosol> cloud morphology (e.g. reflectance) 32 36 16 4 12 2.7 0 8 48 32 12 1.2

Averaged score for all 24 interactions in NWP models 17 26 33 16 8 2.3 3 13 31 37 16 1.1

(B) Chemical Weather Forecast (CWF)

1 wind speed- dust and sea salt emissions 81 15 4 0 0 38 8 42 46 0 4 25

2 precipitation (frequency/intensity) atmospheric 76 24 0 0 0 3.8 14 57 21 0 7 2.7
composition

3 temperature> chemical reaction rates and photolysis 75 19 6 0 0 37 32 55 0 0 13 2.9

4 radiation— chemical reaction rates and photolysis 69 28 3 0 0 37 20 53 13 0 13 2.7

5 liquid water— wet scavenging and atmospheric com- 70 22 7 0 0 3.6 12 23 58 0 8 2.3
position

6 temperature vertical gradients vertical diffusion 64 32 4 0 0 3.6 4 70 15 4 7 2.6

Averaged score for all 24 interactions in CWF models 44 36 12 3 531 8 35 37 6 14 2.1

(C) Climate modelling

1 aerosols— radiation (shortwave scattering/absorption 75 13 0 0 12 34 17 41 17 0 25 2.3
and longwave absorption)

2 radiatively active gases (e.g. water vapour,2COgz, 72 16 0 0 12 34 12 36 20 0 32 2.0
CHy, NO and CFC)— radiation

3 aerosol> precipitation (initiation and intensity of pre- 56 24 4 0 16 3.0 0 20 40 4 36 1.4
cipitation)

4 radiation— chemical reaction rates and photolysis 37 43 10 3 7 3.0 10 21 24 4 41 15

5 aerosol> cloud droplet or crystal number density and 60 20 0 0 20 3.0 4 12 44 0 40 1.4
hence cloud optical depth

6 temperature> chemical reaction rates and photolysis 37 43 10 0 10 3.0 17 37 13 0 33 2.0

Averaged score for all 24 interactions in climate models 38 35 8 1 18 2.8 6 20 31 4 39 15

the complexity of these interactions might hamper their im-3.1  Offline models
proved representations directly if only a simple change is
made. Offline models do not exchange information in two di-
There might be a few important interactions that have notrections but merely provide meteorological data to drive
been identified by the community. However, this does notthe chemistry model. The CTM is driven by meteorolog-
mean that they are unimportant. The deviations from differ-ical input data that are often derived from meteorologi-
ent individual opinions might exist, but this should be aver- cal pre-processors. CTMs can use meteorological data from
aged out when calculating the weighted mean ranks. measurements and/or diagnostic models, or the meteorol-
ogy is taken from analysed or forecasted meteorological
data from MetM archives. Offline CTMs might also directly
read output-files from operational NWP models or specific
3 Overview of currently applied mesoscale online MetMs with a given time interval (e.g. every 1, or 3, or 6 h).
coupled meteorology and air quality models An overview on offline models has been given by Kukkonen

et al. (2012) and will not be included here.
The main characteristics of online and offline approaches are

discussed in several review papers, e.g. Peters et al. (19953,2 Online models

Zhang (2008), Grell and Baklanov (2011) and Zhang et

al. (2012a, b). We will proceed from the definitions provided Two types of online models can be distinguished: online inte-
by Baklanov et al. (2007) for offline and online models and grated models and online access models, each having distinct
offer a brief overview on the development of online models characteristics: in online access models, meteorological and
in Sect. 3.2. chemical data are simultaneously available at defined time
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intervals (ideally at every time step), but the CTM and MetM mine which feedbacks have the largest impact, and what the
are separate models linked via a model interface and use imninimum requirements are for accurately representing them
dividual time steps for integration. The CTM and MetM can in an online integrated model.
have also different spatial grids, but they exchange data on The atmospheric model database initiated within
regular and frequent bases in both directions. The smaller ththe COST Action 728 Http://www.mi.uni-hamburg.de/
timescale of the relevant processes, the smaller the exchang®stmodiny and the related overview by WMO and COST
interval needs to be (Mathur et al., 2010). 728 (Baklanov et al., 2007; Schliinzen and Sokhi, 2008;
In online integrated models all meteorological and chemi-Baklanov et al., 2011a) show a number of online coupled
cal composition fields are available every time step to bothMetM and CTM systems being developed and used in
composition and meteorological parameterisations. Thes&urope. Great progress has been made during the past 5 yr.
fields are calculated simultaneously on the same grid; no inwith currently 28 online coupled modelling systems in use
terpolation or aggregation to other grids is needed. An on{Table 4). In 2007, only one European model considered
line integrated model employs one time step for integration.aerosol indirect feedbacks (Enviro-HIRLAM) and about
Processes are treated consistently for both chemical and mé&0 models as of now. The list and current status of online
teorological quantities. In contrast to offline models, whereaccess or online integrated models developed or applied in
feedbacks between meteorology and chemistry are not pof=urope are presented in Table 4. These models use grid sizes
sible, feedbacks are typically included in online integratedranging from 1 to 20 km.
models and sometimes in online access models. The models are applicable to different timescales, rang-
The theoretical development of online modelling starteding from short-term episodes to long-term applications. We
more than 90 yr ago. Richardson (1922), the pioneer in nudefine here the length of a short-term episode as ranging
merical weather prediction, suggested an online integratedetween a few days to a couple of weeks (forecast mode),
meteorology pollution model by including a dust transport while the long-term horizon addresses integrations over peri-
equation into his NWP model formulation; this was, how- ods of more than 2 weeks (projection mode). Short descrip-
ever, not completely realised at that time. More than half ations of these models are given in Appendix A with some
century later, online coupling started to be considered, forexamples of their main applications. Further assessment of
example, at the Novosibirsk scientific school in the USSRonline MetChem models in the subsequent sections of this
(Marchuk, 1982; Penenko and Aloyan, 1985; Baklanov, paper will mostly involve these listed models as examples.
1988) and in the German non-hydrostatic modelling com-
munity (MESOSCOP, Alheit and Hauf, 1992; METRAS,
Schltinzen and Pahl, 1992; GESIMA, Eppel etal., 1995; also4 Current treatments of interacting processes in online
see Schliinzen, 1994, for an overview on the German non- coupled models
hydrostatic models of that period). The earliest online ap-
proach for the simulation of climate, air quality and chemi- How well feedback is described in an online coupled model
cal composition may have been a model developed by Jacolwill depend on the quality and the degree of detail of all
son (1994, 1997a, b). However, the online calculation wasrelevant modules of the models’ chemistry part. Frequently,
still very computationally expensive, and online integration meteorological models without chemistry also rely on a cer-
was used without chemistry to meteorology feedbacks (e.gtain amount of chemistry information. For example, spatial
aerosol composition change studied for a coastal area by vodistributions of the aerosol optical depth or distributions of
Salzen and Schlliinzen, 1999c). Online integration with inclu-aerosol and trace gas extinction coefficients from current ob-
sion of a wider range of feedbacks has only become possiblservations or climatology are used as input for the model's
in the past two decades and has been included in only a fewadiation module. Another important parameter that affects
models. the result of a meteorological model is the number of cloud
American, Canadian and Japanese institutions have dezondensation nuclei, where “typical” CCN numbers (e.g.
veloped and used online coupled models operationally for250cnT3 at 1% supersaturation) might be used as input
AQ forecasting and for research (GATOR-MMTD: Jacob- for the meteorological model’s cloud module. Within online
son et al., 1996, 1997a, b; WRF-Chem: Grell et al., 2005;coupled models these quantities can be derived from simu-
GEM-AQ: Kaminski et al., 2007; WRF-CMAQ: Mathur et lated trace gas concentrations and aerosol particle number
al., 2008; Yu et al., 2011; GEM-MACH: Moran et al., 2010). and composition, thus accounting for the spatial and tempo-
The European Centre for Medium Range Weather Forecastral variability. Therefore, the description of the transport and
ing (ECMWF) also noted the relevance of online chemistry chemistry of gaseous compounds and in particular the dy-
(Hollingsworth et al., 2008) and several national weather sernamics, thermodynamics, composition and mixing state of
vices (such as DMI, UK MetOffice) and research institutions the atmospheric aerosol as well as its interaction with cloud
(such as KIT, ISAC, UniHH) are developing online models. droplets and ice particles is essential and determines how
For operational or climate applications the cost of online in-well chemistry meteorology interactions are represented in
tegration is still an issue. Therefore, it is important to deter-an online coupled model. The following sections summarise
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Table 4.0nline integrated or online access Meteorology Chemistry models developed or applied in Europe. Typical grid-sizes are from 1 km
to 20 km.

N Model, Country, Web-site Online ac- Meteorology Gas phase chemistry (gpc) & Feedback of pollution Applications Scale
cess (OA) component aerosol module (amo) compo-to meteorology ER — episodes run G —global
Online nents DAE — Direct aerosol LR —long-term runs H — hemispheric
integrated effect C — continental
(o)) IAE — Indirect aerosol R —regional
effect U —urban
L —local
1  BOLCHEM, ltalyhttp://bolchem.isac.cnr.it OA BOLAM SAPRC90 gpc, AERO3 amo Under development CWF, climate C—>R
(ER)
2 COSMO-ART, Germany Ol COSMO Extended RADM2 gpc, modal DAE on radiation, IAE  Climate mode — R
http://www.imk-tro.kit.edu/3509.php amo, soot, pollen, mineral (ER)
dust, volcanic ash
3 COSMO-MUSCAT, Germarﬂl OA COSMO RACM gpc, 2 modal amo, DAE on radiation for (ER) —-€R
http://projects.tropos.de/cosmo_muscat/ mineral dust module mineral dust
4 Enviro-HIRLAM, Denmark and (o]] HIRLAM  NWP and CBM-Z gpc, modal DAE and IAE CWF HR->U
HIRLAM countries and sectional amo, liquid (ER)
http://www.hirlam.org/index.php/projects/ phase chemistry
chemistry-branch
5 GEM-AQ Canada and Poland OA GEM ADOM-IIb gpc DAE on radiation, IAE  ER —R
http://ecoforecast.eu (in-cloud chemistry and
aerosol formation)
6 IFS-MOZART (MACC/ECMWF), C-IFShttp:  OA, IFS MOZART gpc with updates to DAE and IAE Forecasts,Reanalysis G
/lwww.gmes-atmosphere.eu ol JPL-06, MACC amo, CBM-05 (ER)
7 MCCM, Germany Ol MM5 RADM2, RACM or RACM- DAE climate—chemistry G>R—>U
MIM
http://iwww.imk-ifu.kit.edu/829.php gpc with modal amo (ER)
8  MEMO/MARS, Greece OA MEMO RACM gpc, 3 modal amo, SOA  DAE (ER&LR) -RU
http://pandora.meng.auth.gr/mds/ based on SORGAM
showlong.php?ig-19
9 Meso-NH, France (o] Meso-NH RACM, ReLACS, CACM or DAE (ER) -€R—->U-—>L
http://mesonh.aero.obs-mip.fr/mesonh ReLACS2 gpc, ORILAM-
SOA, modal amp (Tulet et al.,
2006),

cloud chemistry including
mixed phase processes (Leriche

etal., 2013)

10 MetUM (Met Office Unified Model), UK ol MetUM 2 tropo- and 1 stratospheric DAE and IAE, radiative CWF, climate- G— R
http://www.metoffice.gov.uk/research/ chem. schemes, 2 alternativeimpacts of N O, O3, chemistry studies
modelling-systems/unified-model aerosol CHg (ER)

schemes

11  M-SYS (online version), Germany Ol METRAS RADM2 gpc, sectional amo, None, radiative impacts  (ER) — UR>L
http://www.mi.uni-hamburg.de/ pollen module of @, CHy
SYSTEM-M-SYS.651.0.html

12 NMMB/BSC-CTM (BSC-CNS), Spain OA NMMB BSC-mineral dust scheme DAE on radiation for Forecast, — G
http://www.bsc.es/earth-sciences/ CBM-IV and CBMO5 chemical mineral dust Reanalysis
mineral-dust-forecast-system

mechanisms (ER)

13 RACMO2/LOTOS-EURO5 (KNMI, TNO), OA RACMO2 CBM-IV and EQSAM chem- DAE, Effect of aerosol Climate & policy ori- R
Netherlands istry,  sectional  approach on CCN ented studies
http://www.knmi.nl/research/regional_climate/ (PM2 5, PM10)
models/racmo.html
http://www.lotos-euros.nl

14 RAMS/ICLAMS, USA/Greecehttp://forecast. OA RAMS Online photolysis rates, cou- DAE and IAE CWF, meteo- C— U
uoa.gr/ICLAMS/index.php pled SAPRC99 gas phase,chemistry ISORROPIA interactions (ER)

modal amo equilibrium and SOA
cloud chemistry

15 RegCM-Chemd4, Italy ol RegCM4 CBM-Z, uni-modal amo, DAE Climate-chemistry G>R
http://users.ictp.it/RegCNET/model.html or sectional mineral dust, sulfur
http://gforge.ictp.it/gf/project/regcm chemistry

how these processes are described, which usually also holl.1 Meteorological modelling: dynamical and physical

for offline CTMs as well, and how their interaction with me- processes — interactions with chemistry
teorology is implemented in the different online coupled me-
teorology chemistry models. The wide range of coupled chemistry meteorology models

used in Europe is based upon an equally large variety of me-
teorological models. The scope of this review paper is not
to provide any detailed theoretical descriptions of various
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Table 4. Continued.

N Model, Country, Web-site
cess (OA)

Online ac- Meteorology Gas phase chemistry (gpc) & Feedback of pollution Applications Scale
component aerosol module (amo) compo-to meteorology

ER — episodes run G — global

Online nents DAE - Direct aerosol LR —long-term runs H — hemispheric
integrated effect C — continental
((e])] IAE — Indirect aerosol R - regional
effect U —urban
L —local

16 REMO-HAM/REMOTE, Germany OA REMO RADM2 gas phase, Wal- GHGs effects on radia- (ER) (e.g. volcanic C— R
http://www.remo-rcm.de/The-REMO-model. cec&Taylor liquid phase, M7 tion ash), climate
1190.0.html (Vignati et al., 2004)

17 WRF-Cherfi, US (used in Germany, UK, Ol WRF Many chemical mechanismsDAE and IAE CWEF, climate- C-»R,G— U —
Spain, Austria, Slovenia, Italy, etc.) using KPP software (such chemistry LES
http://wrf-model.org/development/wg11/wg11. as RADM, RACM, CBM- (ER)
php Z, CRIMech as well as

many aerosol approaches
such as bulk (GOCART),
modal (MADE/SORGAM,
MADE/VBS, MAM), and sec-
tional (MOSAIC, MADRID))

18 WRF-CMAQ Coupled System, USA (used inOA WRF gpc: CBO05 with up- DAE on radiation and ER & LR H—-U
UK) dated toluene  chemistry, photolysis

SAPRCO07TB; AERO6 amo

a New version of the model based on the HARMONIE meteorological core is under development.

b The COSMO-MUSCAT and RACMO2/LOTOS-EUROS systems are not online models and only partly/conditionally can be included into the category of online access
Meteorology-Chemistry models, because the MetM and CTM interfaces not on each time step, but they have started implementing some feedback mechanisms.

¢ Besides the official version of WRF-Chem mentioned here, there exist several other versions, e.g. by Li et al. (2010), MADRID: Zhang et al. (2010a, 2012d, 2013).

meteorological models since they are extensively described
in meteorology textbooks and the specific model descrip-
tions. The purpose of this section is to summarise the pro-
cesses that are most relevant to coupling with atmospheric
composition modules. A list of meteorological models with

the main numerical schemes or physical parametrizations
used in coupled models is summarised in Table 5. This ta-
ble also contains a number of references for further reading.

Equations for meteorological variables are solved partly
by thedynamicspart that calculates the evolution of the at-
mospheric flow due to grid-resolved processes and partly
via parametrizations that describe unresolved (i.e. subgrid)
dynamical processes (e.g. boundary layer turbulence, sub-
grid scale orographic drag, non-orographic gravity wave drag
and convection) or non-fluid dynamical processes (e.g. radia-
tion, clouds and large scale precipitation, surface-atmosphere
interactions). NWP models differ greatly in terms of their
treatments of dynamical and physical processes, their dis-
cretisation schemes, approximations (hydrostatic vs. non-
hydrostatic) as well as their advection formulation (semi-
Lagrangian vs. Eulerian).

The dynamical and physical processes that are relevant for
coupling meteorology and atmospheric chemistry (i.e. which
have a stronglirect influence on atmospheric composition)
include:

1. Advectionis a grid-resolved process in meteorological
models, which largely controls the atmospheric trans-
port of chemical species in coupled models. Mass con-
servation can become an issue if meteorological and
chemical variables are not advected using the same
numerics. There are large differences among models,
with Eulerian and semi-Lagrangian schemes as the
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two main classes (Sect. 5.1). Eulerian schemes can be
made trivially conservative (e.g. weighted average flux
methods; Toro, 1992), but sophisticated methods have
been developed also for semi-Lagrangian formulations
(e.g. Kaas, 2008).

. Vertical diffusionis typically implemented by solving

the advection-diffusion equation with diffusion coef-
ficients computed by different methods. Some are di-
agnostic, while others are based on prognostic equa-
tions for the turbulent kinetic energy (TKE) and a di-
agnostic estimation of the mixing length scale. Vertical
profiles of turbulent diffusion coefficients determine
the dispersion properties in the atmospheric boundary
layer (ABL) and, therefore, have great influence on
surface concentrations (Dandou et al., 2009; Schafer
et al.,, 2011). Stable cases are the most problematic,
and large differences exist among models (Zilitinke-
vich and Baklanov, 2002; Svensson et al., 2011).

. Convectionis known to be an extremely important

process for simulating and forecasting weather and
air quality. It can transport tracers quickly from the
boundary layer into the free troposphere, or even
into the stratosphere for some deep convective events.
Convection is often divided into shallow, mid-level
and deep convection. Several parametrization schemes
are widely used for parametrizing deep convection
(Tiedtke, 1989; Kain and Fritsch, 1993; Zhang and
McFarlane, 1995; Manabe et al., 1965; Grell and
Devenyi, 2002). In models with a resolution of the
order of magnitude of 10km, deep convection im-
pacts aerosol concentrations through microphysics and
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Table 5. Meteorology models currently used as basis for coupled models.

NwWP References/documentation Continuity Advection Convection Vertical Radiation Underlying

model Eq. Approx. diffusion meteorology

component
inCT™M

BOLAM http://www.isac.cnr.it/ dinamica/ Incompressible, Weighted Kain and Fritsch Prognostic TKE Mixed: BOLCHEM
bolam/index.html! hydrostatic Average Flux  (1993) Morcrette (1991);

(Toro, 1992) Ritter and Geleyn
(1992)

COSMO Baldauf et al. (2011), Steppeler Non- Semi- Moist: Tiedtke Prognostic TKE J two-stream COSMO-ART,
et al. (2003) http://www.cosmo- hydrostatic Lagrangian, (1989). Option for radiation scheme COSMO-LM-
model.org/content/model/documentation/ Lin and Rood  the Kain-Fritsch after Ritter and MUSCAT
core/default.htm (1996), Bott (1993) scheme Geleyn (1992)

(1993) Shallow: Reduced
Tiedtke scheme
ECWMF-IFS  http://iwww.ecmwf.int/research/ hydrostatic Semi- Mass-flux scheme Based on local McRad C-IFS,
ifsdocs/CY38rl/index.html Lagrangian described in Richardson Morcrette et al. (2009) IFS-MOZART
(Hortal, 2002) Bechtold number and HAMMOZ
et al. (2008) Monin-Obukov EHAM5/6
profile (Beljaars
and Viterbo, 1999)

GEM Coté et al. (1998) Hydrostacand ~ Semi- Kuo-type deep Prognostic TKE LW: Garand (1983), On-line in the
http://collaboration.cmc.ec.gc.ca/ Non-hydrostatic ~Lagrangian convection scheme Garand and GEM model
science/rpn/gem depending on Kain and Fritsch Mailhot (1990)

resolution (1993) SW: Fouquart-Bonnel
Correlated K
Li and Barker (2005)

HARMONIE  http://hirlam.org/index.php?option= Compressible Semi- As AROME As AROME ACRANEB Enviro-
com_content&view=article&id= non-hydrostatic ~ Lagrangian (Ritter and Geleyn, 1992) HIRLAM/
65&Itemid=102 HARMONIE

HIRLAM http://hirlam.org/index.php?option= Hydrostatic Semi- Modified STRACO CBR Cuxart Savijarvi (1990) Enviro-
com_content&view=article&id= and non- Lagrangian (Sass and Yang, 2002) or et al. (2000) HIRLAM
64&Itemid=101 hydrostatic Kain and Fritsch (1993)

versions

MEMO http://pandora.meng.auth.gr/mds/ Non- TVDand FCT NA Prognostic TKE LW, SW: MEMO/MARS

showlong.php?id=19 hydrostatic schemes Moussiopoulos
(1987), Halmer
(2012)

Meso-NH http://mesonh.aero.obs-mip.fr/ Non- 4th order Mass flux Turbulence LW: RRTM Meso-NH

mesonh/ hydrostatic difference (Bechtold et al., scheme (Mlawer et. al.,
Eulerian 2001) Cuxart et al. 1997); SW:
schemes (2000) Fouquart (1980)

METRAS Schlunzen et al. (2012) Anelastic, non-  Adams Explicit scheme Choice of different LW and SW M-SYS
http://iwww.mi.uni-hamburg.de/ hydrostatic Bashfort for clouds by for- schemes, normaly calculated Using
692.html scheme with  atmosphere chosen: maximum 2-stream

of Blackadar and
counter gradient

centred or up
to 3rd order

turbulence, counter
gradient scheme

approximation

(W)ENO for shallow con- scheme (Lupkes and
(Schroeder vection (Lupkes and Schlunzen, 1996)

et al., 2006) Schlunzen, 1996)

advection

treatment of chemical reactions within the convective
plumes.

complex storm dynamics. However, the processes lack

a complete understanding (Khain et al., 2008; Khain,
2009). Few attempts have been made to implement
these processes in convection parametrizations (Grell 4.
and Freitas, 2013). An important complication is that

with currently used horizontal and vertical resolu-
tions, convection needs either to be parametrized (still
used in most CTM’s, resolutiotr 10 km), or resolved

with high-resolution cloud resolving models (resolu-

tion 1 km to 4 km), or there needs to be a mixture of the

two. The use of parameterisations in convection-aware
simulations (sometimes also called grey scales), when

no clear-cut scale separation exists, has become a ma- 5.
jor area of research (Kuell et al., 2007; Gerard et al.,
2009; Arakawa et al., 2011; Grell and Freitas, 2013).
Some approaches for parametrizing shallow convec-
tion are available and are used in high-resolution nu-
merical models (Holtslag and Moeng, 1991; Lipkes

and Schlunzen, 1996). However, they also lack the

Cloud microphysicsletermines the formation and life-
time of clouds and has important effects on chemi-
cal (water-soluble) species in coupled models. Cloud
schemes usually also take into account important cloud
processes such as cloud-top entrainment, precipita-
tion of water and ice and evaporation of precipitation
(Sect. 4.4 and overview in Lohmann, 2006; Stensrud,
2007; Sokhi et al., 2014).

Radiation schemes calculate radiative fluxes from tem-
perature, specific humidity, liquid/ice water content
and cloud fraction and radiatively active chemical
components. These should include black and organic
carbon (BC and OC, respectively), sulfate, sea salt, ni-
trate, ammonia, dust and other aerosols as well as the
main greenhouse gases (GHG) such as,d, CHy,

www.atmos-chem-phys.net/14/317/2014/ Atmos. Chem. Phys., 14, 33982014



328

A. Baklanov et al.:

Table 5. Continued.

Online coupled regional meteorology chemistry models in Europe

NWP References/documentation Continuity Advection Convection Vertical Radiation Underlying
model Eq. Approx. diffusion meteorology
component
inCTM
MM5 Grell et al. (1994), NCAR Tech Non- Leap frog with Choice between Choice be- Choice between MCCM
Note TN-398 + STR, hydrostatic Asselin filter Anthes—Kuo, Grell,  tween Blackadar, “Cloud” (Dudhia),
http://www.mmm.ucar.edu/mm5/ For tracers: Arakawa—Schubert, Burk—-Thomson, CCM3, and
http://www.mmm.ucar.edu/mm5/ Smolarciewicz Fritch—Chapell, ETA, MRF, RRTM scheme
documents/mm5-desc-doc.html and Grabowski Kain—Fritsch, and Gayno—Seaman,
(1990) Betts—Miller- and Pleim—Chang
scheme scheme; for
MCCM limited to
Burk-Thomson
(1989) scheme
NMMB Janjic and Gall (2012) Non- Eulerian, Adams  Betts—Miller— Prognostic TKE RRTM (Mlawer NMMB/
hydrostatic Bashforth Janjic etal., 1997) BSC-CTM
(Janjic and (Janjic, 2000)
Gall, 2012)
RACMO2  http://www.knmi.nl/research/regional climate/ Hydrostatic Semi- Tiedtke (1989), Lenderink and Fouquart and LOTOS-
uploads/models/FinalReport CS06.pdf Lagrangian Nordeng (1994), Holtslag (2004), Bonnel (1980), EUROS
Neggers et al. Siebesmacet al. Mlawer et al.
(2009) (2007) (1997)
RAMS Cotton et al. (2003) Non- Hybrid Modified Kuo Smagorinsky L&SW: Chen and RAMS/
http://www.atmet.com/ hydrostatic combination (Tremback 1990) (1963), Lilly Cotton (1983), ICLAMS
or of leapfrog Kain-Fritsch (1962) and Hill Harrington (1997),
hydrostatic and forward cumulus (1974). Solomos et al. (2011)
intime parameterization Deardorff and RRTM Mlawer et al.
(Tremback, Mellor-Yamada (1997), lacono
1987) level 2.5 et al. (2000)
Isotropic TKE
RegCM4  http://www.ictp.it/research/esp/models/regcm4.aspx Hydrostatic Weighted mass-flux cumulus  Holtslag and CCM3 Kiehl RegCM-
Average Flux scheme (Grell, Bouville (1993), et al. (1996), Chem4,
Semi- 1993; Tiedke, UW pbl RRTM/MCcICA, EnvClimA
lagrangian 1989) (Bretherton Mlawer et al.
et al., 2004) (1997)
REMO http://www.remo-rcm.de/The-REMO- Hydrostatic Second order Mass-flux Louis (1979) in Delta-two-stream REMOTE,
model.1190.0.html horizontal and convection Prandtl layer, ext. radiation scheme REMO-HAM
vertical scheme after level-2 scheme after Ritter and
differences Tiedke (1989) Mellor and Yamada Geleyn (1992)
(1974) in Ekman
layer and free-
flow, modif. for
clouds
MetUM Davies et al. (2005), Non- Semi- Lock et al. (2000) Lock et al. (2000) Edwards and MetUM
http:/iwww.metoffice.gov.uk/research/ hydrostatic Lagrangian Slingo (1996)
modelling-systems/unified-model for latest
version
WRF Skamarock et al. (2008), non- RK3 scheme, Modified Kain Choices between SW: Goddard; WRF-Chem
http://www.wrf-model.org/index.php hydrostatic, described in and Fritsch over 10 schemes, Dudhia, and others WRF-CMAQ
fully Wicker and (1993), Grell e.g.,YSU and MYJ LW: RRTM and others
compressible  Skamarock and Devenyi (Hong et al., 2006;
(2002) (2002) and others Janijic, 2002)
N20O, CFCk and CRCl,. Major issues are how accu- coastal regions, while for deeper water recent stud-
rately these species are represented and how refractive ies suggest a different approach (Foreman and Emeis,
indices are defined for aerosols (e.g. internal/external 2010). In particular, this latter approach has a much
mixing, etc.; Sect. 4.2) (e.g. overview in Stensrud, better asymptotic behaviour for high wind speeds and
2007; Sokhi et al., 2014). hurricanes. In some cases (e.g. ECMWF-IFS) a two-
way interaction has already been established between
6. Turbulent fluxes at the surfacare parametrized wind and the wave model (e.g. Janssen et al., 2002).

through different surface layer formulations (e.g.
Louis, 1979; Zilitinkevich et al., 2006) and canopy 4.2
(vegetation or urban) models (Hidalgo et al., 2008).
Surface fluxes depend considerably on the land cover.

Atmospheric chemical mechanisms: gas and
agueous-phase

Some models only consider one land cover type perThe chemical mechanism implemented in a model can only
grid cell, but others parametrize the effects of subgrid represent a simplified set of all the chemical reactions among
scale land use on turbulent fluxes (e.g. Schliinzen andll chemical species in the actual atmosphere. This is nec-
Katzfey, 2003). Above the sea surface, drag is oftenessary due to the complexity of the atmospheric system

parametrized using the Charnock (1955) formula, duefor
to missing wave data. It works reasonably well for flat the
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both predicting concentrations of gases or calculating
source of pollutants. The chemical reactions needed to
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Table 6. Comparison of chemical mechanisms used in coupled models. In the photolysis rate cellimmgdns documentation available

does not separately list the photolysis reactions and so they are included in the chemical reactions. NA means the available documentatior
either did not include the relevant data or that the mechanism does not include any heterogeneous reactions. Note that most of these meck
anisms are explicitly gas phase chemistry mechanisms — the models in which they are implemented may include in addition aqueous phase

chemistry.

Mechanism Chem Chem Photol Het. Aqg. Model(s) Reference(s)
Species rxns rxns rxns chem
ADOM-IIb 50 100 + NA NA GEM Venkatram et al. (1988)
CACM 189 349 + NA NA Meso-NH Griffin et al. (2002)
CBM-1V (aka CB4) 33 81 + NA NA NMMB/BSC-CTM, BOLCHEM, Gery et al. (1989)
RACMO2/LOTOS-EUROS
CBM-05 (aka CB05) 52 156 + NA NA NMMB/BSC-CTM, WRF-CMAQ, C-IFS  Sarwar et al. (2008)
CBM-Z 55-66 132 + NA NA RegCM-Chem, Enviro-HIRLAM, WRF-  Zaveri and Peters (1999)
Chem
GEOS-CHEM 80 >300 + N,Os and NO; to NA RegCM-Chem (under testing) Bey et al. (2001)
nitric acid in sulphate
CRIMech 240 652 + NA NA WRF-Chem Watson et al. (2008)
MECCA1 116 295 + NA NA MESSy(ECHAM5) Sander et al. (2005)
MOZART2 63 132 32 N,Os and NO; on NA ECHAM5/6-HAMMOZ Horowitz et al. (2003)
sulphate
MOZART3 108 218 18 71 NA IFS-MOZART Kinnison et al. (2007)
MOZART4 85 157 39 4 NA ECHAM5/6-HAMMOZ, WRF-Chem Emmons et al (2010)
NWP-Chem 17-28 27-32 4 NA 17 Enviro-HIRLAM v1 Korsholm et al. (2008)
RADMK 86 171 22 1 NA COSMO-ART Vogel et al. (2009)
RADM?2 63 136 21 NA NA MCCM, M-SYS, REMO,WRF-Chem; Stockwell et al. (1990)
M-SYS
RACM 77 214 23 NA NA COSMO-LM-MUSCAT, MCCM, Meso-  Stockwell et al. (1997)
NH, RegCM-Chem,MEMO/MARS, WRF-
Chem
RACM-MIM 84 221 23 NA NA MCCM, WRF-Chem Geiger et al. (2003)
RAQ (plus CLASSIC) 61 115 23 NA Oxidation of SO2 by MetUM Collins et al. (1997,1999)
H202 and O3
ReLACS 37 128 + NA NA Meso-NH Crassier et al. (2000)
ReLACS2 82 343 + NA NA Meso-NH Tulet et al. (2006)
ReLACS-AQ 41 128 + NA Complete Ag. Phase Meso-NH Crassier et al. (2000),
chemistry Leriche et al. (2013)
SAPRC90 SOA 43 131 16 NA NA BOLCHEM Carter (1990)
SAPRC99 72 198 + NA NA RAMS/ICLAMS, WRF-CMAQ, WRF- Carter (2000)
Chem
SAPRCO07 44-207 126-640  + NA NA WRF-CMAQ Carter (2010)
StdTrop 42 96 25 NA Oxidation of SO2 by MetUM Law et al. (1998)
H202 and O3

(plus CLASSIC)

model air quality include gas phase reactions (both thermalmportant for climate modelling timescales, while chemistry
and photolytic reactions), heterogeneous reactions on suteading to aerosol formation has a greater role for meteorol-
faces of condensed phases (e.g. the surface of dry and wegy on timescales of days. Online modelling explicitly takes
aerosols and other surfaces such as the ground or building#)to account these linkages.
and aqueous-phase reactions. These reactions are coupled toAs shown in Table 6, there is a wide variety of chem-
various other meteorological processes in the atmospheréstry schemes/mechanisms currently in use to simplify the
Therefore, online modelling is a better framework for es- chemistry to varying extent. For comparison, the current ver-
timating the chemical reaction rates and resultant pollutansion of the Master Chemical Mechanism (MCM — Jenkin et

concentrations. For example, gas phase reactions depend ah, 1997; Saunders et al., 2003) contains about 17 000 reac-
the temperature; photolytic rates depend on radiative transtions, 6700 primary, secondary and radical species, as well as
fer, which in turn depends on cloud and aerosol processedearly 800 reactions of explicit aqueous-phase mechanisms
the production of the hydroxyl radical depends on the water(Herrmann et al., 2005), whereas the mechanisms described
vapour concentration. Heterogeneous reactions on the supperationally in 3-D models include at most a few hundred

face of aerosols depend on the surface area and compositioractions (i.e. so-called condensed or reduced mechanisms).
as well as the liquid water content of the aerosol. Last but not Since the number of species and reactions of atmospheric
least, aqueous-phase chemistry is a function of the cloud liginorganic chemistry is manageable computationally, most

uid water content. The concentrations of chemically and ra-of the reduction concerns the organic chemistry pathways.

diatively active gases (in particular, ozone and methane) arélthough comprehensive mechanisms such as MCM have
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been incorporated into 3-D models (e.g. Jacobson and Ginthe importance of specific reactions and the cost/benefit to
nebaugh, 2010; Ying and Li, 2011), most 3-D models usethe desired model applications.
reduced mechanisms for computational efficiency. Simpli- A complication in attempting to review chemical mecha-
fication can be achieved in a number of ways, e.g. by nenisms in use is that some mechanisms offer options to in-
glecting volatile organic compounds (VOCSs) of lesser impor- clude or exclude some chemical reactions, depending on the
tance, by removing less important chemical reactions fromrequirements of a specific study. This means that the num-
the full mechanism, or by lumping together related chemicalber of tracers and reactions is not a single number for each
species or functional groups. This simplification (or “mech- mechanism. Table 6 includes a range of the number of trac-
anism reduction”) can be achieved by using automated tool&rs and reactions for such mechanisms with options. Further-
that analyse the mechanism (e.g. Szopa et al., 2005) or bgnore, some groups take an existing mechanism and make
expert knowledge. The reduced mechanism is then evaluatettheir own modifications (for example, RADMK is a mod-
by comparison to laboratory “smog chamber” data and/orified version of RADM) or keep an existing mechanism but
to the full mechanism. Most chemical mechanisms used inupdate the reaction rates with the latest recommended values.
3-D models have been developed independently from full Today, the most commonly used mechanisms have con-
mechanisms. One can distinguish two main categories offerged in terms of the state of the science and comparable
reduced mechanisms: the surrogate molecule mechanismesults are obtained, for example, with a surrogate molecule
and the carbon-bond mechanisms. In a surrogate moleculmechanism and a carbon-bond mechanism. Nevertheless,
mechanism, several VOC molecules of the same class (e.glifferences occur in the simulated concentrations, which re-
short-chain alkanes) are grouped and represented by a singgeilt from differences in the oxidation mechanisms of VOCs
molecule. The mechanism associated with that molecule ige.g. for aromatics) as well as in the kinetic data (e.g. for the
then typically a weighted average of the molecules that it rep-oxidation of NO and N@). Such differences have been quan-
resents. In a carbon-bond mechanism, each VOC moleculéfied in recent studies conducted over the US (e.g. Luecken
is broken down into functional groups (e.g. carbonyl group, et al., 2008; Faraji et al., 2008; Zhang et al., 2012d) and
double-bond) and an oxidation mechanism is developed foEurope (Kim et al., 2009, 2011). Note that differences in
each of those functional groups. The creation of a chemicafjas phase chemistry affect not only the concentrations of
mechanism is a significant investment. Another issue is thagjaseous pollutants but also those of secondary particulate
in different parts of the atmosphere, different chemical reac-matter (PM) compounds.
tions are important. In this paper, we focus on regional mod- Chemical mechanisms will continue to vary substan-
els and on tropospheric chemistry, but it should be noted thatially, given the different needs for different applications. At
some global models incorporate both stratospheric and tropresent, there remain open issues regarding improving the
pospheric chemistry. In general, most models use both gashemical mechanisms, as adding complexity by itself does
and agueous-phase mechanisms, with relatively more detaiiot always lead to increased accuracy (Kuhn et al., 1998).
in the gas phase mechanisms. The more explicit treatmertiowever, improved scientific understanding is needed to im-
of liquid-phase chemistry is included in limited area mod- prove the mechanisms. Some common issues which will
els that simulate interactions with cloud systems (Tilgner etlikely be addressed in the near future include: correctly mod-
al., 2010; Lim et al., 2010). Lim et al. (2010) showed the elling the HQ, budget, especially in areas with high iso-
importance of aqueous-phase chemistry in the production oprene concentrations (e.g. Stone et al., 2010), the influence of
secondary organic aerosol (SOA). aerosol composition on heterogeneous chemistry (e.g. Riedel
There is a wide variety of chemical mechanisms currentlyet al., 2012) and addressing the tendency for many models to
in use. Among the most commonly used are the followingunderpredict SOA (e.g. Volkamer et al., 2006; Farina et al.,
surrogate molecule mechanisms, RADM2, RACM, RACM2, 2010).
RACM-MIM, SAPRC90, SAPRC99, SPARCO7TB, MEL- During the last decade, new software tools have become
CHIOR, ADOM, MOZART2, 3 and 4, NWP-Chem, available, in particular, the Kinetic Pre-Processors (KPP)
RADMKA, ReLACS, RAQ, MECCAl1 and GEOS-Chem (Damian et al., 2002; Sandu and Sander, 2006), that greatly
and the most recent carbon-bond mechanisms, CB-IV, CBO5facilitate the computer simulation of chemical kinetic sys-
CB06 and CBM-Z. Some mechanisms were developed intems (e.g.:http://people.cs.vt.edu/~asandu/Software/Kpp/
dependently (e.g. SAPRC99, CB05) while others were de-They can automatically generate a code for a user-defined
veloped in connection with a specific CTM (e.g. NWP- chemical mechanism and a numerical solver chosen by the
Chem developed for Enviro-HIRLAM, RAQ for the Me- user for a specific task. Tools such as KPP have the additional
tUM). Some mechanisms even carry the name of the coradvantage of generating not only new mechanisms if equa-
responding CTM (MOZART, GEOS-CHEM). By using a tions or reaction rates change and new reactions are added,
mechanism developed previously, less effort is required inbut also they may be able to generate adjoints. KPP makes
setting it up and in updating to account for new laboratory updating of chemical mechanisms much easier as illustrated
findings. However, the advantage of a group creating its owrin the MECCA module (Sander et al., 2005). Changing the
mechanism is that they can make their own judgments abouthemical mechanism also has implications for other aspects
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of the modelling system. The introduction of new speciescompounds. Therefore, the numerical treatment of aerosol
may require new emissions and associated speciation, as wedarticles in atmospheric models needs sophisticated methods
as information on dry and wet deposition rates. and considerable simplifications.

As was mentioned already, the requirements and levels There are several processes modifying physical and chem-
of complexity necessary for representing different chemicalical properties of aerosol particles that need to be taken into
processes are different for NWP, CWF and climate onlineaccount by the models. These include nucleation, coagula-
modelling. For example, current NWP does not include de-tion, condensation and evaporation, sedimentation, in-cloud
tailed chemical processes, but there is some evidence thand below-cloud scavenging and deposition at the surface.
aerosols have strong effects on radiative and precipitatiorThe approaches that are currently used in online coupled
processes (Khain, 2009). It is important to include these efimodels can be classified in the following sections (Table 7).
fects and to determine what level of complexity is needed in
which meteorological situation. Enviro-HIRLAM for NWP 4.3.1 Representation of particle size distribution
and long-term simulations is developing a highly simplified
chemical scheme based on the ECHAM chemistry. For cli-The simplest way to take into account aerosols in a numer-
mate modelling, chemistry of greenhouse gases and aerosoisal model is the so-called bulk approach, whereby aerosols
become very important, however, for long-lived GHGs, on- are represented by mass density only. The size distribution
line integration of full scale short-term chemical reactions is neglected or prescribed when necessary, and assumptions
are not critically needed. For CWF and predictions of atmo-have to be made when other physical or chemical variables
spheric composition in a changing climate, more advancedhat depend on size or surface are treated. Still, it is possible
and comprehensive chemical mechanisms are much mor® simulate the chemical composition of the aerosol particles.
important. It will be important to quantify the impacts of Processes like coagulation cannot be taken into account.
these approaches on the quality of the predictions. The more advanced ways to represent the size distribution

Future model intercomparisons would greatly benefit fromof aerosols in tropospheric air quality models are the modal
the establishment of a central mechanisms database, to whicpproach, the sectional approach and the moment approach,
mechanism owners could upload their schemes and providas reviewed by Zhang et al. (1999) and McKeen et al. (2007).
further updates as necessary. This would allow true version- One possibility to simulate the size distribution is the so-
ing and openness for chemical mechanisms. All modellingcalled modal approach. This approach assumes, justified to
groups should be encouraged to upload their own mechasome extent by observations, that real world size distribu-
nisms whenever they make changes, even if they only changons can be approximated by several overlapping modes,
the reaction rates in an existing mechanism. Ideally, thiseach of them described by a log-normal distribution. In prin-
could be interfaced to a set of box model inter-comparisonsciple, prognostic equations for three moments of the log-
including evaluation against smog chamber data, field camnormal distributions have to be solved, e.g. for total hum-
paigns and highly complex mechanisms. It would also al-ber density, standard deviation and total mass concentration,
low direct comparisons of the computing costs of the mech-but the process of advection makes a consistent treatment
anisms. To help achieve the aforementioned objectives, anf three moments at the same time quite difficult. There-
international effort was initiated as part of AQMEII (Rao et fore, in most aerosol models and for the same reason also

al., 2011). in cloud models, prognostic equations for two moments are
solved and the standard deviations of the log-normal distri-
4.3 Aerosol dynamics and thermodynamics butions are kept constant. However, this may lead to large

errors (Zhang et al.,, 1999) and, accordingly, some mod-
According to state-of-science knowledge, aerosols play theels (e.g. CMAQ, Polair3D/MAM) treat the standard devi-
key role in feedback of atmospheric chemistry on atmo-ations of variables to obtain better accuracy. Examples of
spheric transport. Thus, the online coupled models need ¢he modal approach include: COSMO-ART with 11 modes
dynamic treatment of aerosols, not merely climatology-basedVogel et al., 2009); Enviro-HIRLAM with 3 modes (Bak-
aerosol distributions, as typically applied in offline models. lanov, 2003; Korsholm, 2009); MCCM, WRF-Chem with the
Aerosol particles differ by morphology, size and chemical aerosol module MADE-SORGAM (Ackermann et al., 1998;
composition. They have an impact on atmospheric radiatiorSchell et al., 2001) and MADE/VBS (Ahmadov et al., 2012)
and cloud microphysics, and they interact with gas phasewith 3 modes, and MAM with 3 or 7 modes (Liu et al., 2012).
chemistry. These interactions depend on size and chemical Another method to describe space and time dependent
composition. In this respect, water is an important compo-size distributions of aerosols is the so-called sectional ap-
nent of the aerosol particles as the water content determinggroach. In this case, the size ranges are divided into fixed
the chemical composition and at the same time chemicakections (or bins). As for the modal approach, processes such
composition determines the water content. The size range odis nucleation, coagulation, condensation/evaporation, scav-
atmospheric aerosol particles covers several orders of magnging, sedimentation, and deposition can be treated as size-
nitude. Aerosols can be composed of hundreds of chemicallependent. The number of bins may vary from 2 (fine and
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Table 7. Aerosol physics approaches applied in different models.

Name of model Approach Number of modes or bins, comments References

BOLCHEM Modal 3 Binkowski et al. (2003)

CHIMERE Sectional 6 Vivanco et al. (2009)

CMAQ AERO5/AERO6 Modal 3 (aitken, accumulation and coarse) Byun and Schere (2006)

COSMO-ART Modal 11 Vogel et al. (2009)

Enviro-HIRLAM v1 Modal 3 Baklanov (2003), Gross and Baklanov (2004),
Korsholm (2009)

GAMES Sectional 10 Carnevale et al. (2008)

ICLAMS, Enviro-HIRLAM v2,
REMO-HAM /REMOTE

Pseudo-modal

M7 aerosol module (configurable)

Vignati et al. (2004), Solomos et al. (2011)

LOTOS-EUROS Sectional 2 Schaap et al. (2008)
Meso-NH with ORILAM- Modal 3 for dust and sea salt, 2 for Tulet et al. (2005, 2006)
SOA chemically active aerosol
MetUM Mass only CLASSIC. 8 aerosol species, dust has 2 or 6 size Bellouin et al. (2011)
bins, other aerosols bulk scheme with 2 or 3
modes each
MetUM Modal UKCA-GLOMAP-mode, based on M7 approach, Bellouin et al. (2013)
configurable.
MCCM, WRF/Chem Modal 3 (modules MADE-SORGAM, MADE-VBS, Ackermann et al. (1998), Schell et al. (2001),
MAM) Ahmadov et al. (2012), Liu et al (2012)
M-SYS Sectional 41064 Von Salzen and Schliinzen (1999a, b)
NorESM Modal 5 (nucleation and Aitken particles not included) Storelvmo et al. (2008)
PMCAMx and GATOR Sectional 10 Jacobson et al. (1996, 1997a, b)
Polair3D/Siream Sectional user specified Jacobson et al. (1996, 19974, b)
RegCM Sectional Coupling of MOSAIC in development Zaveri et al. (2008)
WRF/Chem with MOSAIC Sectional 4 or 8 bins Fast et al. (2006), Shrivastava et al. (2011), Zaveri et
al. (2008)
WRF-Chem-MADRID, CMAQ- Sectional 8 Zhang et al. (2010a)
MADRID

coarse particles; e.g. LOTOS-EUROS, Schaap et al., 2008) tdhe exact solution is computationally expensive (e.g. AIM2
24 or more. Both sectional and modal approaches have pros Wexler and Seinfeld, 1991) and has been seldom used in
and cons that were evaluated in detail by Zhang et al. (1999)3-D models. Solving the system via a set of selected equi-

The third method, called the moment approach, is similarlibrium relationships that can be optimised according to the
to the modal approach but is more general since the size disshemical regime of the system is the most widely used ap-
tribution can have an arbitrary shape and does not need to bgroach in 3-D modelling. Such thermodynamic models of
log-normal. Rather, the distribution is described with severalinorganic aerosols include, for example, EQUISOLV Il (Ja-
moments, and the evolution of the moments is predicted bycobson, 1999), ISORROPIA, ISORROPIA Il (Nenes et al.,
the model (Yu et al., 2003). 1998; Fountoukis and Nenes, 2007), MESA (Zaveri et al.,
2005) and PD-FITE (Topping et al., 2009, 2012). Zhang et
al. (2000) present a comparative evaluation of various inor-
ganic thermodynamic aerosol models that are currently used
in 3-D models. The equilibrium between the gas phase and
The chemical compounds found in aerosols can be differenthe particulate phase can be reached rapidly for fine particles
tiated between inorganic and organic species. The main inbut may take a longer time (e.g. several minutes) for coarse
organic compounds are nitrate, sulfate, ammonium, chloridgarticles. Some aerosol modules such as MOSAIC (Zaveri et
and sodium. Calcium, magnesium, potassium, and carbonatal., 2008) account for this potential mass transfer limitation
can be considered to represent alkaline dust. The partitionby implementing a dynamic approach, which may be limited
ing of these species between gas and particle phase and thedr coarse particles for computational efficiency.
thermodynamic state in the particle phase (solid or liquid) Carbonaceous components of aerosol particles include
can be calculated by solving the equations of thermodynamidlack carbon (BC, also referred to as elemental carbon or
equilibrium and minimizing the Gibbs energy of the system.

4.3.2 Treatment of secondary inorganic and organic
aerosol
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light-absorbing carbon) and organic compounds. BC is typ-4.3.3 Aerosol mixing state and chemical aging of
ically treated as entirely present in the particulate phase and particles
chemically inert. The number of organic species found on
aerosol particles is huge and it is impossible to treat eacht is computationally too expensive to describe the full com-
single one in 3-D online coupled models. To solve this prob-plexity of aerosol chemical composition in 3-D numerical
lem, similarly to gas phase chemistry, surrogate species arphotochemical models. A common approximation is to as-
introduced to represent organic aerosols (OA), which carsume that the percentage contribution of the individual com-
be primary (POA) and secondary (SOA). Three main ap-pounds is the same for all particles within one mode or one
proaches are currently in use to model organic aerosols: theection. This mixing state is then called an internal mixture.
two-product Odum approach, the volatility basis set (VBS) It is used in most aerosol modules.
and the molecule surrogate approaches. The opposite approximation would be that each mode or
The two-product Odum approach is an empirical one thatsection consists of particles that may have different chemical
assumes the production of SOA from the oxidation of a VOCcomposition. This state is then called an external mixture.
precursor by a given oxidant (i.e. OH, NOor O3) can The simulation of an aerosol population that is distributed
be represented by two surrogate SOA semi-volatile speciedyoth in size and chemical composition is challenging and,
which are represented by their mass stoichiometric coeffito date, 3-D simulations have typically included various ap-
cient and their gas-/particle partitioning coefficient and canproximations to simulate external mixtures (Jacobson et al.,
be temperature dependent (Odum et al., 1996; Schell et al1994; Kleeman and Cass, 2001; Oshima et al., 2009; Riemer
2001). No assumption is made about the molecular structuret al., 2009; Lu and Bowman, 2010). A full discretisation of
of those surrogate species, but it is implicitly assumed thaboth size and chemical composition is feasible (Dergaoui et
they are hydrophobic and that their activity coefficients areal., 2013), but computationally rather expensive. It has not
constant. yet been incorporated into 3-D models. Models often include
The VBS approach (Donahue et al., 2006) is also an empira combination of internal and external mixtures by simu-
ical approach, but it differs from the previous one by its def- lating several overlapping modes (representing the external
inition of surrogate SOA compounds, which also allows the mixture) each having a different (internally mixed) chemical
treatment of additional processes such as chemical aging antbmposition.
semi-volatile POA (Donahue et al., 2006). Surrogate SOA Heterogeneous reactions and condensational growth dur-
species are predefined according to a set of saturation vapoimg transport alter the mixing state and the physical and
pressures (i.e. the VBS, which corresponds to a discretisachemical properties of particles. These transformation pro-
tion of all the possible volatilities of SOA species). Then, cesses are named atmospheric aging. Atmospheric aging is
chemical aging via gas phase reactions moves a fraction ofmportant for several aspects. Examples are given below.
a compound to a less volatile compound. Semi-volatile POAPure soot particles are hydrophobic. This means there is no
can also be treated with this formulation. The approach hasygroscopic growth when inhaled by humans and, as they are
been recently extended to account also for the degree of oxsmall, they can get deep into the lungs causing health prob-
idation of SOA species (Donahue et al., 2011). A simplified lems. Aging of pure soot particles occurs by condensation of
version of such a scheme is described by Athanasopoulou eas phase compounds or by coagulation with particles of dif-
al. (2013). ferent chemical composition. If these compounds form a sol-
The molecule surrogate approach is based on a mechaible shell around the soot core, those internally mixed parti-
nistic approach to organic aerosol formation by using surro-cles become hygroscopic. Such particles, when inhaled, grow
gate SOA molecules that are determined from the experimenvery rapidly and are deposited high in the respiratory tract. In
tal characterisation of the chemical composition of organicaddition, soluble shells alter the specific shortwave absorp-
aerosols (Pun et al.,2002, 2006). As for gas phase mechaion of soot particles to higher values (Riemer et al., 2003).
nisms, uncertain parameters (e.g. stoichiometric coefficientghe potential of soot particles to act as cloud condensation
and gas-particle partitioning constants) are specified follow-nhuclei (CCN) or ice nuclei (IN) is also modified by the ag-
ing comparison with experimental data. This approach offerang process. The aging of mineral dust particles changes their
the advantage that SOA species can be either hydrophilic ocapability to act as IN or CCN (Kumar et al., 2009). There-
hydrophobic (or both) and that the activity coefficients are fore, the explicit treatment of the aging process is an impor-
not constant, but may evolve with the aerosol chemical com+ant process that should not be neglected. Example models
position. Semi-volatile POA can also be treated with this ap-that treat soot aging explicitly are MADEsoot (Riemer et al.,
proach. 2003) and PartMC-MOSAIC (Ching et al., 2012).
Another process is the formation of non-volatile SOA
species via heterogeneous uptake and particle phase reactioh3.4 Aqueous phase formation of aerosol species
One example is the glyoxal processing by aerosol multiphase
chemistry (Ervens and Volkamer, 2010). The formation of inorganic and organic aerosols may also
occur via aqueous chemical reactions and subsequent cloud
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droplet evaporation. Many 3-D models treat the oxidation ofthe mass mixing ratio is predicted and the number concentra-
SO, to sulfate and NQ to nitrate in clouds via homoge- tion is prescribed. Following Houze (1994), cloud droplets,
nous and heterogeneous reactions, as those processes coaindrops, cloud ice and snow are taken into account. Micro-
tribute significantly to sulfate and nitrate formation. A com- physical processes are represented by transferring hydrome-
prehensive overview on the mechanisms currently appliedeors from one of those categories to another.

in air quality models, including those used in Europe, is In order to consider the different freezing mechanisms
given by Gong et al. (2011). Knote and Brunner (2013) in- and their dependence on the available ice nuclei, separate
cluded the SCAV model (Tost et al., 2006) into the COSMO- prognostic variables for cloud water and ice need to be
ART model. It accounts for wet scavenging of gases andsolved. General circulation models (GCM) typically use one-
aerosols and aqueous-phase chemistry. Few 3-D models hameoment schemes for predicting cloud water and ice sepa-
included the formation of SOA in clouds so far, but simula- rately (e.g. Lohmann and Roeckner, 1996). Regional models
tions conducted to date suggest that this pathway could coneften solve additional prognostic equations for falling hy-
tribute significantly to SOA concentrations locally and on the drometeors (rain, snow, graupel and sometimes hail) (e.g.
order of 10% on average (Chen et al., 2007; Carlton et al. Seifert and Beheng, 2006).

2008; Ervens et al., 2011; Couvidat et al., 2013). Two-moment schemes (e.g. Seifert and Beheng, 2006)
predict the number concentrations of the hydrometeors in
4.3.5 Thermal diffusion addition to their mass mixing ratios. Scientifically, they are

superior to one-moment schemes because the nucleation of
According to recent studies, a newly discovered aerosol pheeloud droplets can be parametrized according to Koehler’s
nomenon, called turbulent thermal diffusion (TTD), has atheory (e.g. Abdul-Razzak et al., 1998) and can take the de-
rather small but systematic contribution to the global distri- pendence of the aerosol number concentration into account.
bution of coarse particles. TTD, first predicted theoretically They can also account for the size-dependent sedimentation
by Elperin et al. (1996) and then found in laboratory exper-rate (Spichtinger and Gierens, 2009).
iments (Buchholz et al., 2004), entails the transport of parti- The size spectrum of cloud droplets can be better resolved
cles against the temperature gradient and is more effective dty bin schemes (e.g. Khain et al., 2008). However, they are
low pressure. Sofiev et al. (2009b) showed that TTD is mostcomputationally more expensive and are usually only used
likely responsible for the aerosol layer at tropopause heighfor research applications.
— a phenomenon not well explained so far. Their simulations
with the SILAM model have shown that this regional effect 4.4.2 Parametrization of microphysical processes
on the long-term average Rllconcentrations is of the or-
der of 5-10% in most areas, but in certain mountainous re-The main processes in clouds are condensation of vapour, the
gions the concentrations are enhanced by 40 % (with respegrowth of cloud nuclei with the eventual formation of rain,
to model simulations without TTD) due to more efficient up- snow, graupel, hail, etc. and the fall out of precipitation.
ward transport.

Condensation/deposition of water vapour
4.4 Model treatments of cloud properties

Condensation is treated with a saturation adjustment scheme,
4.4.1 Bulk schemes which means that all the water vapour above 100 % relative

humidity is converted into cloud water based on the assump-
Regional models treat cloud properties to various degrees dfion that sufficient CCN are available to deplete the supersat-
complexity with respect to the size and phase distribution.uration. This assumption is justified for water clouds, where
The most common approach is to use bulk schemes, in whiclthe supersaturation with respect to water is at most 1 %. How-
the moments of a given number of hydrometeors are preever, it is questionable for ice clouds, where supersaturation
dicted. With only one moment, the mass mixing ratio is pre-with respect to ice can reach 70 %. Therefore, GCMs and re-
dicted, then the number concentration has to be prescribedional climate models (RCMs) have started to abandon the
or parametrized and the size distribution is highly idealisedsaturation adjustment scheme for cirrus clouds and allow su-
(e.g. Kessler, 1969; Lin et al., 1983; Sass, 2002). The simpersaturation with respect to ice (Lohmann and Kaercher,
plest example of such a one-moment scheme is the Sundqvi®002; Liu et al., 2007; Tompkins et al., 2007; Gettelman et
(1978) scheme, in which only the sum of cloud water andal., 2010; Salzmann et al., 2010).
cloud ice is predicted and the distinction between cloud wa- In two-moment schemes (Sect. 4.4.1), the number of ac-
ter and cloud ice is based only on temperature. In one stantivated aerosol particles determines the number of nucleated
dard NWP model used by several European weather servicedoud droplets. If parametrizations based on the Koéhler the-
(Baldauf et al., 2011), clouds are represented by a bulk mi-ory (Abdul-Razzak and Ghan, 2002; Nenes and Seinfeld,
crophysics scheme, which describes different categories 02003) are used in online coupled models, it is reasonable
cloud hydrometeors by size distribution functions, for which to abandon the saturation adjustment scheme and instead
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solve the droplet growth equation. More details as well asthe cloud droplet number concentration) in the warm phase:
the parametrization of ice nucleation are given in Sect. 4.5. nq = cs¥, wheres is the supersaturation ardandk are em-
pirically derived coefficients that differ for different aerosol
Formation of precipitation loadings. The cloud droplet number is often used in param-
] ) ] eterisations of the cloud droplet effective radius, which is a
The first microphysical scheme was developed by Kesslehasic parameter for parameterizing cloud-radiation interac-
(1969). It distinguishes between cloud water with small droptions. The values of correspond to the CCN concentration
sizes (5-30um) having negligible velocity and rain drops 4 194 supersaturation, while is a tuning coefficient. In-
that reach the surface within one model time step. The contgrmation on aerosol number, size, and composition is con-
version from cloud water to rain, the autoconversion rate, deygined withine andx. Accordingly,c retains large values (e.g.
pends only on cloud water content and starts once the criticagg g cnt3) in continental and polluted locations, but small
cloud water content is exceeded. A similar scheme for the,g)es (e.g. 100 cr?) in remote marine locations (Hegg and
ice phase (Lin etal., 1983) is widely used in RCM and NWP 5phs  1992). The supersaturation field is, however, also
models. _ _ strongly influenced by the aerosol concentration, composi-
If cloud water and cloud ice are predicted as separat§jon and size distribution. The parametrizationsdikewise

prognostic variables, the Bergeron—Findeisen process can Qg pjicitly contains information on aerosol number, size and
parametrized to describe the growth of ice crystals at the eXtomposition (Fitzgerald, 1973; Mircea et al., 2002).

pense of water droplets due to the lower vapour pressure over

ice in mixed-phase clouds. The process depends on the upr5 > Aerosol-cloud interactions in online models with
draft velocity inside the cloud and the number concentration prognostic aerosols

of ice crystals (e.g. Storelvmo et al., 2008).

~ Proceeding from the fact that the formation of precipita- one-moment cloud schemes (Sect. 4.4.1) are typically used
tion depends on aerosol concentrations, online models withy, operational models with strict execution time require-

two-way feedbacks, where aerosol-cloud interaction is cOnyents, They often assume a constant droplet number in or-
sidered together, have a very good potential to improve thgjer o close the equations describing cloud droplet radia-

precipitation process modelling (Sect. 4.5). tion interactions and possibly also the autoconversion cal-

culation (Rasch and Kristjansson, 1998). Such schemes have
limited possibility of diagnosing cloud droplet number. This

If the falling of precipitation takes place within one time step may be done by using empirical relationships, €.g. between

of the model, the evaporation is normally neglected. For highaerosol number and the cloud droplet nucleation term near

resolution models (vertical resolution of a few decametres),the base of the cloud (Martin et al., 1994; Menon et al., 2002;

I§_torelvmo et al., 2008). The usage of such relations may in-

the evaporation has to be considered, as done by some higd . istencies bet loud d droolet b
resolution models (e.g. M-SYS; Schliinzen et al., 2012). In. uce Inconsistencies between cloud mass and dropléet number

online models, this process is closely connected with wet deln @ model, and double moment schemes describing the evo-

position (Sect. 4.7.2). lution of the droplet number are more appropriate for online

Falling of precipitation

models.
4.5 Aerosol-cloud interactions and processes Coupling a two-moment cloud scheme (_Lin et al., 1983,
Ghan et al., 1997; Meyers et al. 1997; Seifert and Beheng,
4.5.1 Aerosol-cloud interactions in online models 2001; Morrison et al., 2005; Morrison and Gettleman, 2008)
without indirect aerosol effect with prognostic aerosols opens the possibility of more de-

tailed size and composition dependent aerosol activation for
Aerosols are a necessary condition for cloud formation andboth number and mass (Abdul-Razzak and Ghan, 2002).
influence cloud microphysical and physical properties asCloud droplet number concentration may be calculated based
well as precipitation release. Hence, all online models haveon a prognostic representation of aerosol size and chemi-
cloud schemes that either explicitly or implicitly represent cal composition within the framework of an ascending adi-
the effect of aerosols on clouds (e.g. RegCM, Giorgi et al.,abatic cloud parcel (Nenes and Seinfeld, 2003; Fountoukis
1993; some versions of MetUM, Birch et al., 2012). Physi- and Nenes, 2005). This scheme can be extended to include:
cally based schemes that explicitly resolve the activation of(a) adsorption activation from insoluble CCN (Kumar et al.,
CCN into cloud droplets (e.g. Abdul Razak and Ghan, 2002)2009), (b) giant CCN equilibrium-timescales on aerosol ac-
are currently not included in all online coupled models (Ta- tivation (Barahona et al., 2010), or (c) the effect of entrain-
ble 4). If aerosol number and mass concentrations are namnent on activation (Barahona and Nenes, 2007). The super-
coupled to the cloud scheme, cloud droplet numbers have tgsaturation needed for activating a CN is determined by the
be implicitly assumed in the parameterisations of the micro-modified Kohler theory that takes the effects of surfactants
physics. One example is the widely used diagnostic calcuand slightly soluble species into account. Another advan-
lation of CCN number concentration (often assumed to betage of coupling two moment cloud schemes with prognostic
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aerosols is a more physically detailed approach to autoconeentrations in the atmosphere seem to be too low to have a
version (Khairoutdinov and Kogan, 2000; Liu et al., 2005). global impact (Hoose et al., 2010a, b; Sesartic et al., 2012).
The most widely used approach is to assume specific siz8lack carbon and carbonaceous particles, on the other hand,
distributions for cloud droplets and rain drops (Seifert andare much more numerous, but it is not yet clear if they nucle-
Beheng, 2001). ate ice well above the homogeneous freezing temperature.
A major shortcoming when coupling prognostic aerosolsCirrus clouds form at temperatures belev@5°C. Here ho-
with a cloud scheme in an operational model is that aerosomogeneous freezing of solution droplets prevails. Heteroge-
mass and number are difficult to predict accurately due toneous freezing on ice nuclei seems to be of minor importance
uncertainties in emissions and deposition. Hence, althouglbut can be important in determining the maximum supersat-
this coupling is more physically correct, in practice it may uration (Lohmann and Karcher, 2002). Parameterisations of
be difficult to achieve better verification scores than without cirrus schemes that consider the competition between homo-
prognostic aerosols. Currently, it is not known which aerosol-geneous and heterogeneous nucleation have been developed
cloud interaction processes are of the greatest importancdyy Karcher et al. (2006), Barahona and Nenes (2009), Get-
and not all feedbacks are represented in current online modelman et al. (2010), Salzmann et al. (2010) and Wang and
els. As the cloud droplet number increases and the droplePenner (2010).
effective radius decreases with an increased aerosol loading, Attemperatures above35°C, ice forms heterogeneously
the microphysical processes are also affected. For instancéy the mixed-phase cloud regime. Most models describe ice
the changed surface area of the droplets leads to alteratioformation in mixed-phase clouds with empirical schemes
of evaporation and condensation. However, when diagnosfe.g. Lohmann and Diehl, 2006; Phillipps et al., 2008; De-
ing cloud droplet number concentration, these effects are noMott et al., 2010). In order to consider which aerosols act
taken into account. The importance of such effects and thas IN at a given temperature, laboratory data are used. As
associated changes in cloud dynamics has been discussé#tk ice nucleating properties of BC are still very uncertain,
by several authors (e.g. Jiang et al., 2006; Xue and Feinthe potential anthropogenic effect of BC on ice clouds is also
gold, 2006). Recently, it has been suggested that for cloudguestionable. There are two possibilities. On one hand, more
with liquid water path less than about 50 gfnthe evap- BC aerosols cause a faster glaciation of supercooled liquid
oration/condensation effect is of greater importance in con-clouds inducing faster precipitation and shorter cloud life-
trolling liquid water path than the precipitation suppressiontime. This counteracts the warm indirect aerosol effects and
effect (Lee and Penner, 2011). Therefore, it might be mis-will reduce the total anthropogenic aerosol effect (Lohmann,
leading to represent aerosol—cloud interactions in terms 02002). On the other hand, if anthropogenic BC is predomi-
the effect on autoconversion only (i.e. second indirect effect).nantly coated with soluble species, this may reduce its abil-
Full microphysical bin-resolved descriptions of cloud and ity to act as an IN and works in the opposite way (Hoose
aerosol microphysics are still computationally expensive ancet al., 2008; Storelvmo et al., 2008). Which of these effects
generally not feasible for operational forecasting. The in-dominates remains an open question. The newest and most
fluences of aerosols on clouds must, therefore, be paranphysically based approach is to parameterize heterogeneous
eterised. In order to simulate the interaction processes ifreezing in mixed-phase clouds based on classical nucleation
short-range models, it is important that the parameterisationtheory (Hoose et al., 2010b).
are based on the relevant coupling processes and that tun-
ing affects only parameters that are not influenced by the4.6 Radiation schemes in coupled models
coupling. Physically based schemes that explicitly resolve ] ) - )
the activation of CCN into cloud droplets (e.g. Abdul Razak Online coupling imposes additional requirements on the
and Ghan, 2002: Nenes and Seinfeld, 2003; Fountoukis angetup and implementation of radiation modelling schemes,
Nenes, 2005; Barahona et al., 2010) are expected to improvgarticularly when gas and aerosol feedbacks are explicitly

the representation of these processes in regional and g|ob5pnsid§red. Most of these requirements reflect the need to
models. maintain physical and numerical consistency between the

various modules and computational schemes of the model,
against the increased frequency of interaction (typically on

4.5.3 Parameterisation of ice nucleation : . ,
the order of a few dynamical time steps) and the multitude of

Aerosol effects on ice clouds are even more uncertain tharsimulated effects.
aerosol effects on water clouds. A small subset of aerosols,

such as mineral dust, acts as ice nuclei (IN) and determines

the formation of the ice phase in clouds. The importance

of other aerosols (biological particles, black carbon, organic

carbon, or crystalline ammonium sulfate) acting as IN is

still a matter of debate. While biological particles have been

found to nucleate ice at the warmest temperatures, their con-
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4.6.1 Radiative effects of gases and aerosols ule (d’Almeida et al., 1991). OPAC defines a data set of typ-
ical cloud components as well as aerosol components and
Trace gases such as ozone, nitrogen oxides, and methane atpmponent mixtures, in order to calculate the optical proper-
sorb incoming short-wave radiation and thereby modify theties from the concentration fields of simulated PM composi-
radiation balance at the ground as well as photolytic ratestions.
The key parameter determining the absorption of radiation Even when optical properties of aerosol particles and
by a particular gas is its concentration profile. Aerosol parti-droplets are directly calculated, the result may still de-
cles absorb, scatter and re-emit both short and long-wave rgpend on the representation of size distributions (i.e.
diation, thus directly affecting the surface radiation balancemodal vs. sectional vs. moments and the number of mo-
and heating rates in the atmosphere (i.e. direct aerosol radianents/sections/bins), the compounds considered, and the as-
tive effect). Additionally, aerosol particles impact photolysis sumptions about the mixing state of the particles (i.e. exter-
frequencies and visibility. Key species to be considered arenal; internal homogeneous; core/shell). In addition to these
water attached to aerosol particles, sulfate, nitrate and modlifferences in the description of the optical properties of trace
organic compounds, which mostly result in a cooling of the gases, aerosol particles and cloud droplets, which are input
atmosphere and BC, iron, aluminium and polycyclic/nitratedto the radiation scheme, the degree of detail of the radiation
aromatic compounds, which warm the air by absorbing solarscheme may depend on the level of accuracy of the radiation
and thermal-infrared radiation. scheme itself (e.g. 2-stream or higher order, spectral resolu-
The properties of cloud droplets can create significant ra-tion).
diative feedbacks, as optical properties of the droplet ensem- The introduction of such advanced radiation schemes in
ble are influenced by the size distribution and compositiononline coupled models can often require significant devel-
of the aerosol particles acting as CCN and IN. In the caseopment effort, due to both the inherent limitations of tradi-
of absorbed particles, not only the mass concentration butional radiation modules as well as incompatible represen-
also their composition, the size distribution of both aerosoltations of chemical speciation and thermodynamic proper-
particles and cloud droplets, and the mixing state (externalties between CTMs and radiation modules. It also imposes
internal homogeneous; core/shell) have a strong effect on tha significant computational burden, by requiring that radia-
interaction with solar radiation (Conant et al., 2002; Nenes etion modules are invoked typically at every (or every few)
al., 2002; Cubison et al., 2008; Péré et al., 2009; Wang et al.dynamical step(s) of the model. Inevitably, modellers have
2010; Jacobson, 2012). to resort to simplifications in both the selection of param-
All direct radiative effects will resultin the development of eterisations and simulated effects, as well as the number of
semi-direct effects like changes in thermal stability, cloudi- particle size bins and mixing states. Even more stringent lim-
ness, etc. Although the inclusion of semi-direct effects doests have to be imposed on the number of simulated spectral
not generally require the explicit incorporation of extra pro- bands, which are required for an accurate account of the full
cesses in the models, the radiation modules need to be abkange of radiative effects of complex PM mixtures. Nielsen
to adequately resolve the atmospheric radiation fluxes assaet al. (2013) have investigated ways to reduce the computa-

ciated with each process. tional footprint of short-wave spectral calculations by substi-
tuting 2-stream calculations for averages of aerosol optical
4.6.2 Implementation considerations properties weighted over the entire solar spectrum.

Although most online coupled models consider the aerosol.6.3 Radiation schemes in online coupled models
direct effect, the level of details for considering this effect
differs largely between models. There are also major differ-Online coupled modelling offers the theoretical possibility
ences between the models with respect to the inclusion 0bf enabling the full range of known radiative feedbacks. In
the radiative effect of trace gases, aerosol particles and clougractice, however, most current model implementations sup-
droplets. port only selected subsets of these radiative couplings. Inter-
Some of the online coupled models follow the approach ofactions between gas phase chemistry and radiation are fre-
simulating aerosol radiative properties by calculating com-quently introduced via an online coupling between the dy-
plex refractive indices and extinction coefficients of PM and namics part of the model and radiation modules with the pho-
cloud components as a function of size distributions andtolysis module.
chemical composition for a specific mixing state by Mie cal- Only a few models account for the effect of variable trace
culations during the model runtime (Barnard et al., 2010). Ingas concentrations on solar and long-wave radiation. Ab-
order to speed up costly calculations of radiative feedbackssorption by variable troposphericsGnd CQ is included
some other radiation modules use externally stored data im COSMO-ART, Enviro-HIRLAM, and in the RRTMG
the form of a pre-computed parameter cache (e.g. tabulatednd CAM radiation parameterisations of WRF-Chem, while
results of a priori Mie calculations or from the Optical Prop- RAMS/ICLAMS includes the option of using simulated O
erties of Aerosols and Clouds (OPAC) software library mod- in the radiation schemes (Table 8).
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Table 8. Radiative schemes (including shortwave, longwave and photolysis modules which are considering gas [G], aerosol [A] and cloud

water [C] effects) and ways of their coupling in selected online coupled models.

Model

Shortwave (SW)

Longwave (LW)

Photolysis (PH)

Coupling step

BOLCHEM
Mircea et al. (2008)

COSMO-ART
Vogel et al. (2009),
Bangert et al. (2011)

COSMO-LM-MUSCAT
Wolke et al. (2004a,
2012),

Renner and Wolke,
(2010),

Heinold et al., (2007,
2008, 2009), Helmert et
al. (2007)

ENVIRO-HIRLAM
Baklanov et al.
(2008a),

Korsholm et al. (2008)

GEM
Kaminski et al. (2008)

IFS-MOZART

C-IFS
(MACC/ECMWF)
Flemming et al. (2009)

NMMB/BSC-CTM
(BSC-CNS)
Perez et al. (2011)

MCCM

Grell et al. (2000),
Forkel & Knoche
(2006)

MEMO/MARS-aero
Moussiopoulos et al.
(2012),

Halmer et al. (2010),
d’Almeida et al. (1991)

G: Climatology

A: Calculation of local (grid-scal)
optical properties for 5 dry aerosol
types (SO4, NHs; Organic and
Elemental Carbon, Dust) in three
modes (Aitken, accumulation and
coarse) and correction for aerosol
water content.

C: Cloud fraction and liquid/ice
water content, at every level, from
the prognostic cloud scheme.

G: None

A: scattering and absorption by
aerosols, depending on aerosol
size distribution and chemical
composition (all aerosol types),
pre-computed lookup-tables (Mie
calculations)

C: Cloud optical properties based
on effective radii of cloud droplets
and ice crystals affected by
aerosols acting as CCN, and by
soot and dust acting as IN.

G: None

A: Direct and semi-direct aerosol
effect. As regards mineral dust:

- Modified COsMO radiation
scheme (Ritter and Geleyn, 1992),
considering variations in the

modelled size-resolved dust load.

- Bin-wise offline Mie calculations
of spectral optical properties using
dust refractive indices from Sokolik
and Toon (1999).

For Biomass burning smoke
(PM,s), as with the dust radiative
feedback, but using mass
extinction efficiency from Reid et
al. (2005) for the computation of
smoke optical thickness (Heinold et
al., 2011a,b)

Anthropogenic aerosol (EC,
primary organic particles, NHsNOg,
H2S04, (NH4).SOy) is treated as
dust but using mass extinction
efficiencies from Kinne et al. (2006)
to compute the optical thickness for
each species. In addition, external
mixing of the different components
is assumed (Meier et al., 2012a).
C: None

G: Climatology - stratospheric O3
A: Absorptance and transmittance
calculation for 10 GADS aerosol
types: insoluble, water soluble,
soot, sea salt (acc. and coa.
modes), mineral (nuc./ acc./ coa.
modes), mineral (transported),
sulfate droplets

C: Grid and sub-grid scale bulk
Correlated K (Li and Barker, 2005)
with O3, H20 and aerosols from

chemistry
G: Climatology based on the
MACC- reanalysis (Inness et al,

2013)

A: Climatology or first direct effect
and indirect effect, climatology is
default.

C: Various parameterisations
(Morcrette et al. 2009)

G: Climatology

A: compute extinction efficiency for
each mineral dust sectional bin and
wavelength (Direct Aerosol Effect)
C: Grid and sub-grid scale bulk

G: None
A: Bulk total dry mass and aerosol
water, fixed ‘typical’ mass

extinction coefficient for dry aerosol
C: Cloud droplet number: grid
scale bulk only

G: Constant background

A: OPAC PM, PNC for water-

soluble aerosols, averaged
extinction coefficients for dry
aerosol

C: Cloud droplet number,

parameterised profiles

G: Climatology

A: Same as for SW

C: Cloud fraction and liquid/ice water
content, at every level, from the
prognostic cloud scheme.

G: O3 (climatology), CO; (clim), H,O
A: scattering and absorption by
aerosols, depending on aerosol size
distribution and chemical
composition (all aerosol types), pre-
computed lookup-tables (Mie
calculations)

C: Cloud optical properties based on
effective radii of cloud droplets and
ice crystals affected by aerosols
acting as CCN, and by soot and dust
acting as IN.

G: None

A: Direct and semi-direct aerosol
effect. As regards mineral dust:

- Modified COSMO radiation scheme
(Ritter and Geleyn, 1992),
considering  variations in  the

modelled size-resolved dust load.

- Bin-wise offline Mie calculations of
spectral optical properties using dust
refractive indices from Sokolik and
Toon (1999).

For Biomass burning smoke (PM,s),
as with the dust radiative feedback,
but using mass extinction efficiency
from Reid et al. (2005) for the
computation of smoke optical
thickness (Heinold et al., 2011a,b)
Anthropogenic aerosol (EC, primary
organic particles, NHsNO3z, H,SO.,
(NH4)2S0Oy) is treated as dust but
using mass extinction efficiencies
from Kinne et al. (2006) to compute
the optical thickness for each
species. In addition, external mixing
of the different components is
assumed (Meier et al., 2012a).

C: None

G: H,0, GHGs by constants

A: Absorptance and transmittance
calculation for 10 GADS aerosol
types: insoluble, water soluble, soot,
sea salt (acc. and coa. modes),
mineral (nuc./ acc./ coa. modes),
mineral (transported), sulfate
droplets

C: Grid and sub-grid scale bulk
Correlated K (Li and Barker, 2005)
with O3, H20 and aerosols from
chemistry

G: Climatology based on the MACC-
reanalysis

A: Climatology or first direct effect
and indirect effect, climatology is
default.

C: Various parameterisations
(Morcrette et al. 2009)

G:Climatology

A:compute extinction efficiency for
each mineral dust sectional bin and
wavelength (Direct Aerosol

Effect)

C: Grid and sub-grid scale bulk

G: None

A: None

C: Grid scale bulk

G: Constant background
A: OPAC PM, PNC for water-soluble

aerosols, absorption+  scattering
coeff. for dry aerosol
C: Cloud droplet number,
parameterised profile

Photolysis rates are computed as a
clear sky climatology modified
locally by a grid-scale factor
computed from the ratio between
clear-sky and water content
modified shortwave radiation. This
factor accounts for the actual
composition (gas, aerosol, water)

seen by the model (see SW
column on the left).

G: O3 (climatology)

A:  Photolysis rates  scaled
proportional to SW radiation

C:  Photolysis rates  scaled

proportional to SW radiation.

G: None

A: None

C: Modification of “clear sky” rates
in dependence on the cloud cover
or, alternatively, the liquid water
pathway of the grid cells above.

G: None

A:  Only through temperature
change caused by LW/SW

C: Grid and sub-grid scale bulk

G,A,C all taken into account in J-
value calculations using method of
Landgraf and Crutzen, 1998

G: Overhead O3
A: None

C: Simple
parameterisation

shading

G: None
A: None
C: Bulk water content

G: 03

A: Bulk total dry mass and aerosol
water,  fixed ‘typical’ mass
extinction coeff. for dry aerosol
C: Cloud droplet number: grid scale
bulk only

G: 03

A: None

C: None

SW, LW, PH: User-defined;
typically every 4 model
time steps

SW, LW, PH: User-defined,
typically every 15 minutes

SW, LW, PH: Coupling at
every MUSCAT advection
time step, given by time
step control; COSMO
radiation computation in
separately-specified
intervals of (usually) 1h

SW, LW, PH: Model time
step

SW, LW, PH: model time
step
SW, LW, PH: 1h

SW, LW, PH: User-defined
(typically every hour)

SW, LW, PH: User-defined

SW, LW: User-defined

PH: None
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Table 8.Continued.

Online coupled regional meteorology chemistry models in Europe

Model

Shortwave (SW)

Longwave (LW)

Photolysis (PH)

Coupling step

Meso-NH
Lafore et al. (1998)

MetUM (MetOUnified
Model)

O’Connor et al. (2013),
Savage et al. (2013)

M-SYS (METRAS online
version)

von Salzen and

Schliinzen (1999a)
RACMO2/LOTOS-EUROS,
van Meijgaard et al. 2008,
Schaap et al. (2008)

RegCM4-Chem
Zakey et al. (2006),
Somon et al. (2006),
Shalaby et al. (2012)

RAMS/ICLAMS
Kallos et al. (2009),
Solomos et al. (2011)

WRF/Chem

Grell et al. (2005, 2011),
Fast et al. (2006), Zhang et
al. (2010a)

WRF-CMAQ Coupled
System

Pleim et al. (2008),
Mathur et al. (2010),
Wong et al. (2012)

G: Climatology for Oz (Fortuin and
Langematz, 1994), constant background
for CO,, CH,4, N,O, CFC11,CFC12

A: With prognostic aerosol (Tulet et al.,
2005) , radiative properties of aerosols
according to Mie theory (Aouizerats et
al., 2010). Without aerosol scheme,
climatological aerosols.

C: Effective radius calculated from the 2-

moment microphysical scheme when
explicitly used.
G: N;O, Oz CHy depending on

configuration — N,O is not prognostic in
AQ simulations

A:  Ammonium sulphate, ammonium
nitrate, fossil-fuel BC & OC, mineral dust,
biomass-burning, sea salt; based on
mass & assumptions about hygroscopic
growth and optical properties (see
Bellouin et al, 2011)
C: droplet number parameterised based
on aerosol concentrations

G: Water vapour, Oz

A: Climatology prescribed

C: Liquid water content

G: RRTM, H20 + climatology CO,, N;O,
SO,, O;, CFC11, CFC12
A: RRTM, Direct aerosol effect (dust, sea

salt, black carbon, primary
anthropogenic, sulfate, nitrate,
ammonium) ,

C: CCN based on sea salt, sulfate,
nitrate concentrations (Menon 2004).
Spectrally resolved subgrid scale, using
cloud water path and cloud fraction

G: Gas climatology, except O3 which can
be interactive.
A: Sulphate, fossil-fuel BC & OC, mineral
dust, biomass-burning BC & OC, sea
salt; based on mass & assumptions
about hygroscopic growth, OPAC optical
properties

C: Coupling with prognostic microphysics
in development

G: Harrington radiation scheme with
H,O, O; and CO, and other gases
RRTMg OPAC
A: Option to use Harrington radiation
scheme with simulated natural aerosols
and anthropogenic sulphates; RRTMg
OPAC PM, option for online treatment of
natural aerosols
C: Interaction with explicitly solved liquid
and ice hydrometeor size-spectra

G: Only climatologies

A: Dhudia: Bulk total dry mass, EC, and
aerosol water, fixed typical mass
extinction coefficients for dry aerosol
GSFCSW: Aerosol optical depth

C: Cloud droplet number: considered
RRTM, CAM: use aerosol optical
properties  from  complex  optical
calculation module (MIE calculations)
RRTMG or CAM
G: Constant background
A: 5 groups: water-soluble, insoluble,
sea-salt, BC and water; Direct aerosol
effect only
C: Scattering and absorption of cloud
water droplet (parameterised)

G: Climatology for Oz (Fortuin and
Langematz, 1994), constant background
for CO,, CH,4, N,O, CFC11,CFC12

A: climatological aerosols.

C: Effective radius calculated from the 2-

moment microphysical scheme when
explicitly used.
G: N;O, O; CH, depending on

configuration — N,O is not prognostic in AQ
simulations

A: Ammonium sulphate, ammonium nitrate,
fossil-fuel BC & OC, mineral dust,
biomass-burning, sea salt; based on mass
and assumptions about hygroscopic
growth and optical properties (see Bellouin
etal., 2011)

C: droplet number parameterised based on
aerosol concentrations.

G: Water vapour, CO,

A: Climatology prescribed

C: Liquid water content

G: RRTM, H,O + climatology CO,, N,O,
SO,, 0,3, CFC11, CFC12

A: RRTM, no scattering, aerosol from
climatology

C: Spectrally resolved subgrid scale, using
cloud water path and ice path, cloud
fraction

G: Gas climatology, except O3 which can
be interactive.

A: Aerosol emission / absorption.

C: None

G: Harrington radiation scheme with H,0,
O; and CO, and other gases; RRTMg
OPAC

A: Option to use Harrington radiation
scheme with simulated natural aerosols
and anthropogenic sulphates; RRTMg
OPAC PM, option for online treatment of
natural aerosols
C: Interaction with explicitly solved liquid
and ice hydrometeor size-spectra

G: Only climatologies

A: RRTM: None

C: RRTMG, CAM use aerosol optical
properties and explicit cloud microphysics

RRTMG or CAM

G: constant background

A: 5 groups: water-soluble, insoluble, sea-
salt, BC and water; Direct aerosol effect
only

C: Scattering and absorption of cloud water
droplet (parameterised)

G: O; climatology

A: aerosols climatology

C: LWC when coupled on-line (1D
simulations) vs. Parametrisation of cloud
impact (Chang et al., 1987) for 3D
simulations.

G: None (O3 from climatology)

A: Ammonium sulphate only

C: Optical depth calculated based on
cloud liquid water content only

G: Standard atmosphere

A: Climatology prescribed

C: Direct dependence on liquid water
content (in test, Uphoff, 2013)

G: CBM-IV (03, NO;, etc.)

A: None

C: Cloud cover attenuation factor (bulk
per grid cell) combined with Roeths flux
(clear sky radiation)

G: None

A: None

C: Cloud OD effects on photolysis
coefficients.

G,A,C: Photolysis rates are computed
online according to Madronich et al.,
1987. Absorption cross sections and
quantum yields according to Carter,
2000.

G: O3

A: TUV: like MCCM

Fast-J: depending on  simulated
composition and  size  distribution
(available for all aerosol modules)
F_TUV: Acc. mode masses of EC,

organic, NO;, NH,;, SO, sea salt (for
modal aerosol and bulk aerosols only)

C: Cloud droplet number, bulk only
G:from the look-up table
A:from the look-up table
C: Uses a parameterization to correct the
clear-sky photolysis rates for cloud cover

SW, LW, PH: User-defined

SW, LW: User-defined (in AQ
simulations  typically every
hour)

PH: Every timestep

SW, LW: Every minute
PH: User defined, mostly every
hour

Exchange of meteo and aerosol
fields every 3 hours,
interpolation to hourly values
SW: Every internal model time
step, using hourly transmissivity
update and solar angle per
model timestep

LW: Every internal time step,
using hourly emissivity update
and temperature profile per
model time step

PH: hourly update of photolysis
rate based on meteorology and
solar angle.

SW, LW: User-defined

PH: Chemical time step, user -
defined ( typically 900 s).

Lw: User-defined

Embedded

SwW,
PH:

SW: User-defined
LW: Equal to SW
PH: User-defined

SW: User-defined
LW: User-defined
PH: N/A

The complexity of the treatment of the effect of simu- diation. Different chemical species, which include BC, or-
lated aerosol concentrations on short-wave and long-wavganic mass (OM), water and various ionic species, such as
radiation fluxes varies substantially among models. For exsulfate and nitrate, can be considered in WRF-Chem, Enviro-
ample, MCCM considers only the simulated total mass ofHIRLAM and COSMO-ART. Within WRF-Chem an aerosol
dry aerosol in each layer in combination with a “typical” optical property module (Barnard et al., 2010) treats bulk,
mass extinction coefficient and the water attached to themodal, and sectional aerosol size distributions using a sim-
aerosol in order to calculate the extinction of short-wave ra-ilar methodology for refractive indices and multiple mixing
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rules to prepare 3-D distributions of aerosol optical thick- rope are those of the European Monitoring and Evaluation
ness, single scattering albedo and asymmetry parameterBrogramme (EMEP http://www.ceip.afy and the inventory
These aerosol optical variables are then passed into somdeveloped within the EU FP7 MACC project (Monitoring
of the short-wave and long-wave radiation schemes availablétmospheric Composition and Climate; Kuenen et al., 2011).
in WRF. WRF-Chem offers the option of runtime Mie cal- Annual emissions are translated into emissions for a given
culations for the optical parameters (using bulk, modal, ormonth of the year on a given day of the week and a given
sectional aerosol modules) as well as BOLCHEM (Russo ethour of the day by using category-specific time factors based
al., 2010) and COSMO-MUSCAT (Heinold et al., 2008) for on activity data. Recently, meteorological dependencies of
dust aerosols. The Enviro-HIRLAM radiation module can anthropogenic emissions have started to be taken into ac-
also account for the effects of dissolved sulfate, speciatedount in some models, like the increased energy demand un-
PM, as well as trace gases within cloud droplets. In COSMO-der cold/hot periods due to residential heating/cooling (Petrik
ART, actual optical parameters are calculated based on tabet al., 2013). Also, changes in energy production mechanisms
lated values derived from aerosol distributions of a previous(wind/solar versus power plants based on combustion) are di-
COSMO-ART simulation, and the actually simulated aerosolrectly related to meteorology. Agricultural emissions of ;NH
masses of each mode (Mogel et al., 2009). A slightly differ- and dust are typically affected by meteorology, which is at
ent approach is employed in MEMO/MARS-aero, where ra-present not taken into account other than by inclusion of the
diative effects of aerosol particles are introduced using thenatural seasonal variability. A more interactive treatment of
OPAC software library. these types of meteorology dependent emissions would be
It is interesting to note that few consistent assumptionsdesirable. Shipping and aviation emissions are relevant as
about the mixing state of pollutants exist among differentthey take place in remote areas. In particular, open-ocean
models and radiation modules, most of which tend to employshipping emissions are not well constrained as they are not
widely differing approaches. For example soot is consideredsubject to regulations, and their feedback to meteorology
as externally and internally mixed and its aging process iss evident from satellite-observed cloud patterns associated
explicitly simulated in the model COSMO-ART. In WRF- with ships. Although emissions from aircraft are known to
Chem all soot compounds are simulated as being internalljhave potentially significant impacts on the radiative budget
mixed. The OPAC speciation, on the other hand, defines af the troposphere through the formation of contrail cirrus
set of internally mixed aerosol components, which are sub{Burkhart and Karcher, 2011) and upper tropospheric ozone
sequently externally mixed in order to represent PM concen{Lee et al., 2009), they are often not taken into account in re-

tration fields of a given composition. gional scale models, except for emissions during landing and
take-off which are included in the national emission reports.

4.7 Emissions and deposition and their dependence on Natural emissions are closely related to meteorology and
meteorology are in general already calculated online even in offline mod-

els using the meteorological input driving the CTM. Sea
Emissions are essential inputs for CTMs. Uncertainties inspray is the dominant aerosol source over the oceans and
emissions and emission parameterisations rank among thierefore, its proper quantification is highly relevant for a
largest uncertainties in air quality simulations. In the contextcoupled model. Sea salt emissions depend on wind speed
of online coupled modelling, the most relevant emissions areand sea water temperature, but there is also evidence of a
those that depend on meteorology, because they could paiependency on wave state and organic matter concentrations
tentially be treated more accurately and consistently than ifDe Leeuw et al., 2011). The fluxes and composition of the
offline models. This section therefore focuses on this typesmallest particles are especially uncertain. In addition to di-
of emissions. Chemical species are ultimately removed fronrect radiative effects (Lundgren et al., 2012), sea-salt aerosols
the atmosphere by dry and wet deposition which are stronglymay feedback on meteorology by acting as CCNs, their ac-
driven by meteorology and, therefore, almost always calcu-ivity being dependent on the organic fraction contributed by
lated online. However, similarly to emissions, meteorologi- phytoplankton (Ovadnevaite et al., 2011). In addition, phy-
cal dependencies are sometimes neglected or simplified, faloplankton is a source of dimethyl sulfide (DMS) and a mi-
example, when constant dry deposition rates are a priori prenor source of isoprene (Guenther et al., 1995; Gantt et al.,

scribed. 2010; Meskhidze et al., 2011). All models include sea-salt,
but DMS and the organic emissions from oceanic sources are
4.7.1 Emissions not always taken into account, as they are more uncertain.

Windblown dust refers to particles from a broad range of
Inventories of anthropogenic emissions typically contain an-sources. Due to their direct relationship with meteorology,
nual total mass emissions of the most important species andimulation of windblown dust emissions is advisable in on-
compound families such as NOSQ,, methane and other line coupled models. Natural emissions of dust, for example,
VOCs, NH; and some PM species (e.g. OM, EC, trace met-from deserts, depend on wind speed and soil characteristics
als). The most commonly used emission inventories in Eu-(type, vegetation, texture, wetness). If such relations are non-
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linear, online models can have a clear advantage. Some paleveloped to simulate the bi-directional jliExchange (e.g.
rameterisations account for the dependence of the size difNemitz et al., 2001; Wu et al., 2009) and incorporated into
tribution of the vertically emitted particles on the size of the WRF-CMAQ (Cooter et al., 2012; Bash et al., 2013 and
saltation particles (Alfaro and Gomez, 2001; Shao, 2001),Pleim et al., 2013). Wichink Kruit et al. (2012) showed that
while others do not consider this dependency (Marticorenaby including bi-directional exchange in the LOTOS-EUROS
and Bergametti, 1995). Road resuspension may be an impomodel, NH concentrations increased almost everywhere in
tant source in some areas depending on traffic intensities, useurope and nitrogen deposition shifted away from agricul-
of studded tires, the amount of dust on a road, sanding activitural areas towards large natural areas and remote regions.
ties, soil moisture, rain and snow. Agricultural activities also The bi-directional fluxes are directly and non-linearly related
contribute to windblown dust, depending on arable soil landto meteorology, soil and vegetation conditions and should,
fractions, timing of activities and their intensity, translations therefore, be calculated online, following the approach pro-
of activity to dust release, as well as rain, snow and temperaposed by Sutton et al. (2013). Pollen emissions depend on
ture. Agricultural emissions are taken into account in only meteorology and season (e.g. Sofiev et al., 2009a) and have
a few models and even in those models, they are crudehan impact on visibility. Pollen emissions are included in
calculated and poorly validated. A more detailed descrip-Enviro-HIRLAM (birch), COSMO-ART (birch and grass)
tion of windblown dust emissions can be found in the reportand METRAS (o0ak).
of Schaap et al. (2009) and references therein. Apart from The occurrence of forest fires is dependent on drought and
uncertainties in parameterisations of wind-blown dust emis-their spread is partly determined by wind conditions. How-
sions, there is uncertainty in the underlying land use and soikver, a forest fire can start randomly initiated by lightning or
texture maps. This includes soil moisture which is directly human beings. Therefore, fire emissions cannot be calculated
coupled to meteorology and difficult to represent correctly inas being purely dependent on meteorological conditions but,
meteorological models. are based on satellite observations of wildfires. When fore-
Emissions of biogenic VOCs (BVOCSs) such as isoprenecasting air quality or weather near wildfires, fires are usu-
and terpenes are strong functions of meteorological conally held constant in strength and location during the fore-
ditions. Measurements on individual plant species demon-<ast period. However, injection height and diurnal variation
strated that temperature and photosynthetically active radiis modelled by some online models (WRF-Chem, Grell et al.,
ation (PAR) are the key driving variables for these emissions2011). These wildfires emit large amounts of £QO and
(e.g. Tingey et al., 1980; Guenther et al., 1991; Staudt et al.\YOCs as well as primary PM (e.g. EC, OC) and have an im-
1997). Most models, therefore, calculate these emissions orpact on @ and PM concentrations, as well as on visibility.
line, based usually on the Model of Emissions of Gases andecause wildfires represent such a large signal in simulated
Aerosols from Nature (MEGAN) emission scheme (Guen-aerosol concentrations, it is somewhat easier to show im-
ther et al., 1993, 1995, 2006, 2012) or its variants (Vogel etprovements in weather forecasting (Grell et al., 2011) when
al., 1995), or a tree species database, but effects of stress likesing online models.
high O3 concentrations or drought are usually not taken into  Volcanic emissions, in particular sudden eruptions, are not
account. BVOC emissions contribute tag @rmation and  influenced by meteorology. But they have a strong impact
can also give a significant contribution to the formation of on meteorology, being strong point sources, emitting large
SOA, which in turn may affect radiation and hence feedbackamounts of heat, ash and gases high into the atmosphere and
on BVOC emissions in an online coupled model. should, therefore, be taken into account in a coupled model.
Other biogenic emissions of potential relevance for air Most of the problems and uncertainties associated with
quality simulations and chemistry—meteorology interactionsemissions of gaseous and particulate pollutants of anthro-
are NO emissions from soils (Yienger and Levy Il, 1995) pogenic and natural origin are not specific to online cou-
and emissions of bacteria, fungal spores and pollen whictpled models. However, due to the important role of aerosols
have been reported to act as efficient ice nuclei (e.g. Hoosén chemistry—meteorology feedback processes, the main ef-
et al., 2010a, b; Pummer et al., 2012). Lightning is an im-forts of the online modelling community should be devoted
portant natural source of NOin the free troposphere, but to improved descriptions of primary aerosol emissions and
lightning as a source of NOproduction is often neglected of emissions of the most relevant gaseous and aerosol pre-
in mesoscale models. Online coupled models with access toursors including NH, NOy and BVOCs (Zhang, 2008).
convective mass fluxes or cloud fields calculated by the meteFor any type of emitted primary aerosol, a better physico-
orological model, however, would be perfectly suited to sim- chemical characterisation in terms of number and mass size
ulate this source (Tost et al., 2007). In contrast to most gasedistributions, hygroscopicity, and internal versus external
that are consistently deposited, Blifluxes over fertilised mixture, would be desirable as number concentrations and
agricultural lands and grazed grasslands are bi-directionalsize distribution have a major impact on their cloud form-
with both deposition and emission occurring in parallel (Sut-ing properties and radiation effects, rather than their mass
ton et al., 1998; Zhang et al., 2008). Advanced resistance&oncentrations. Such inventories are currently being devel-
models accounting for capacitance of leaf surfaces have beeoped (Denier van der Gon et al., 2009). Wind-blown dust
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emissions from dry soils and resuspension of particles areneteorology and meteorological land surface models, with
still poorly understood and described in models. While notmain impact on atmospheric composition close to the sur-
being a major health concern, mineralogical particles play arface, in particular for species likes@nd NHs.

important role in cloud formation notably by acting as ice  Wet deposition is an efficient removal mechanism for
condensation nuclei (Hoose et al., 2008, 2010b; Gettelmanmany gases and aerosols, depending on the scavenging ra-
et al., 2010). A better meteorology-dependent parametrizatio and collection efficiency for the species. In contrast to dry
tion of agricultural particle emissions would be also advis- deposition at the surface, it impacts gases and aerosols over
able as they contribute significantly in some areas. Regarda larger vertical extent from the surface to cloud top. It is of-
ing emissions of gaseous precursors of secondary aerosdkn simulated as two separate processes, in-cloud and below-
model improvements should particularly focus on several is-cloud scavenging and depends on the presence of clouds,
sues. First NH emissions should be described in an inte- cloud and droplet properties and the precipitation rate. Due to
grated model, thus taking into account meteorology and agrithe online availability of these parameters, modelling of wet
cultural practices in a fully interactive way and considering deposition can be more accurate in an online coupled model.
bi-directional exchange. Second, a better quantification offreatments of wet scavenging and cloud processing are often
emission factors of BVOCs for the major tree species in Eu-highly simplified and vary strongly between models (Gong
rope and better geographical maps of their spatial distributioret al., 2011). More detailed approaches were implemented in
are needed to reduce the large spread in BVOC emissions b& OSMO-ART and WRF-Chem, taking full advantage of the
tween models. Third, primary emissions of organic particlesaccess to microphysical tendencies (e.g. condensation, evap-
from fossil and wood burning may make a significant contri- oration, autoconversion, etc.) simulated by the meteorologi-
bution to total carbon within Europe (Simpson et al., 2007) cal model, which would not easily be possible in an offline
and thus, should receive more attention. The contribution ofmodel (Knote and Brunner, 2013).

anthropogenic VOC emissions to SOA formation appears to

be rather minor on both the global (Henze et al., 2008) and4.8 Chains and loops of interactions and other feedback
European (Szidat et al., 2006; Simpson et al., 2007) scales, = mechanisms

although they may be relevant downwind of densely popu-

lated areas with relatively high emissions. Last but not least;The above described interaction mechanisms between
a critical aspect of all the natural emissions is that their es-aerosol, chemical and meteorological processes depend on
timations depend on land use and conditions of the surfacand can interact with each other. The range of interactions
(e.g. vegetation type and state, soil type, soil moisture), pacan be much broader and hence cannot be fully covered by
rameters that also impact meteorology. Improving the accuthe simplified classification of aerosol feedbacks of the di-
racy of these data sets directly impacts emission data, but igect, semi-direct and first and second indirect effects (e.g. Ja-
a challenge, especially in geographic areas where land useobson, 2002). So, different chains and loops of interactions

changes quickly (e.g. China). take place and should be properly simulated in online cou-
pled models. Some examples of these chains of interactions
4.7.2 Wet and dry deposition and sedimentation are provided in Sect. 2 with Fig. 2 schematically demonstrat-

ing an interaction chain on the example of impacts of tem-

Wet and dry depositions are the only possible pathways tgerature on concentrations and vice versa.
remove pollutants previously released into and (chemically) Zhang et al. (2010a) analysed with the online model WRF-
processed in the atmosphere. Both processes are directfghem such a “chain effect” over the continental US and sim-
driven by meteorology and thus, online coupled models haveaulated enhanced stability as a result of the warming caused
higher potential to describe these processes more accurateby BC in the ABL and the cooling at the surface that results
than offline models, e.g. because all meteorological fields arédrom reduced solar radiation by all aerosols. This effect in
directly accessible at high temporal resolution. turn further increases air pollution concentrations over areas

Dry deposition mainly affects surface concentrations, ex-where air pollution is already severe. Similar chain effects
cept for large particles (diameters larger than about 10 umyvere found in applications of WRF-Chem over East Asia,
which fall out relatively quickly. Dry deposition is species- Europe and globally (Zhang et al., 2012c, 2013).
dependent and directly driven by meteorology through verti- Due to strong non-linearity and space and time inhomo-
cal mixing, temperature, humidity, wind speed and indirectly geneity of different interacting mechanisms, such chains and
through soil moisture and snow or water on the surfaces (Wetoops of interactions can be reproduced only by using on-
sely, 1989; Zhang et al., 2001, 2003; Seinfeld and Pandisline integration of aerosol dynamics, chemistry, and mete-
2003; Pleim and Ran, 2011). Land cover types and vegetatioorological processes calculating them together at the same
properties (e.g. leaf area surface, stomata resistance) play dgime step. The online access approach for coupling chemistry
important role, and they are also influenced by meteorologyand meteorology models is limited in its ability to reproduce
The complex interaction between all these factors make drysuch chain effects due to possible inconsistencies and limited
deposition a process that benefits from online coupling withfrequency of data exchange in between meteorological and
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chemical models (e.g. such exchanges may not happen dur
ing each time step and on the same grid, leading to inevitable
inconsistencies).

The number of interactions between aerosols, gases ant
other components of the Earth system is large (Fig. 3). Some
feedback mechanisms have been described in previous sec
tions, other relevant chemistry meteorology interactions are
described below.

Light-absorbing particles such as BC and dust affect cli-
mate not only by absorbing solar radiation, but also by chang-
ing snow albedo (Warren and Wiscombe, 1980, 1985; Painter
etal., 2007). Dirty snow absorbs more radiation, thus heating
the surface and warming the air even more. This warming ini-
tiates a positive feedback that can further reduce snow deptt sqizeen
and surface albedo (Hansen and Nazarenko, 2004; Jacobson,

2004; Flanner et al., 2009). Through enhancing downwellingFig. 3. Interactions between aerosols, gases and components of the
thermal infrared radiation, airborne BC influences the groundEarth System.

snow cover by increased melting and sublimation of snow at

night.

Absorption of solar radiation by BC and dust also per- direct effect as a warming GHG,s(yenerates an “indirect
turbs the atmospheric temperature structure and thus affectsffect” onto the climate system through feedbacks with the
clouds. By increasing atmospheric stability and decreasingarbon cycle. High @ or CO, can cause stomata closure,
relative humidity, BC is responsible for reducing the low- thus limiting the uptake of other gases and thereby reducing
cloud cover and by absorbing the enhanced sunlight, BGdeposition. If @ damages can be limited by increasing£ 0O
warms the atmosphere, leading to a further reduction in clouchigher G can act on the photosynthesis, reducing,QQ-
cover (Jacobson, 2006). While absorbing aerosols througtake and plant productivity, hence suppressing an important
the semi-direct effect contribute to cloud evaporation, theircarbon sink. As a result, G@&ccumulates in the atmosphere,
presence below the cloud level can enhance vertical motionand on the global scale this effect can contribute more than
due to their heating effect and increased liquid water paththe direct forcing due to ®increase (Sitch et al., 2007). If
and cloud cover. The effects of absorbing aerosols could be the timescale of the simulation is up to a year, the short-time
cooling caused by the effect of BC on cloud cover; the cool-effects of CQ and & can be taken into account.
ing due to BC could be as strong as its warming direct effects The inclusion of the interactions depicted in Fig. 3 would
(Koch and Del Genio, 2010). allow consideration of the effects of the most important feed-

Intensification of air stability due to aerosol particles re- back mechanisms (see also Table 4). Most of the regional
duces surface winds and emissions of particles and gaseoumsodels contain the aerosol direct effect on radiation, but only
precursors that are wind dependent. The reduction of emissome of them simulate the aerosol indirect effects (blue lines
sions due to thermal IR absorption is called the “smudge poin Fig. 3). The chain of interactions from emissions (includ-
effect”; when the effect is due to both scattering and absorping wind-driven natural emissions), gas phase chemistry, for-
tion of the solar radiation, it is coined the “daytime stabil- mation of new particles, aerosol—cloud coupling and precipi-
ity effect” (Jacobson, 2002). Furthermore, the local effecttation, and interactions with radiation (blue and green lines in
of aerosols on temperature, relative humidity, clouds, andhe figure) is treated in some regional models. These models
winds can influence the large scale temperatures, altering thieave undergone significant developments in the realisation
thermal pressure systems and jet streams (Jacobson, 2002f.feedback mechanism chains to some degree of complexity
Moreover, aerosols can influence gas concentrations in thand in the direction of online coupling (Table 4).
atmosphere through their direct interactions or by changing An important feedback mechanism (red lines in Fig. 3) is
the actinic fluxes of ultraviolet radiation and thus, accelerat-linked to the light absorbing aerosol — albedo effect. Eval-
ing or inhibiting photochemical reactions (Dickerson et al., uation at a regional scale (the western US) using the WRF-
1997). Chem and WRF-RCM models showed that changes in snow

Gases also interact with solar and IR-radiation to influ- albedo due to BC deposition could significantly change both
ence heating rates (photochemistry effect) (Jacobson, 2002)egional climate and the hydrological cycle (Qian et al.,
Among gaseous pollutants, tropospherici©known to con-  2009). Both BC and mineral dust deposition can reduce snow
tribute to both AQ degradation and atmospheric warming. Atalbedo and shorten the snow cover duration with feedbacks
high concentrations, £can damage plant tissues resulting in on regional climate (Krinner et al., 2006). Thus, inclusion of
a reduction of agricultural crop yields and forest tree growthBC and dust effects on snow albedo in regional models is
(Turner et al., 1974; Krupa et al., 2000). In addition to its desirable.

Radiation

Cloud |albedo =
Change in temperature

and hydrological cycle

Vegetation
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Vegetation dynamics and ecosystem biogeochemistryprevention of mixing induced by the numerical scheme is one
(black lines in Fig. 3) can have positive feedbacks on temper-of the important properties (Lauritzen and Thuburn, 2011).
ature also on the regional scale (Smith et al., 2011), as they We briefly discuss below some of the above listed prop-
can influence surface albedo and also emissions. Aerosolerties having particular relevance for chemical online mod-
can influence the ocean biogeochemistry, biosphere and caelling.
bon cycle through other feedbacks (Carslaw et al., 2010).

However, the level of understanding of many of these feed5.1.1 Conservation of mass
backs is still low and their inclusion in models is still in an

early phase. In some applications, particularly for long-lived tracers, for-

mal conservation of the tracer mass in the transport equation
is of paramount importance. Formal or inherent mass con-
servation of a numerical scheme can only be achieved if one

5 Numerical and computational aspects of importance  solves, in one way or the other, the continuity equation for

in online models each chemical compound,
. . . api dp;
With the increase of computational resources, more complex; ===V piV+Si+D; or F TR V+Si+Di (1)

numerical models are becoming feasible, and an increase 01@ ) o ]
the spatial resolution is affordable. Consequently, integratedVN€ré i is the density (i.e. mass per unit volume) avid
meteorology air quality models are experiencing closer atthe vequty, WhllfaS,'_ represents sp_urces/smks (i.e. chemi-
tention in Europe. Key points in such models are the numer-c8l reactions, emissions, or deposition, etc.) Badurbulent
ical schemes (especially those for the transport of chemicafliffusion/mixing. _ _ _
species), the treatment of the coupling or integration between JUSt solving the corresponding transport equation for mix-
meteorology and chemistry, the role of initial and boundary N9 rati0g: = p;/pd, with py the actual dry density of air,
values and the efficient performance of the system in a spegg;
cific high performance computing (HPC) environment. This 7,

chapter addresses these issues with a final section discussirég typically done in offine chemical transport models (e
the state of development of data assimilation in chemical ypicaily P 9

o . . Borrego and Incecik, 2012), witiot ensure mass conserva-
models and more specifically in online European models. : S . :
tion unless special a posteriori mass fixers are introduced.

Whenp; is the prognostic variable, as in Eqg. (1), one has to
solve also an equation for the full dry mass of the atmosphere
then calculate the mixing ratip = p; / pg, before calling the

. . . chemistry component of the model.
A number of different numerical techniques have been used Obtaining a formal mass conservation from Eq. (1) re-

Qnd Pfopose?‘ for the transport of chemical tracers in O,n'quires a mass conserving Eulerian or semi-Lagrangian nu-
line models in Europe. Some of them are able to main-

] - - merical scheme. Traditionally, mass conservation has been
tain consistency (Sect. 5.1.3) of the numerical methods apgpyained via Eulerian type flux based schemes (examples
plied for both meteorological and chemical tracers (e.9.j, Machenhauer et al., 2009). In recent years, a number of
BOLCHEM, COSMO-ART, M-SYS, _NMMB/BSC'CTM_' inherently mass conserving semi-Lagrangian schemes have
REMOTE, WRF-Chem, some configurations of ENViro- peen introduced, e.g. CISL (Réif, 1992: Nair and Machen-

HIRLAM, ICLAMS and AQUM), while others apply dif- 5,6 2002), SLICE (Zerroukat et al., 2004, 2007), LMCSL
ferent transport schemes for meteorology and chemlstr)tKaaS 2008) and CSLAM (Lauritzen et al., 2010).
species, partly because the transport requirements for chemi- '

cal species are stronger than those for hydrometeors in NWB 1.2  Shape preservation — monotonicity and positive

(e.g. WRF-CMAQ, RACMO2/LOTOS-EUROS, some con- definiteness

figurations of Enviro-HIRLAM). This may be a relevant de-

ficiency when explicitly treating aqueous phase chemistry. First-order accurate finite volume methods used to solve Eq.
Rasch and Williamson (1990) listed the following de- (1) are generally attractive in the sense that they are positive

sirable properties for transport schemes: accuracy, stabilitydefinite and generally monotonic. However, since they are

computational efficiency, transportability, locality, conser- excessively damping for small Courant numbers, they are of

vation and shape-preservation (positive definiteness, mondittle interest in practical applications.

tonicity, etc.). The last two are of particular interest in chem-  In their native forms finite-volume schemes based on

istry modelling. It is important also to mention the so-called higher order polynomial, sub-cell representations do not, in

wind mass inconsistency problem, which turns out not to begeneral, fulfil properties such as positive definiteness and

trivially resolved in online models (e.g. Jockel et al., 2001). monotonicity. Lack of positive definiteness is unacceptable

For both offline and online transport of chemical species thesince negative concentrations are completely unphysical, and

- - dg; - -
=-Vvgqi+Si+Di 0f§=51+Di, (2)

5.1 Numerical methods: advection schemes, mass
consistency issues and other specifics
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they cannot be dealt with by chemistry schemes. Lack ofoffline air quality models it can even result in instabilities
monotonicity is normally seen as spurious numerical oscil-(Odman and Russell, 2000). As mentioned above, some Eu-
lations, which often develop near discontinuities or at largeropean online models are formally consistent, but not all of
variability in gradients, which can also trigger unrealistic them.

chemical reactions. It is possible to introduce different filters

or constraints on the subgrid-cell representations to reducé.1.4 Spurious numerical mixing/unmixing

or eliminate these shape preservation problems. The applica-

tions of such filters often tend to reduce the accuracy of then the atmosphere, chemical tracers are often functionally re-
schemes because of the implied clippings and smoothingtated in the sense that the mixing ratio of a chemical species
of the subgrid-cell polynomials. For flux-based finite volume depends (non-linearly) on that of one or more others. As an
schemes, it is also possible to introduce a posteriori correcexample, Plumb (2007) pointed out the surprisingly distinct
tions of the fluxes (often referred to as flux limiters) to en- non-linear relationship between concentrations gONand
sure fulfilment of the desired properties (Machenhauer et al. NOy observed in the lower stratosphere and important for

2009). the ozone chemistry there. Lauritzen and Thuburn (2011)
_ _ pointed out that transport schemes used in atmospheric mod-
5.1.3 Wind mass consistency elling should respect such functional relations and not disrupt

them in unrealistic ways. The implications of not maintain-

Wind mass consistency (Byun, 1999; Jockel etal., 2001) Cor'ing functional relationships will generally lead to the intro-

cerns the coupling between the continuity equation for air a8y, ction of artificial chemical reactions

a whole and for individual tracer constituents. In the non- Turbulent mixing occurs in the real atmosphere. However
discretised case (omitting sources, sinks and diffusion), th%r chemical models operating on a fixed Eulerian grid, de-

flux-form Eq. (3) for a constituent with mixing ratip pending on the model resolution, the horizontal mixing intro-

dgpd duced by the numerical truncation errors is generally stronger

Tor —V-apaV ) than the actual physical turbulent mixing (e.g. Thuburn and

degenerates to Tan, 1997). This means that chemical species are often ex-
cessively mixed in models and near large density gradients

9pd =—V.pgV (4) this can trigger spurious chemical reactions.

ot A related and even more severe problem, unmixing, i.e.

for ¢ = 1. This should ideally be the case numerically asunphysical up-gradient transport, also appears to some extent
well. If the two equations are solved using exactly the samein Eulerian-based transport schemes. Unmixing — or anti-
numerical method (preferably mass conservative), on themixing — will tend to increase the roughness of the trans-
same grid and using the same time step and exactly the sanported field purely due to the numerical method used. Of
wind fields, the consistency is guaranteed. In offline andcourse such unmixing can/will also trigger spurious chem-
also online access models, this is not readily possible duécal reactions. Lauritzen and Thuburn (2011) proposed a set
to, e.g. different grids and temporal resolution of the wind of numerical tests to investigate whether a numerical trans-
field, which is part of the dynamical model solving Eq. (4). port scheme introduces unmixing or overshooting. Recently,
This problem has been realised for many years. Different apa number of transport schemes in various models around
proaches have been developed to generate wind fields, whictine world were inter-compared using the recommended tests
can improve consistency (e.g. Kitada et al., 1983) and mas§lauritzen et al., 2013). It is strongly recommended that the
conservation at the same time (Mathur and Peters, 1990yumerical schemes (including all filters/limiters) used in Eu-
Odman and Russell, 2000). A helpful approach might be theropean models and models elsewhere are investigated via
employment of (weighted) essentially non-oscillatory advec-these tests.
tion schemes, which have been derived for scalar quantities,
but have also successfully been extended for the flux con5.1.5 Numerical schemes implemented in European
serving momentum equations (Schroeder et al., 2006). applied models

In online models all prognostic variables, including the
wind field, are known on the same grid and main time step,Some characteristics of online applied European models are
with some interpolation included for online access models.briefly presented here. The BOLCHEM model solves the
Therefore, the wind mass inconsistency should be less of &ransport of passive tracers with the Weighted Average Flux
problem. However, in many online models, the mass field(WAF) scheme (Toro, 1992) except for hydrometers to which
of the dry air (Eq. 3) is not calculated with exactly the a semi-Lagrangian treatment is applied (Mircea et al., 2008).
same numerical schemes. Therefore, they are not consisteit METRAS, the non-hydrostatic mesoscale model com-
and sometimes not even mass conservative. As discussed Ippnent of the M-SYS system, all equations are solved in
Jockel et al. (2001) and other researchers, mass wind influx conserving form on the same grid in space and time
consistency can result in unrealistic dispersion of tracers. In(Schliinzen, 1990) using the same numerical schemes for
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thermodynamic and chemical properties (e.g. von Salzemrhus, no interpolation in time or space is required, and the
and Schliinzen, 1999c). However, process-optimisation apsame numerical schemes can in principle be used for the
proaches for the meteorology that were introduced to retransport of pollutants and passive meteorological variables.
duce turn-around time (Augustin et al., 2008) need to be redn this sense, feedback mechanisms can be considered and
evaluated if used in combination with the chemistry module.the model is suited for studies of aerosol effects. The in-
The WRF-Chem (ARW dynamics model, Skamarock et al.,clusion of the chemistry and feedback processes may in the
2005) solves fully compressible prognostic equations cast irffuture improve the medium-range forecasts (3 to 15 days).
conservative flux form. The transport scheme exactly con-On the other hand, offline modelling systems require lower
serves mass and scalar mass (Grell et al., 2005). In ordezomputational resources. Usually, the meteorological output
to maintain consistency, monotonicity, positive definitenessis already available from previous forecast or analysis runs.
and mass conservation, Enviro-HIRLAM model includes This allows the application only of the CTM and provides
the Locally Mass Conserving Semi-Lagrangian LMCSL- more flexibility in specifying ensembles or performing sev-
LL and LMCSL-3D schemes (Kaas, 2008; Sgrensen et al.eral simulations with different inputs (e.g. different emis-
2013). Additionally, the model contains several options for sion scenarios). This approach is probably most significant
the advection scheme previously implemented (Central Dif-for regulatory agencies, but also for emergency response,
ference, Semi-Lagrangian, Bott), which does not maintainwhere a multitude of ensembles can quickly be performed.
consistency between meteorology and chemistry. The usGrell and Baklanov (2011) pointed out that errors introduced
age of one or the other scheme is experiment-dependentvith offline approaches will usually increase as the horizon-
In the NMMB/BSC-CTM, a fast Eulerian conservative and tal resolution is increased to cloud resolving scales, requiring
positive-definite scheme was developed for model tracersthat meteorological fields are available with much higher fre-
Conservative monotonisation is applied in order to controlquency (possibly on an order of minutes). For simulations on
over-steepening within the conservative and positive-definitecloud resolving scales, Grell et al. (2004) found that the vari-
tracer advection scheme (Janjic et al., 2011). ability of the vertical velocity becomes much more important
as compared to the situation on coarser resolution. At cloud
5.2 Techniques for coupling/integration of meteorology  resolving scale the vertical mass transport is therefore usually
and chemistry/aerosols underestimated with offline approaches, unless meteorologi-
cal data are available at very high frequency intervals. These
As already outlined in Sect. 3, we distinguish online accesdntervals can be determined by a power spectrum analysis
models and online integrated models (Baklanov and Kor-(Grell and Baklanov, 2011). For MCCM (Grell et al., 2004)
sholm, 2008). Both are characterised by the implementatiorand for WRF-Chem (Grell and Baklanov, 2011) the offline
of the chemistry and meteorological processes within oneapproach lead to almost identical results compared to online
modelling system. The meteorological information is avail- simulations with an output frequency of about 10 times the
able at each time step directly (online integrated) or throughmodel time step. To give one example, for WRF-Chem one
a coupler (online access), i.e. a process transferring inforwould use a model time step of 15 s for 3 km horizontal reso-
mation between model components and which may computéution. Using an output interval of 150 s would lead to almost
diagnostic or remapping tasks. In the online integrated ap+o difference in results. But even an output interval of 30 min
proach, two-way interactions or feedbacks are allowed begave a significant degradation in terms of the estimate of ver-
tween meteorology and chemistry and represent the morécal mass flux.
complete integration of AQ within meteorological processes. As mentioned previously the coupling in online models
Computational requirements within online integrated and on-varies in complexity. Zhang (2008) identified different de-
line access models may vary strongly. More efficient use ofgrees of coupling within online models from slightly cou-
the computational time can be achieved with the online inte-pled to moderately, or fully coupled. The slightly or mod-
grated approach, where no interpolation or double transporérately coupled models only couple selected species (e.g.
of passive species is performed. O3 or aerosols) and/or processes (e.g. transport) and may
On the other hand, offline models are based on several innot account for all important feedbacks among processes,
dependently working components or modules (e.g. meteothey are named in the present paper online access models.
rology, emissions and chemistry) that exchange informationThe fully coupled models couple all major processes at ev-
through a specific interface. The main characteristic is thatery main time step and simulate a full range of atmospheric
the exchange follows only a one-way direction and no feed-feedbacks (corresponding to online integrated models). Not
backs are possible. Grell and Baklanov (2011) pointed oufall coupled models enable a full range of feedbacks among
the main strengths and disadvantages of both approachesomponents and processes. Selected species and processes
Online integrated modelling systems represent the atmoare coupled in the slightly coupled models, while most of the
spheric physico-chemical processes more realistically, sinc@rocesses remain decoupled. In these systems, only specific
the chemistry and meteorology are solved with the same timéeedbacks among processes are accounted for. In the fully
steps, spatial grids and ideally the same numerical methodsoupled models, major processes are coupled and a wide
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range of feedbacks are allowed. Zhang (2008) pointed ou6.3 Computational requirements of online models and
that few online integrated or online access models exist in system optimisations
the US. This is true also for European models, where only
few systems account for a full range of feedbacks (Sect. 2)When developing an online coupled model, there are sev-
but there is a clear trend towards fully coupled systems. eral computational considerations to take into account. Tra-
Examples of online integrated models applied in Eu-ditional “good habits” should of course be applied, that is,
rope (including both direct and indirect aerosol effects) areproper commenting, naming conventions, consistency, etc.
Enviro-HIRLAM, RAMS/ICLAMS, WRF-Chem, AQUM  However, from the more technical aspect, one should also
and COSMO-ART. Other models do not consider all consider the basic structure of the code. When using online
the feedbacks between meteorology and chemistry, butoupled models the number of prognostic variables in the
still maintain consistency among transport of meteorologymodel increases dramatically. To make sure that the code is
and chemical species (e.g. BOLCHEM, MCCM, M-SYS, still efficient, the numerical schemes must be highly multi-
NMMB/BSC-CTM). As online access models, LOTOS- tracer efficient (Lauritzen et al., 2010). All variables that can
EUROS, WRF-CMAQ and MEMO/MARS couple meteorol- be reused should be so, since the possible increase in mem-
ogy and chemistry through an in-house or community-basedry for storing those variables is often negligible when using
coupler, but different transport schemes are applied for mea large number of prognostic variables. The amount of data
teorology and the chemistry. communication between the individual nodes also increases
Nesting techniques allow modelling of high horizontal dramatically, which means that one should ensure that the
resolution domains using information of parent grids. Thiscommunication is highly optimised, otherwise the scalabil-
can go from regional scale down to the obstacle resolv-ity of the code can be severely limited. Because the increase
ing scale with different nesting approaches applicable forin computing power is mainly due to an increased number
different phenomena as outlined by Baklanov and Nuter-of processors/cores and not clock frequency, the scalability
man (2009) and Schlinzen et al. (2011). The last men-of the models has become more important. The models are
tioned authors distinguish the time-slice approach that usemostly parallelised in the horizontal, meaning that, at a given
steady state boundary values for a time dependent integraesolution there is a limit where it is not possible to split the
tion, from one-way nesting (coarse models give informa-domain into smaller sections. Ideally it could be one grid box
tion to a higher resolved domain) and two-way-nesting (ex-(or column) per processing core, however, communication,
change of information between the two domains). They rec-halo zones and numerical methods often limit this. For an
ommend considering the characteristic times of atmospherioperational model, the wall-clock time becomes a hard con-
phenomena, when deciding for one of the three nestingstraint, and with the use of highly complex chemical schemes
approaches. In online models, most efforts have been dithis can become a real problem, even if the model itself is
rected to the implementation of one-way nesting approachesery efficient and parallelised. It is, therefore, essential to
(e.g. AQUM, BOLCHEM, COSMO-ART, Enviro-HIRLAM, choose efficient numerical schemes which are usable in an
M-SYS, NMMB/BSC-CTM), though some models also al- operational setup.
low the two-way approach (e.g. WRF-Chem, MCCM and The current state of online coupled models in Europe is
MesoNH). The consistency between nests should be carehat they are run on traditional supercomputers and written in
fully maintained in online models, whereby feedbacks with a mixture of Fortran 95/90 and some Fortran 77, which are
the meteorology are turned-on. A traditional two-way nestingusing either Message Passing Interface (MPI), Open Multi-
approach may create many consistency problems due to therocessing (OpenMP), or a combination of the two for the
non-linear reactive effects of the chemistry between nestegbarallelisation of the code. Both methods have advantages
domains. and disadvantages, but by combining the two methods, one
There is a very valid question to be answered for onlinecan ideally optimize the code for use on all types of machine
access models: How tight does the coupling need to be tarchitectures. In practice though, many models are only op-
generate a realistic representation of feedback effects? To antimised for one of the methods, since writing the code for
swer this question similar ideas as used for nesting can bé&oth is more cumbersome and time consuming, especially in
considered: The two-way coupling interval in online accessa code under constant development. A third option for paral-
models should be at least shorter than the timescale of théelising models using Fortran has recently been made avail-
relevant processes involved. For aerosol direct effects, foable. Coarray Fortran (CAF) is a rather simple extension to
example, there is no strong need for exchanging meteorolthe standard Fortran syntax. It has not been used extensively
ogy and aerosol fields very frequently. For aerosol indirectsince it was until recently only available using the Cray For-
effects, however, frequent data exchanges are critical due ttran compiler. It was defined by Numrich and Reid in 1998
the short live time of clouds. However, there is no simple (Numrich and Reid, 1998; Reid, 2010a) and introduced into
and universal answer to the above question. More studies fothe Fortran 2008 standard in 2010 (Reid, 2010b). CAF can
different feedback mechanisms and applications are needede implemented on shared and distributed memory comput-
ers alike and should in either case be as fast as the OpenMP
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or MPI counterpart. It does, however, come with a caveat:et al., 2003), if measurement data are not available. This is
rewriting a big part of the parallelisation code. especially convenient, if the modelling domain is sufficiently
Graphical processing units (GPUs) have been mentionedarge so that the influence of the concentrations at the bound-
as a new possibility to achieve better performance in mod-ary is small in the area of interest. With the improvement of
els (Michalakes and Vachharajani, 2008; Horn, 2012). Atglobal chemistry models, it is becoming more common to use
this point none of the European online coupled models usehemical fields from coarse model simulations in the same
GPUs alone or in combination with CPUs (central comput-way as for limited area meteorological forecasts. If prede-
ing units). GPU parallelisation can be implemented either usfined boundary values are used, the concentrations have rea-
ing CUDA (compute unified device architecture) or OpenCL sonable values, but there is usually little temporal and spa-
(open computing language), where CUDA is only supportedtial variation since it is often connected with a time-slice ap-
by NVIDIA and OpenCL can be used on all GPUs. Including proach in nesting (Sect. 5.2). For applications which require
either method in already developed online coupled models ishort-term forecasts on a fine scale and a small domain it is
not trivial since the optimal choices for traditional paralleli- more appropriate to obtain concentrations from a larger scale
sation with MPI and OpenMP cannot be assumed to be thenodel in order to dynamically adjust boundary values (one-
same for CUDA and OpenCL. All attempts have, however,way nesting). If the model has also two-way nesting capabil-
suggested that a significant performance gain could possibljties (e.g. Solomos et al., 2011), the simultaneous description
be achieved, but this will again require rewriting large partsof long-range transport phenomena and aerosol-cloud inter-

of the code. actions at cloud resolving scales are possible.
Animportant problem appears when coarse or global mod-
5.4 Initial conditions and boundary values els have different chemistry from the finer resolving mod-

els; then the species from the larger scale model have to be

Different approaches can be used to obtain the initial condi-assigned and resembled to their respective representations
tions and boundary values for online coupled models (bothin the finer resolving model, or for two-way nesting to the
online integrated and online access). The methodology ta@oarser resolving model. These difficulties can be even larger
prepare initial and boundary values do not present large difwhen different aerosol schemes are used, where assumptions
ferences from the procedures applied for offline models. Inneed to be made to map from different size aerosol modes
addition to the meteorological fields that have to be provided(e.g. humber of size bins used to represent mineral dust)
from the MetM in the offline approach, the 3-D distribution with incompatible descriptions of the aerosols composition
of chemical species has to be provided right at the beginninde.g. differences between organic matter and organic carbon
of the forecast, when online coupled models are used. mass).

Concerning initial fields of chemical species (chemical ini-
tial conditions), these values can either be obtained from &.5 Data assimilation in online coupled models
previous forecast using the same modelling system, global
chemical initial fields from a global modelling system (e.g. 5.5.1 Overview of chemical data assimilation in
Flemming et al., 2009), prescribed fields describing clean or atmospheric models
polluted background atmospheres (e.g. climatological aver-
ages, see also Tang et al., 2007), or either of those method3ata assimilation consists in the combination of modelling
modified with increments from a chemical data assimilationand observations to obtain a most probable representation
system (Elbern and Schmidt, 2001). In offline models the im-of the state of the variables considered. It has been used
provement of the initial pollutant fields brings only a limited in meteorology for over six decades (e.g. Panofsky, 1949).
improvement in the forecast, because the forcing from medt is performed routinely in numerical weather prediction
teorology and emissions makes the model quickly convergdKalnay, 2003) to obtain accurate initial conditions for the
from any reasonable initial condition to a stable solution. In- forecast. Chemical data assimilation (CDA), i.e. the assimila-
deed, a spin-up of 24-48 h is usually performed for the chem+ion of observations of atmospheric chemical concentrations,
istry in such systems. As the online approach may consideis a more recent development and operational applications in
interactions between meteorology and the pollutants, the bestir quality modelling are still limited. CDA aims to improve
possible knowledge of chemical initial conditions is required model performance by modifying model inputs such as ini-
to obtain a reasonable feedback onto the meteorological foretial conditions, emissions or boundary values or some model
cast. In this sense, the chemical initialisation between onlingparameters.
and offline models may substantially differ. Various mathematical techniques are used to assimilate

The lateral boundary values of the chemistry have to bethe chemical observations and modify the model compo-
provided at every forecast step. Since detailed informatioments. These techniques have been reviewed in the literature
about the vertical profiles of all chemical species are not al-(e.g. Carmichael et al., 2008; Zhang et al., 2012b) and can
ways available, models commonly use idealised climatolog-be grouped into two main categories: (1) sequential meth-
ical profiles for boundary values (Winner et al., 1995; Chenods, which assimilate data as the model simulation proceeds
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forward in time (i.e. correcting the field of the state variable Remote sensing (e.g. lidars, soundings, satellite observa-
at successive time steps by means of a corrective term thdtons) provide a representation of the atmosphere with more
is function of the difference between the model and the ob-complete spatial coverage. Remote sensing has, however,
servation) and (2) variational methods, which assimilate datdimitations such as uncertainties in converting a radiance
over a time period (4DVar) or at given time (3DVar), by min- signal to a concentration, limited vertical profile informa-
imizing the square of the difference between the model andion, autocorrelation between observations, reduced tempo-
the observations. 4DVar methods require the adjoint formu-al coverage, and limited number of substances monitored.
lation of the model, which may be challenging, particularly Clearly, there should be some advantages in using the maxi-
when dealing with large chemical kinetic mechanisms andmum amount of information available in an optimal manner
multiphase aerosol modules (the adjoint can be considereduring CDA. However, the operational implementation of a
as the formulation of the inverse problem, i.e. calculating theCDA system that embodies a large number of data sources
model inputs from the model outputs). Examples of sequeninvolves some methodological and technical challenges.

tial methods used in CDA include optimal interpolation (Ol),

ensemble Kalman filter (EnKF) and reduced-rank square ro06.5.3 Past examples of CDA in air quality modelling
Kalman filter (RRSQRT).

The modification of the chemical initial conditions is a nat- Because the use of CDA in online coupled models is still
ural extension of data assimilation in meteorology, where thdimited, it is useful to summarise previous work conducted
chaotic nature of the primitive equations makes the systenwith CTMs in order to describe a large array of potential
very sensitive to its initial conditions. However, the impact applications of CDA. Most examples of past CDA in AQ
of modified chemical initial conditions in an AQ model is modelling concern the correction of initial conditions of ma-
limited by the lifetime of the species. The lifetime is char- jor air pollutants of interest such agNO, and PM. CDA
acterised by exponential-decay type terms describing chemihas been implemented using satellite data (e.g. Elbern et al.,
cal reactions (e.qg. first- or second-order kinetic decay termsl1997; Jeuken et al., 1999; Collins et al., 2001; Generoso et
and physical removal (e.qg. first-order decay terms represental., 2007; Boisgontier et al., 2008; Niu et al., 2008; Wang
ing precipitation scavenging and dry deposition). Therefore,et al., 2011), ground-based concentrations (e.g. Elbern and
the atmospheric concentrations of air pollutants tend to beSchmidt, 2001; Carmichael et al., 2008; Wu et al., 2008),
governed by other inputs rather than their initial conditions, radiosonde measurements (e.g. Elbern and Schmidt, 2001)
namely the emission fields of primary pollutants and theand airborne measurements (e.g. Chai et al., 2006). For such
boundary values. Some model parameters such as vertic@DA, both sequential methods and variational methods have
transport coefficients and dry deposition velocities may alsdbeen used.
have a significant effect on air pollutant concentrations and There are also some examples of CDA for correcting emis-
are, therefore potential candidates for improvement by dataion fields (Elbern et al., 2007; Barbu et al., 2009), boundary
assimilation. Thus, the chemical transport component of arvalues (Roustan and Bocquet, 2006) and model parameters
online coupled model differs significantly from the meteo- (Barbu et al., 2009; Bocquet, 2011). These studies involved
rological model and, consequently, requires a different ap-inverse modelling and used variational methods. CDA to cor-
proach for data assimilation. rect boundary concentrations of @ppears warranted based

Recent efforts for CDA have mostly focused on CTMs and on the potential impact of long-range transport af(@hang
to date only limited work has been conducted for online cou-et al., 2011; Waked et al., 2013; Collette et al., 2013).
pled models. We briefly discuss here the observational data
used in CDA, past examples of CDA in AQ modelling using 5.5.4 Current efforts on CDA in online coupled models
CTMs, some recent work with online coupled models and
future prospects for CDA in online coupled meteorology/air Although most work on CDA for AQ forecasting has been

quality modelling. conducted with CTMs, there are a few examples of recent
efforts aimed at conducting CDA with online coupled mod-
5.5.2 Observational data els. ECMWEF uses the 4DVar data assimilation developed for

data assimilation in NWP to assimilate observations of atmo-
The data used in CDA come from a variety of sources. Sur-spheric composition. In its current configuration, ECMWF’s
face air quality data are the most commonly used in AQ fore-IFS (Table 4) has been extended to simulate transport, source
casting because they are typically readily available to the orand sink processes of atmospheric chemical species as fol-
ganisation conducting the forecast. However, these data onljows (Hollingsworth et al., 2008): aerosol processes are sim-
provide information near the surface at a limited number ofulated in an online coupled manner in IFS (Morcrette et al.,
locations, which are typically situated in strongly polluted ar- 2009), whereas source and sink processes of reactive gaseous
eas. Then, filtering of the AQ data in regimes resolved by thespecies are treated via a two-way coupled global chemical
online coupled models may be necessary before AQ data camansport model (Flemming et al., 2009). This coupled sys-
be successfully assimilated (Flemming et al., 2005). tem has been run with MOZART-3 and TM5. The coupled
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modelling system IFS-MOZART has been used to produce aness for meteorological data assimilation and modelling. For
global re-analysis of atmospheric composition and meteorolexample, the improved retrieval of satellite data and direct
ogy by applying a 4D-VAR technique (Inness et al., 2013). assimilation of radiances may in turn improve the forecast-
This current configuration of the IFS is an intermediate steping of aerosol concentrations and some radiation-absorbing
and more complex chemical kinetic mechanisms are beingyases as well as day-to-day weather forecasts. Assimilated
implemented online in IFS. aerosol fields may lead to better simulations of the cloud-
The future direct online coupled configuration will be aerosol feedbacks. Semane et al. (2009) have shown that the
computationally far more efficient than the current two-way assimilation of stratospheric ozone can have a positive ef-
coupled system. No interaction between atmospheric chemfect on the assimilated wind fields. Finally, it seems plau-
ical composition and NWP is considered in current appli- sible that the knowledge of the locations of tracer plumes
cations. However, research has been initiated to explore thée.g. from biomass fires) may lead to improved wind fields
impact of the feedbacks, for instance with respect to aerosolhrough data assimilation (similarly to the improvement of
radiative forcing (J.-J. Morcrette, personal communication,wind fields from satellite cloud observations).
2012), or the benefit of online CCfor the assimilation of
satellite data (Engelen and Bauer, 2011). The use of the NWP
system for data assimilation allows the use of the existings Case studies and evaluation of online coupled models
infra-structure for satellite data handling and the MACC sys-
tem is able to assimilate more than one data set from a larg&his section reviews applications of online coupled models
array of satellite instruments (GOME, MIPAS, MLS, OMI, in Europe published during the past 20 yr, thereby document-
SBUV, SCIAMACHY, MOPITT, IASI, TANSO, AIRS) for  ing the historic evolution of this type of models. Note that in
Oz, CO, N, SG;, HCHO, CHy, CO; and AOD. In the  most of these studies, in particular in the early studies, the
USA, CDA is conducted in WRF-Chem using both 3DVAR coupling was only made from meteorology on to chemistry.
(Pagowski et al., 2010; Liu et al., 2011; Schwartz et al., These early applications, which do not use the full poten-
2012; Saide et al., 2012, 2013) and EnKF (Pagowski andial of coupled models except for a more consistent numer-
Grell, 2012); there is an on-going project to assimilate sur-ical and physical treatment of chemical and meteorological
face PM 5 data as well as AOD using a hybrid approach that quantities, are summarised in Sect. 6.1. Studies using the
employs both EnKF and 3DVAR. Furthermore, the adjoint advantage of online coupled models to consider feedbacks
of WRF-Chem is currently under development with the ob- of chemistry on meteorology are highlighted in Sect. 6.2. In
jective of performing sensitivity analysis with a variational Sect. 6.3, the focus is on model evaluation and in particular
method in the near future and possibly CDA with inverse on methodological aspects specific for online coupled mod-
modelling of parameter fields later. WRF-Chem is used inels,
Europe (Table 4) and advances implemented in the USA will
benefit European applications. Other models listed in Table 4.1  Applications without feedbacks
have not been used to date with CDA.
The first attempts towards online coupled atmospheric mod-
5.5.5 Recommendations for operational developments  elling in Europe considered only the transport of chemical
in online coupled models species, but not their chemical transformation (Baklanov,
1988; Schlinzen, 1988; Kapitza and Eppel, 2000). One of
As mentioned above, chemical concentrations are not as setthe earliest studies of the fully coupled chemical and mete-
sitive as meteorological variables to initial conditions; never- orological evolution was the application of a coupled model
theless, CDA to improve initial conditions has often been im- during the VOTALP campaign (Vertical Ozone Transports
plemented because it has been widely used in NWP and it in the ALPs) in August 1996 in southern Switzerland (Grell
now also used in AQ forecasting. However, one may expecet al., 2000). In this study, the non-hydrostatic mesoscale
more gain from CDA when used to perform inverse mod- model MM5 was augmented with transport of scalars and ex-
elling of the emission fields. Since air quality is mostly driven tended with modules for the simulation of chemically active
by emissions, their modifications will have a longer influence species including the computation of photolysis rates, chem-
than those of the initial conditions. Therefore, advances inical reactions, biogenic emissions and deposition. The cou-
that area are likely to lead to significant benefits for online pled numerical model was named Multiscale Climate Chem-
coupled models. The use of CDA for parameter estimationistry Model (MCCM) and later MM5-CHEM. The simula-
(e.g. vertical dispersion coefficient and dry deposition veloc-tions, which were performed in three nests with grid cell
ities) by inverse modelling is of interest from a research pointsizes down to 1 km, depicted the complex daily thermally in-
of view but its implementation for AQ forecasting will be duced valley and mountain wind systems and demonstrated
more challenging than CDA of initial conditions. Neverthe- the importance of these systems for air pollutant budgets
less, as a diagnostic tool, it can lead to interesting results. Ariin Alpine valleys. MCCM has later been applied in vari-
additional benefit of the online approach of CDA is its useful- ous air quality studies for Europe and Mexico City, the first
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online coupled regional climate chemistry simulation for Eu- pollutants (NQ and Q) in 3-D modelling, despite large
rope (Forkel and Knoche, 2006) and the simulation of thediscrepancies in 0-D (box) modelling. To judge the quality
2010 Eyjafjallajokull ash plume (Emeis et al., 2011). MCCM of simulations using the two schemes, the results were com-
was also used to compare online versus offline simulationgpared with NQ and G measurements at 75 surface stations.
at cloud resolving scales (Grell et al., 2005) to demonstrate The potential benefits of online coupling with respect to
the deficiencies of the offline approach at high spatial resoluthe quality of simulated transport and dispersion of chem-
tions. ical species was demonstrated by Korsholm et al. (2009).
One year before MCCM, the French mesoscale simula-They employed the online coupled model Enviro-HIRLAM,
tion system MesoNH-C for online coupling between dynam-which can also be run offline, to study differences in the
ics and chemistry was introduced and applied to a pollutiondispersion of a plume in the presence of mesoscale distur-
episode in July 1996 in the northern half of France (Tuletbances between online and offline representations of trans-
et al., 1999). For performance reasons, the simulations werport. The dispersion simulated by the online model was eval-
carried out with a strongly reduced chemical scheme but satuated against data from the European Tracer Experiment
isfactorily depicted the location and spatial extent of the pol-ETEX-1 and showed satisfactory results, particularly at sta-
lution plume of Paris and elevateds @evels downwind of  tions further away from the tracer release.
the city. The modelling system was described in more detail The Bologna limited area model for meteorology and
in Tulet et al. (2003) and compared witly ©bservations in  chemistry (BOLCHEM, Mircea et al., 2008) is currently the
France for a simulation period in August 1997. It was ex- only online coupled model operated in the EU MACC project
tended with the sectional aerosol model ORISAM (Cousinfor operational chemical-weather forecasting on the regional
et al.,, 2004) as well as with the three-moments aerosokcale. The model recently participated in a coordinated mod-
scheme ORILAM for the simulation of aerosol dynamics elling exercise to study the evolution of air pollution over
and secondary inorganic and organic aerosols (Tulet et alWestern Europe during the last decade (Colette et al., 2011).
2005), which laid the foundation for studies of chemistry— Several groups in Europe are beginning to implement and
meteorology feedbacks. MesoNH-C was subsequently emapply the online coupled model WRF-Chem developed pri-
ployed for a wide range of applications to study the effectmarily in the US as a successor of MM5-Chem (Sect. 2).
of biogenic emissions on regionak@evels (Solmon et al., Early examples are the studies by Schirmann et al. (2009),
2004), the impact of convection on aerosol hygroscopicityinvestigating the influence of synoptic and local scale me-
(Crumeyrolle et al., 2008), for regional scale £€burce in-  teorology and emissions onz@&oncentrations in southern
version (Lauvaux et al., 2009), sulfur transport and chemicalltaly during four selected 5-7 days periods in all seasons and
conversion in a volcanic plume (Tulet and Villeneuve, 2011), by Zabkar et al. (2011) investigating three high €pisodes
or to investigate Saharan dust transport (Bou Karam et al.in the north-eastern Mediterranean Basin. Both studies made
2010) to name but a few. use of the nesting capabilities of WRF-Chem and extensively
In the same year as MesoNH-C, von Salzen and Schliinzenompared model simulateds@ith in-situ observations.
(19994, b) presented the modelling system METRAS online
integrated with gas phase chemistry and the Sectional Multif.2 ~ Applications with feedbacks

component Aerosol Model (SEMA). They applied the model ) ) o o
to study the dynamics and composition of coastal aerosol inl Ne first European modelling studies investigating feedbacks

northern Germany and demonstrated the importance of se@€tween chemistry and meteorology were published around

salt aerosols for the partitioning of nitrates into the coarse2005; initially focusing on direct effects and later including

mode (von Salzen and Schiiinzen, 1999c). Sea salt emissiof§r0s0l-cloud interactions. _
and dry deposition as well as biogenic emissions were cal- 1 N€ impact of dust aerosol on short- and longwave radia-

culated in direct dependence on the meteorological paramt_ive effects in weather forecasts was first analysed by Pérez

eters. Without aerosol formation, the model has been em€t @l- (2006). They applied the NCEP/Eta NWP model with

ployed to study nitrogen deposition in coastal waters includ-"€ PREAM model of Nickovic et al. (2001) for mineral dust
ing sea level rise (Niemeier and Schiinzen, 1995). The coulransport extended with radiative feedbacks of dust aerosols

pled model is now specifically applied for studies of pollen on radiation to simulate a major Saharan dust outbreak over

emission, transport and dispersion (e.g. Buschbom et a|_t,he Mediterranean in April 2002. They found significant im-
2012). provements of the atmospheric temperature and mean sea-

Using the Regional Atmospheric Modeling Systems level pressure forecasts over dust-affected areas by consid-
(RAMS) extended with online coupled chemistry, Arteta et _erably reducing warm and cold temperature biases existing

al. (2006) studied the impact of two different lumped chemi- in the model without dust radiation interactions. Figure 4
cal mechanisms on air quality simulations. Simulations wereShOWs & comparison of vertical temperature profiles with ra-

performed for the ESCOMPTE experiment conducted overdiosonde observations over the Mediterranean region most
Marseilles in southern France and showed that both chemi@ffected by the dust.
cal mechanisms produced very similar results for the main
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Fig. 4. Vertical profiles of the atmospheric temperature bias between a control run (CTR) without and a full run (RAD) with SW and LW
radiative interaction of dust aerosols. Profiles are over an area most strongly affected by Saharan d@di(Z8-4BE) for the 12, 24, 38,
and 48 h forecasts of the 00:00 UTC forecast cycle on 12 April 2002 (Adopted from Pérez et al., 2006).

Shortly after Pérez et al. (2006), another study investigat{Halmer et al., 2010). The impact of the direct aerosol ef-
ing the importance of direct radiative effects of dust aerosolsfect was found to be substantial with regard to the turbulence
on weather forecasting was published by Grini et al. (2006).characteristics of the flow near the surface. High aerosol con-
They applied the MesoNH-C model for simulations of the centrations near the surface, such as those present in and
weather over north-western Africa in September 2000 andaround densely populated urban areas were also found to in-
found that over the ocean dust aerosols decreased convecrease stability and, unlike effects at larger scales, also lead
tion, while over land they increased vertical stability and re-to small increases in 2 m temperatures. However, the perfor-
duced surface latent heat fluxes leading to reduced convegnance of the online coupled model in predicting urban me-
tion as well, notably over the Sahel region. They concludedteorology and air quality in the specific case was only im-
that the vertical aerosol profile and single scattering albedgroved marginally.
are particularly critical parameters and recommended that European studies of aerosol indirect effects or combined
direct aerosol effects should be included in weather predicdirect and indirect effects are still comparatively sparse. Kor-
tion in the Sahel region. In a similar study using MesoNH- sholm (2009) implemented a parametrized version of the first
C but addressing a region in south-western Germany an@nd second aerosol indirect effects in the Enviro-HIRLAM
eastern France during the Convective and Orographically inmodelling system by considering the dependence of cloud
duced Precipitation Study experiment COPS, Chaboureau etroplet number concentrations on aerosol number concentra-
al. (2011) studied the effect of Saharan dust transport to Eutions and the dependence of the auto-conversion of cloud to
rope on precipitation forecasts. From comparison with rainrain droplets on effective cloud droplet radius. He then stud-
gauge observations, they concluded that precipitation waged the impact of aerosol indirect effects on surface temper-
better predicted when the dust prognostic scheme and radiatures and air pollutant concentrations for a 24 h simulation
tive feedbacks were included in the model. over a domain in northern France including Paris in a con-

Aerosol direct effects were also studied by Vogel et vective case with low precipitation. He found a marginally
al. (2009) using their new online coupled modelling sys-improved agreement with observed 2 m temperatures and a
tem COSMO-ART by comparing model simulations for two marked redistribution of N®in the domain, primarily as a
episodes in August 2005 over western Europe with and withresult of the second indirect effect.
out including aerosol radiative effects. They found an av- WRF-Chem has been used in various studies to investigate
erage reduction of global radiation by Wm=2 and de-  the impact of the aerosol interaction with radiation and mi-
creases in 2m temperatures and in temperature differencagophysics outside Europe (e.g. Gustafson et al., 2007; Chap-
between day and night of the order of 8CLeach. man et al., 2009; Zhang et al., 2010a, b, 2012c, d; Grell et

The two-way coupled meteorological and chemical trans-al., 2011; Saide et al., 2012). Two European studies investi-
port modelling system MEMO/MARS-aero was used for cal- gating not only the impact of aerosol direct and indirect ef-
culating the direct aerosol effect on mesoscale meteorologifects on meteorology but also on air qualitys(@&hd PMg)
cal and dispersion fields over the urban area of Paris, Franceere recently presented by Forkel et al. (2012) and Zhang
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Fig. 5. Differences in ozone (left) and Pj{ (right) concentrations in July 2006 between two WRF-Chem simulations. The BASE simulation
does not consider interactions between aerosols and meteorology, whereas the RFBC simulation considers both direct and indirect effect:
(Adopted from Forkel et al., 2012).

et al. (2013). Forkel et al. (2012) applied the WRF-Chem Solomos et al. (2011) addressed the effects of pollution on
model to simulate the two-month period (June—July 2006)the development of precipitation in both clean and polluted
without any feedbacks (BASE), with aerosol direct effects hazy environments in the Eastern Mediterranean by using the
only and with both direct and indirect effects (RFBC). As RAMS/ICLAMS. The model was run for a case study dur-
shown in Fig. 5, differences in July monthly mean concen-ing 26—29 January 2009 over the Eastern Mediterranean and
trations between the simulations RFBC and BASE had a proboth direct and indirect effects were investigated, the latter
nounced spatial pattern and show differences in the range afiot only considering the effects of aerosols as CCN but also
0-5ppb for Q and 0-5 ug m® for PM dry mass. These dif- the effect of freshly emitted mineral dust as ice nuclei. As
ferences are the result of a complex interplay between smakhown in Fig. 6, the simulations showed that the onset of
changes in surface radiative heating due to the aerosols, inprecipitation in hazy clouds is delayed compared to pristine
portant semi-direct effects modifying vertical stability and conditions. Increasing the concentration of hygroscopic dust
cloud cover and indirect aerosol effects which, for example,particles by 15 % resulted in more vigorous convection and
led to a substantial reduction in cloud cover over the Atlanticmore intense updrafts. Therefore, more dust particles were
and hence stronger photochemical depletion g&er this  transported to higher cloud layers and acted as IN. Prognostic
area. Increases in PM over the Atlantic were a result of treatments of the aerosol concentrations in the explicit cloud
increased wind speeds in simulation RFBC as compared taroplet nucleation scheme improved the model performance
BASE and, therefore, higher sea salt emissions. Over contifor the daily accumulated precipitation. However, the spatial
nental Europe, ABL heights were mostly reduced in simu-distribution and the amounts of precipitation were found to
lation RFBC leading to higher P{{ surface concentrations vary greatly between different aerosol scenarios, pointing to-
particularly over the eastern part of the domain. In Zhangwards large remaining uncertainties and the need for a more
et al. (2013), WRF-Chem-MADRID was applied to simu- accurate description of aerosol feedback mechanisms.
late AQ in July 2001 at horizontal grid resolutions of 0.5 Aerosol indirect effects were also recently studied us-
and 0.128 over Western Europe. They found that aerosoling the model COSMO-ART by Bangert et al. (2011) and
led to reduced net SW radiation fluxes, 2m temperatureBangert et al. (2012). For this purpose, the model was
10 m wind speed, ABL height and precipitation in most ar- run with the two-moment cloud microphysics scheme of
eas, with domain-average values-68.5 W n12, —0.02°C, Seifert and Beheng (2001) to account for the interactions of
—0.004mst, —4.0m,—0.04mmday?, respectively. Itin-  aerosols with cloud microphysics. In the first study, Bangert
creased AOD and CCN over the whole domain and cloudet al. (2011) applied the model over Europe to a cloudy five-
optical thickness (COT) and cloud droplet number concen-day period in August 2005 to study the effect of aerosols
trations (CDNC) over most of the domain. on warm cloud properties and precipitation. They found that
the mean cloud droplet number concentration and droplet
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Fig. 6. West to East cross-section of rain mixing ratio (color palette inttgand ice mixing ratio (black line contours in gk§) at the

time of highest cloud top over Haifé¢a) 09:00 UTC, 29 January 2003 assuming 5 % hygroscopic ¢hjsi0:00 UTC, 29 January 2003
assuming 20 % hygroscopic dugt) 09:00 UTC, 29 January 2003 assuming 5 % hygroscopic dust and number of ice nuclei increased by a
factor 10. (Adopted from Solomos et al., 2011).

diameter were closely linked to changes in the aerosol. In In many studies mentioned in this section only the differ-
a further study, Bangert et al. (2012) focused on the effectences in chemical and meteorological parameters between
of mineral dust aerosols to act as ice nuclei, and studied asimulations with and without feedbacks were highlighted,
episode of Saharan dust transport to central Europe. Theput no systematic comparisons with observations were per-
found the largest impact of dust on clouds at temperaturegormed to evaluate the potential benefits of considering feed-
where heterogeneous freezing is dominating, thus at tempebacks. There is a strong need for detailed evaluation studies
atures between the freezing level and the level of homogeas outlined in the next section.
neous ice nucleation. Ice crystal number concentrations were
increased twofold in this temperature range during the dus6.3 Model evaluation
event, which had a significant impact on cloud optical prop-
erties and causing a reduction in SW radiation at the surfac@he evaluation of integrated meteorology atmospheric chem-
by up to—75 W nm2. The dust layer also directly caused are- istry transport models is a complex but necessary task to
duction in SW radiation at the surface which entailed a reduc-help establishing model’s credibility. A critical assessment of
tion in surface temperatures on the order@.2 t0—-0.5°C  model performance is in fact imperative to build confidence
in most regions affected by the dust plume and up-16C in the use of models for research, forecasting and policy-
in a region where regular numerical weather forecasted temmaking as well as to determine the model's strengths and
peratures had been biased high by roughly the same amounimitations and to provide guidance for further improvement
Although a growing number of applications of online cou- of modelling systems.
pled chemistry and meteorology models have become avail- The aims of model evaluation are to assess the suitabil-
able recently, the scope of these studies has been rather linity of a model for a specific application (“fit for purpose”);
ited. For both aerosols direct and indirect effects, there hagenchmarking model performance against reality and other
been a strong focus on Saharan dust events due to their stromgodels; quantifying uncertainties; testing individual model
and readily measurable impacts on radiation and due to theitcomponents; and providing guidance for future model devel-
potential role as ice nuclei. Several of these studies suggestashments. Depending on the aim pursued, different evaluation
a clear positive impact of considering aerosol feedbacks orstrategies are put in practice.
short-term weather forecasts under such high dust-load con- Model evaluation is often recognised as a process of com-
ditions. However, more work is needed to investigate similarparing model output against observations. However, although
effects for other more commonly present aerosols of anthrothis is an important element, model evaluation may be un-
pogenic and biogenic origin as well as for aerosols originatecderstood in a more general sense to include all elements sup-
by biomass burning. More studies are also needed to addregsrting the assessment of the quality of a model and its fit-
the question of whether considering feedbacks can benefitess for the intended purpose. As suggested in a joint re-
air quality forecasts both regarding summer and winter smogport of the COST Action 728 (Enhancing Mesoscale Me-
episodes. teorological Modelling Capabilities for Air Pollution and
Dispersion Applications) and GURME (GAW Urban Re-
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search Meteorology and Environment Project) (Schlinzen — Probabilistic evaluationexplores the uncertainty of
and Sokhi, 2008), model evaluation needs to encompass the model predictions and is used to provide a credible
following elements: range of predicted values rather than a single estimate.

It is based on knowledge of uncertainty embedded in
observations and model predictions, the latter often be-
ing approximated by an ensemble of model simula-
tions.

1. General evaluationModel documentation (e.g. tech-
nical report and user's guide) needs to be provided.
In addition, a model needs to be documented in
peer-reviewed literature and the model's source-code

should be made publically available for inspection. Exploitation of these four model evaluation components

2. Scientific evaluationldentify the processes required has been the subject of the Air Quality Model Evaluation
in the model and based on these requirements evalulnternational Initiative (AQMEII), where more than 20 re-
ate suitability of model equations, approximations, pa- search groups from Europe and North America participated.

rameterisations, boundary values and input data, etc. The aim of AQMEII was to collect almost all regional scale
AQ models used for research and policy support in Europe

3. Benchmark testingBenchmarking of model perfor- and North America from public and private sectors and ap-
mance against observations for well-defined test caseply them to simulate AQ over North America and Europe for
(domain and time period, model resolution, fixed in- the year 2006. A large number of research and operational
put data sets including emissions and boundary val-monitoring networks in the two continents provided a mas-
ues) using a set of statistical quality indicators. Simi- sive amount of experimental data for evaluation, mostly with
larly, model performance should be analysed for spe-hourly time resolution. These have included for the two con-
cific sensitivity tests. tinents one full year of continuous monitoring from almost

4000 stations for 5 gas phase species, (©O, SQ, HNOs

and NQ), 2700 stations of PM and PM composition, 4300

) . ; L surface meteorology monitoring points, 1300 meteorological

air quality forecasting and regulatory applications. It fil t 30 locations. 800 ozone-sonde profiles and over

involves operational online checking of model output, prowes a ! ’ P :

o . 2000 aircraft profiles from MOZAIC. The large variety of
plausibility checks and quality control. However, the f information led to a substantial effort in data har-
defined checks can also be applied in non—operationa?our.ces.O n . .
applications. monisation and screening. All observational data hgye been

transferred to the JRC ENSEMBLE system (Galmarini et al.,
A further framework for evaluating regional scale photo- 2012) together with the model outputs in both gridded form
chemical transport modelling systems has been recently proand interpolated to the observation points.

posed by the US Environmental Protection Agency (EPA) The main focus of the phase 1 of AQMEII was the op-

(Dennis et al., 2010) building upon concepts proposed earerational evaluation in the sense of Dennis et al. (2010) as

lier (e.g. Seigneur et al., 2000). This framework is more spe-presented in a first overall model assessment against ground-

cific with respect to model benchmarking as it distinguisheslevel observational measurements (Solazzo et al., 2012a, b).

between operational, diagnostic, dynamic (also referred to aSapability to capture the vertical distribution of pollutants

mechanistic) and probabilistic model evaluation, which arewas further evaluated by Solazzo et al. (2013a) for an en-
defined as follows: semble of twelve air quality models. Other evaluation modes
_ o ) ) were also considered (Galmarini et al., 2012). The studies
— Operational evaluatiomvolves the direct comparison of vautard et al. (2012), Schere et al. (2012) and Wolke et
of model output with routine observations of ambient 1 (2012), for example, investigated the influence of differ-
pollutant concentrations and meteorological fields us-ent grivers including meteorological input, grid resolution
ing statistical metrics such as normalized mean biasgpq injtial conditions and boundary values, thus contribut-
root mean square error, etc. ing to the diagnostic evaluation of the models. Also Forkel

— Diagnostic evaluatiorexamines individual processes et al. (2012) presented in Sect. 6.2 can be classified as diag-
and input drivers that may affect model performance nostic evaluation as it investigated the sensitivity of the re-

and requires detailed atmospheric measurements th&ults to different processes. Solazzo et al. (2012a) conducted
are not, typically, routinely available a multi-model ensemble analysis which is listed by Dennis et

al. (2010) as one kind of probabilistic evaluation. The activ-
— Dynamic evaluatiolinvestigates the model’s ability to ity clearly demonstrated the usefulness of such multi-model
predict changes in air quality in response to changes iractivities, the necessity of collecting harmonised monitoring
either source emissions or meteorological conditions.information for both meteorology and chemistry and the ne-
Note that with online coupled models it will also be cessity of evaluating models in a global sense in three dimen-
necessary to evaluate responses in meteorology and reional space and time as well as in the meteorological and
gional climate. chemical variable space. Too often models are only evaluated

4. Operational evaluationThis type of evaluation is spe-
cific for models used operationally as for example in
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against a subset of variables for a number of reasons which Most evaluation studies of online coupled regional mod-
may lead to false conclusions since compensating mechaels performed so far (e.g. Zhang et al., 2010a, b, 2012c, d,
nisms could improve one variable at the expense of other2013; Knote et al., 2011) followed approaches that had been
(e.g. Solazzo et al., 2013a, b). The AQMEII exercise fur- applied to offline models for many years as exemplified by
ther revealed that a large amount of monitoring informationphase 1 of AQMEII, but these are not sufficient to emphasize
is available but concealed or not easily accessible or simplythe specific advantages of online modelling. Previous assess-
not usable because it is not harmonised or documented. = ments of model representations of chemistry—meteorology
Operational evaluation was not only a focus of AQMEII feedbacks were mainly restricted to comparing simulations
but has generally been the most widely used approach in theith and without the respective interactions. Demonstrat-
past for both offline (Trukenmiller et al., 2004; Schlinzen ing that inclusion of feedbacks improves model performance
and Meyer, 2007; Appel et al., 2008; Wang et al., 2009;when compared with observations, however, has been and
Zhang et al., 2009a; Liu et al., 2010) and online coupledwill remain a great challenge and will require new and im-
models (Zhang et al., 2010a, b, 2012c, d, 2013; Knote et al.proved strategies for model evaluation. For evaluating mod-
2011; Tuccella et al., 2012). els that are to be re-applied for scenario studies, the dynamic
Dynamic evaluation has been applied in numerous re-evaluation is essential, since these models need to show that
gional modelling studies relating observed changes in ozon¢hey properly simulate observed changes.
and/or aerosol concentrations to anthropogenic emission Application of process analysis tools as applied to anal-
changes (e.g. Jonson et al., 2006; van Loon et al., 2007; Vauyse meteorological (Petrik et al., 2011) or chemical processes
tard et al., 2007; Gilliland et al., 2008; Zhang et al., 2009b, (Muller et al., 2000) in online coupled models would help to
2013; Colette et al., 2011; Godowitch et al., 2011; Hogrefe etidentify the contribution of feedbacks and other processes to
al., 2011; Zubler et al., 2011). It has been demonstrated thathe calculated concentration values. In addition, using ratios
uncertain emission inventories, data assimilation approachegf calculated concentrations (e.g. EC/P&br NOy/PMy 5)
used in meteorology models, and initial/boundary condi-rather than just the Pjp or PM;o concentrations for val-
tions can influence dynamic evaluation of model-predictedidation with measurements would help to get information
changes in ambient air quality (Napolenock et al., 2011;about the effect of feedbacks. Assessing feedbacks typically
Kang et al., 2012). involves comparing small differences between simulations
Given the increasing diversity and complexity of mod- with and without a given feedback mechanism and evaluation
elling systems currently being developed, diagnostic evalu-of differences is inherently more challenging than evaluation
ation assessing the sensitivity of models to changing inpubf absolute levels. In some cases, judging whether including
data, and the uncertainty associated with the choice of moded given feedback improves model performance or not might
parameters and formulations, will become increasingly im-only be possible by either integrating over a sufficiently long
portant. Methods for assessing parametric (input data antime, or by running a sufficiently large ensemble of simula-
model parameters) and structural uncertainties (model fortions (e.g. with variable initial conditions). This is necessary
mulation and process representation) have been outlined btp distinguish signals from numerical noises and to reliably
Fine et al. (2003) and Pinder et al. (2009). Exploring the un-quantify the magnitude of the response in a given meteoro-
certainty space of a model may be computationally expensivdogical situation. It will require mature models that are suf-
and therefore requires efficient methods as developed e.g. bijciently close to reality to assure that the improved perfor-
Tatang etal. (1997) or Lee et al. (2011). Applying such meth-mance is not a mere compensation for model biases but rather
ods to online couple models will be crucial as they are ablea real improvement in the science. Both requirements pose
to reveal key model uncertainties and to identify those modelgreat challenges since long-term simulations are computa-
aspects that need largest attention for further development. tionally expensive and the details of many feedback mech-
In the context of regional online coupled models, inter- anisms, particularly of aerosol-cloud feedbacks, are poorly
actions between meteorology and chemistry through aerosalnderstood at present and can only be modelled in a highly
direct and indirect effects are of particular interest. Evalu-parametrized fashion. It also places high demands on ob-
ating the representation of these processes requires a corservational data sets since many parameters required for a
prehensive assessment of the various processes influencitigorough evaluation are not routinely measured, for example,
aerosol distributions, their physical and chemical propertieghe photolytic rate of N@, size-resolved chemical aerosol
and consequently their effects on radiation and cloud and rairomposition, aerosol size distributions and optical proper-
formation (Sects. 2 and 4 for an overview of processes andies, SW and LW radiation fluxes, AOD, CCN and IN activ-
interactions). A key factor distinguishes the evaluation strateity, CDNC and cloud droplet size distributions. Future mea-
gies of offline and online modelling systems, which is in the surement campaigns should, therefore, be planned carefully
online case the evaluation of meteorological parameters bein collaboration with modellers to meet the needs of assess-
ing as important as the evaluation of trace gas and aerosahg chemistry—meteorology feedbacks in online integrated
parameters. regional models.
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The improvements of forecasts resulting from online cou-edge, review the current state-of-the-art in online coupled
pled models with feedbacks need to be critically addressedanodelling, identify the most relevant processes for different
by the community in a well-coordinated way as is currently applications and make recommendations on the best coding
planned under the auspices of the phase 2 of AQMEII, bepractices, model evaluation strategies and applications. The
ing conducted in collaboration with the European COST Ac- Action further seeks to provide recommendations for effi-
tion EuMetChem. Detailed lists of chemistry—meteorology cient interfacing and integration of modules in order to facil-
interactions to be considered in model evaluation studies andate the exchange of codes developed by different research
observational data sets available for model evaluation, as re@roups.
ommended by EuMetChem and AQMEII, are given in Tables
B1-B3. 7.1.2 Interacting processes and feedback mechanisms

The focus on integrated systems is timely, since recent re-
search has shown that interactions between meteorology and

In this paper, we have reviewed the current status of On_chemlstry and feedback mechanisms are important in the

line coupled air quality and meteorology modelling and - context of many research areas and applications, which can

o groadly be separated into the fields of NWP, air quality/CWF
lustrated it with examples of 18 separate models develope and climate/earth system modelling. The relative importance
or applied in Europe (Table 4 and Appendix A). All the se- y 9. P

lected models can address regional scale phenomena wit?\f online integration and the level of detail necessary for rep-

horizontal grid resolutions in the range 201 km, and applica_resentmg different processes and feedbacks will vary greatly

tions ranging from the global scale (e.g. IFS-MOZART, Met- Eg%?ﬁg(}r}ﬁ :]r:e:x;zerztn ggﬂe:(')ggsclzlf:(?c;r:ngilgsthzsmvéﬁbaelrss
UM, NMMB/BSC-CTM, WRF-Chem) to urban scale (e.qg. of the COST Action (Table 3)

Enviro-HIRLAM, MCCM, GEM-AQ, Meso-NH, M-SYS, The processes which are.particularly critical for online
NNMB/BSC-CTM, RAMS/ICLAMS, WRF-Chem, WRF- coupling between the chemical and meteorological compo-
CMAQ), down to the local scale (M-SYS, Meso-NH, WRF-

Chem). All the models are applicable to studies of short-term .~ nts |n'clude (Dadvection, convectloand vgrUcaI diffu- .
sion (which control the transport and dispersion of chemical

episodes (forecast mode) and some of them also to long- = % . ) )
term simulations and regional climate studies. Feedbacks Of_pemes and hence critically affect surface concentrations)

pollutants on meteorology are already considered in most o 1) clou_d microphysicgwhich determines cloud life cycle,
these. However, the models differ considerably in the num_lnteractlons between clouds and aerosols and affects solu-

ber of interactions and the level of details of the processble chemical species); (iifpdiative transfer(which is deter-

representations. Furthermore, not all of them feature an On[nlned by meteorological parameters and radiatively active

line integration of meteorology and chemistry. For example chemical compounds); and (igrbulent fluxes at the sur-

RACMO2/LOTOS-EUROS and COSMO-MUSCAT follow fS;ZeC(i\g:)lch influences transport and distribution of chemical

the onling access approach, i.e. with data exchapge betwee Convection and condensation schemes need to be updated
the chemistry and meteorology modules not taking place an take the aerosol-microphysical interactions into account,

each_ main mpdel time step. The gre_at challenge for the COM: nd the radiation scheme needs to be modified to include the
munity of online coupled modellers in the coming years will

. . aerosol effects more accurately. The interactions of aerosols
be to ensure that the incorporation of the complex and com- ) o .
. . ; : with gas phase chemistry and their impacts on radiation and
putationally demanding feedback mechanisms improves the : . ) .
- . .Cloud microphysics depend strongly on their physical and
model predictions and can contribute to the ensemble of reli- . ) .
: chemical properties. Several processes such as nucleation,
able models in Europe. . . : . . :
coagulation, condensation, evaporation, sedimentation, in-
cloud and below-cloud scavenging, and deposition at the
surface need to be taken into account by the models. The
7.1.1 Integrating European research aerosol—cloud interaction schemes used in models are still
very uncertain, sometimes giving substantially different forc-
European research on online coupled modelling is still highlying and thus need to be improved and further developed
fragmented with numerous modelling groups who are devel{for example, for ice forming nuclei, interaction with cir-
oping numerical prediction tools independently. The COSTrus clouds, contribution of different anthropogenic and bio-
Action ES1004 EuMetChem was launched in 2011 and hagenic/natural aerosol particles for cloud evolution). On the
built upon previous initiatives such as COST 728. Its mainother hand, the inclusion of aerosol effects in convective
aim has been to develop a European framework for onlingparametrizations is only beginning to receive attention.
integrated air quality and meteorology modelling and to bet- Online coupling imposes additional requirements on the
ter coordinate European research on this subject. The Actiosetup and implementation of radiation parametrizations.

provides an ideal vehicle to foster the exchange of knowl-Most of these requirements reflect the need to maintain

7 Conclusions and recommendations

7.1 Major challenges and needs
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physical and numerical consistencies between the variousemi-Lagrangian schemes have been developed that are in-
modules and computational schemes of the model, againdterently mass conservative. Such schemes are applied in
the increased frequency of interactions and the multitude osome European integrated models.
simulated effects. The complexity of the treatment of the ef- A detailed analysis of the numerical properties of Euro-
fect of simulated aerosol concentrations on shortwave angbean integrated models is recommended. A particularly rele-
longwave radiation fluxes differs strongly among the models.vant set of tests has been described by Lauritzen and Thuburn
A final recommendation on how complex the parametrization(2011), which shifts the focus from traditional, but still im-
needs to be is currently not possible. portant, criteria such as mass-conservation to the prevention
Finally, emissions and deposition also interact in a specificof numerical mixing and unmixing. Not maintaining the cor-
way with the meteorological part within online coupled mod- relations between transported species is similar to introduc-
els. The most interesting emissions are those which depenihg artificial chemical reactions in the system.
on meteorology as they could potentially be treated more A clear trend towards integrated model development is be-
accurately and consistently than in offline models. Naturalcoming perceptible in Europe with several modelling sys-
emissions (e.g. isoprene, terpenes and pollen) strongly ddems that can be considered as online integrated models
pend on meteorology and are in general already calculatesith main relevant feedbacks implemented. Complementing
online even in offline models using the meteorological inputthose, there are several ones that are built using an online
driving the CTM model. Sea spray is the dominant aerosolintegrated approach, but some major feedbacks are not in-
source over the oceans and therefore, its proper quantificacluded yet. A third group of models, the online access mod-
tion is highly relevant for a coupled model. Wind-blown dust els, is characterised by applying an external coupler between
refers to particles from a broad range of sources. Due to theimeteorology and chemistry. All the information is passed
direct relationship with meteorology, such emissions must bethrough the coupler. Depending on the approach used, wind
calculated online. and mass consistency problems may arise. In this sense, on-
A large variety of chemical mechanisms are currently in line integrated models are desirable for a better representa-
use in online coupled models. Nevertheless, the most comtion of feedback processes.
monly used mechanisms have converged in terms of the Numerical performance is also an important issue for on-
state of the science included in their formulation. Modifica- line models. The current parallelisation is based on well-
tions of the chemical mechanisms, which not only affect gasestablished MPI and OpenMP programming models. Be-
phase chemistry but also the coupling with aqueous-phasgond these approaches there is no clear trend towards new
and aerosol mechanisms, have faced practical difficulties irparallelisation paradigms, even though supercomputers are
the past, requiring significant reprogramming. Methods ofexperiencing a huge increase in computing power achieved
updating chemical mechanisms make updates much easienainly through an increase in the number of computing units
as illustrated in the MECCA module (Sander et al., 2005).rather than an increase in clock frequency. New processor
Therefore, the following actions are recommended: types such as GPU’s and MIC'’s are only beginning to be ex-
- ) plored.

- Crgate a unified central_database of chemical mech- 1, adopt newer technologies, a conversion program that
anisms, where mechanism owners can upload releansters existing code to the new technology would be ad-
vant codes and provide updates as necessary. Versiong,n,geous. The transferred code would need to be still read-
should be numbered and chemical mechanisms shoulde and maintainable. This would be very useful since a cou-
be open. pled meteorology chemistry model takes several decades of

i_work to develop, and without software based support, trans-

— Enable interfacing of this database using, e.g. the K )
fers can take years to be completed reliably.

netic Pre-Processor (KPP) to develop a set of box
model intercomparisons including evaluation against o
smog chamber data (e.g. the EUROCHAMP frame- /-1-4 Data assimilation
work) and more comprehensive mechanisms and

moreover an analysis of the computational cost. Experience with chemical data assimilation (CDA) in inte-

grated online models is still limited. Most applications of
7.1.3 Numerical and computational aspects CDA use CTMs, rather than online coupled models, to im-
prove the simulated concentration fields or model parame-
The desirable numerical properties of transport schemes havers such as emissions. First efforts have been made with
been outlined. The most relevant properties to be considintegrated systems (IFS-MOZART and WRF-Chem) to as-
ered when developing integrated models and especially fosimilate chemical and meteorological observations in online
considering feedback mechanisms are conservation, shap@éitegrated models. There is some evidence that CDA can also
preservation and prevention of numerical mixing or unmix- improve the assimilated meteorological variables, for exam-
ing. Traditionally, Eulerian flux-based schemes are moreple the assimilation of ozone can have a positive effect on
suitable for mass conservation. Recently however, severahe assimilated wind fields (Semane et al., 2009). CDA will
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be beneficial in online coupled model if it improves the re- 7.2 Future directions, perspectives and

alism of the chemical fields which are used to simulate the recommendations

interaction between atmospheric composition and meteorol-

ogy. The easiest approach is the adjustment of initial con4t is clear that the online modelling approach is a prospective
ditions through CDA in a manner similar to meteorologi- way for future single-atmospherenodelling systems, pro-
cal data assimilation. Optimal interpolation, variational ap- viding advantages for all three communities, Met modelling
proaches, EnKF or hybrid techniques combining the advanincluding NWP, AQ modelling including CWF, and climate
tages of both variational and EnKF techniques are applicablemodelling. However, there is not necessarily one integrated
Other methodologies such as inverse modelling of emissioronline modelling approach/system suitable for all communi-
fields appear as a promising technique to improve the skillties.

of online integrated models and may have a stronger impact Comprehensive online modelling systems, built for re-
for short-lived pollutants than CDA has on initial conditions. search purposes and including all important mechanisms of
However, it is debatable whether the results of inverse modinteractions, will help to understand the importance of differ-
elling should be used directly to correct emission fields orent processes and interactions and to create specific model
only to provide insights for the development of improved configurations that are tailored for their respective purposes.

emission inventories. Regarding CWF and AQ modelling the online approach
_ _ will certainly improve forecast capabilities as it allows a cor-
7.1.5 Evaluation of methodologies and data rect way of jointly and consistently describing meteorologi-

) , ) cal and chemical processes within the same model time steps
There is a crucial need for more advanced evaluation ofynq grig cells. This also includes harmonised parametriza-
methodologies and output data. Model validation and benchyjong of physical and chemical processes in the ABL. There
marking are important elements of model developmenty e many studies and measurements supportive of this con-
as they help identifying model strengths and weaknesses;|sion (Grell et al., 2004; Grell, 2008; Zhang, 2008; Kor-
Model validation has a long tradition in the NWP and AQ gpoim et al., 2009; Grell and Baklanov, 2011; Forkel et al.,
mode!ling_ communities, and many concepts can be app]ie%mz; Saide et al., 2012; Zhang et al., 2013). In particular,
to online integrated models as well. The MetM communlty due to the strong nonlinearities involved, offline coupling can
has the necessary tools, for example, to analyse whether ifaaq tg inaccuracies in chemical composition simulations.
cluding certain feedbacks or not has a positive effect on g, meteorological modelling, the advantages of online
weather forecast skill. Demonstrating these benefits howe"erapproaches are less evident and need to be further investi-
requires running a model with and without feedbacks overgaieq and justified. It is clear that online models for short-
extended periods of time — rather than for selected episodeg, applications like NWP do not require full comprehen-
—in order.to draw statistically significant conclusions. sive chemistry (which would increase the CPU cost tremen-
Evaluating whether relevant feedback processes arg giy). Rather, the main improvements for NWP that are
treated accurately by a model is challenging. The effects of,ggjple through an online integrated approach will be re-
aerosols on radiation and clouds, for example, depend on thgyeq 1o improvements in (i) meteorological data assimila-
physical and chemical properties of the aerosols. Thus, cOMgqn (first of all remote sensing data, radiation characteris-
prehensive measurements of aerosol size distributions, cheng \hich require detailed distributions of aerosols in the at-
ical composition, and optical properties are needed. Suchy,gsphere) and (i) description of aerosol-cloud and aerosol—
observations should ideally be collocated with detailed ra-5gjation interactions, yielding improved forecasting of pre-
diation measurements (€.9. AERONET), with aerosol lidarsgj,iation, visibility, fog and extreme weather events. While
probing the vertical distribution and with radiosondes pro- ihese improvements might not be statistically significant as
viding profiles of temperature and humidity. Evaluating indi- 5yeraged over longer periods of time, it is clear that for spe-
rect aerosol effects on clouds and precipitation is even morgific episodes and for urban weather forecasts, there are large
challenging and requires additional detailed observations Of)otential benefits. In summary, meteorology modelling in-
cloud properties such as cloud droplet number concentrag),ging NWP should benefit from including such feedbacks
tions. Measurements from polarimetric radars, disdrometers,g gerosol—cloud-radiation interactions, aerosol dynamics
and cloud particle imagers can provide information on hy- 55nq with simplified chemistry (with a focus on aerosol pre-
drometeor phases and size distributions but are only sparsely,rsors and formation, e.g. sulfur chemistry).
available. Online integration can also be beneficial for AQ  ko; climate modelling, the feedbacks (forcing mecha-
modelling. Dense observational networks are available fornisms) are the most important and the main improvements
the validation of classical air pollutants such as@® NOx 56 related to climate—chemistry/aerosols interactions. How-
and satellite observations of AOD and HO ever, the online approach is not strictly necessary for all pur-
poses in this field. Many GCMs or RCMs are using an of-
fline approach for describing GHG and aerosol forcing pro-
cesses (by chemistry/aerosol parametrizations or prescription
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or reading outputs of CTMs). For global climate, in the EU
project MEGAPOLLI, a sensitivity study compared online vs.
offline approaches and showed that for long-lived GHG forc-
ing the online approach did not give large improvements
(Folberth et al., 2011). On the other hand, for short-lived cli-
mate forcers, especially aerosols and for regional or urban
climate, the outcome was very different, with online mod-
elling being of substantial benefit. The online approach for
climate modelling is mostly important for studies of short-
lived climate forcers, which represent one of the main un-
certainties in current climate models and are in particular at
the core of political and socio-economic assessments of fu-
ture climate change mitigation strategies. It will be impos-
sible to answer the main questions about aerosol short-lived
climate forcers and mitigation strategies without employing
fully online coupled modelling systems that include aerosol
dynamics and feedbacks.

Based on the analysis of the models included in this re-
view, we suggest aiming at eventually migrating from sep-
arate MetM and CTM systems to online integrated coupled
meteorology chemistry models. Only this type of model al-
lows the consideration of two-way interactions (i.e. feed-
backs) in a consistent way. The integration has not only the
advantage of a single-atmosphere model, for instance where —
water vapour and other atmospheric gases are no longer
treated numerically differently simply because of historical
separation of the different disciplines. Furthermore, the inte-
gration has the advantage of saving computational resource
since several processes (e.g. vertical diffusion) have to be de
scribed in both MetMs and CTMs. Moreover, it will also re-
duce the overall efforts in research and development, mainte,
nance and application leading to cost savings for both type
of models.

The main recommendations from this study are briefly
summarised in the following sections. If a recommendation
is mainly relevant for one type of the application (Meteorol-
ogy or Chemistry simulations), this is explicitly mentioned.
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Emissions and heat fluxes from forest fires and vol-
canic eruptions need to be better known and improved
in the models.

Treatment of anthropogenic VOC emissions need to be
improved/ updated, both because of their contributions
to Oz and SOA formation.

Emissions of primary aerosols and in particular their
number and size distributions and physical proper-
ties (hydrophilic/hydrophobic) need to be better rep-
resented, both for atmospheric composition and for in-
teraction with meteorology.

Ammonia emissions should be calculated online with
a more accurate representation of temporal variation,
and account should be taken of their interactions
with soil/vegetation (bi-directional fluxes, deposition
or emission).

Dry and wet deposition processes are directly driven
by meteorology and, therefore, more accurate repre-
sentations of their interplays with chemistry and mete-
orology are needed.

Accurate parametrizations of land surface processes
and accurate land use/land cover data sets are needed
because of their profound impacts on both natural
emissions and dry deposition fluxes.

%_’.2.2 Model formulations

Migrate from offline to online integrated modelling systems

is recommended as only the latter approach can guarantee a
Tonsistent treatment of processes and allow two-way inter-
actions of physical and chemical components of Met-Chem
systems, particularly for CWF and NWP communities. On-
line integrated models, however, need harmonised formula-
tions of all processes influencing meteorology and chemistry.
In particular the following model treatments need to be con-

sidered:

7.2.1 Emissions and depositions

Emission and deposition are both close-to-surface processes
and dependent on meteorology processes. In order to im-
prove their treatment in MetChem models the following is
needed:

— Time dependence of anthropogenic emissions should
be better described, and open-ocean ship emissions
should be better characterised (time, amount, com-
pounds). Currently their parametrizations still have
large uncertainties (Jalkanen et al., 2012).

— Accurate characterisation of land use, soil moisture
and vegetation should be used for more accurate rep-
resentations of meteorologically dependent emissions.

Atmos. Chem. Phys., 14, 317398 2014

Our parametrization/understanding of aerosol-
radiation—cloud—chemistry interactions is still incom-
plete and further research on the model representations
of these interactions is needed.

Key aerosol properties (size distribution, phase, hygro-
scopicity, mixing state and optical depths) and pro-
cesses (chemistry, thermodynamics for SOA and dy-
namics) need to be better represented for AQ simula-
tions.

Cloud properties (droplet number concentrations, size
distribution, optical depths), processes (microphysics,
dynamics, wet scavenging, aqueous phase chemistry)
and cloud—aerosol interactions for all types of clouds
(in particular for convective and ice clouds) need to be
better represented.

www.atmos-chem-phys.net/14/317/2014/



— A major challenge for most online models is the ad-
equate treatment of indirect aerosol effects. Its imple-
mentation with affordable computational requirements
and evaluation against laboratory/field data would
greatly facilitate this transition.

— As more meteorological and chemical variables are as-
similated into a model, one must be cautious about
possible diminishing returns and possible antagonistic
effects due to the interactions between meteorological
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— Special variables (e.g. shortwave and longwave ra-

diation, photolytic rate of N@ AOD, COT, CCN,
CDNC, precipitation) should be included routinely
into a model evaluation for online coupled models. Re-
liable measurements are needed on a routine basis.

Routine, long-term measurements of aerosol size dis-
tributions, chemical composition and optical proper-

ties in operational ground-based networks are urgently
needed to verify meteorology/climate—chemistry feed-

variables and chemical concentrations. Consequently, backs.

the development of optimal methods for data assimila-

o — Ground-based and satellite remote-sensing measure-
tion is warranted.

ments of aerosol and cloud properties (e.g. optical
depths, CCN, IN, CDNC and SW and LW radiation)

are very important to study aerosol indirect effects
and should be included for validation of meteorology
chemistry feedbacks.

7.2.3 Real-time application

To achieve the objective of online coupled meteorology and
chemistry simulation in forecast models some specific as-

pects should be considered: — Last but not least, there is a need to evaluate routinely

the atmospheric mixing processes in models, in partic-
ular within the ABL, using measurements on fluxes of
meteorological parameters and chemical species in all
three directions.

— National weather centres should consider progres-
sively including aerosol-chemistry interactions into
NWP systems which will lead to potential improve-
ments and extending them to CWF using online cou-
pled models for cross evaluations, benefitting both dis-7_3 Outlook
ciplines.

o ) ) This review paper is the first to summarise the status of on-

— The online integrated approach is well suited for ap-|ine coupled models in Europe. As the developments in the
plications where a frequent integration between mete- ¢t decades and especially in the last few years have shown,
orology and chemistry models is required to properly yore online coupled models will become available and more
account for the effects of mesoscale events in high-teeqhacks will be included. The COST Action ES1004 aims
resolution CTMs. at determining the most relevant processes for coupling.

) ) i . However, it is already clear today that the coupling of mod-

— The online coupling of meteorology, physics and emis- o\ \vij| not be restricted only for meteorology and chemistry,
sions and the_|r accurate representatlons are essenﬂ%t will extend to biological processes such as the uptake and
for CWF; the |mplementat|.0.n of qerosol feedbacks is emission of gases as well as the water vapour evaporation all
important mostly for specific episodes and extreme yononq on the same biological activity of plants, which are
cases. currently only simply described. It is also important to pro-

mote and maintain international collaboration in developing,

testing, and demonstrating the added value of advanced mod-

_elling tools to the scientific and policy-making communities.

7.2.4 Model evaluation

For online models the evaluation can no longer be con
ducted for meteorology or chemistry separately. Interacting

processes will need specific attention to avoid the situationAppendix A

where the “right” results are obtained for the wrong reasons.

In this regard, efforts should focus on conducting dynamicyjode| descriptions

evaluation to establish the models’ credibility in accurately

simulating the changes in weather and air quality conditionsShort model descriptions are given here. Tabular overviews
observed in the real world. To achieve this, attention shouldcan be found aittp://www.mi.uni-hamburg.de/costmodinv

be given to:

Al BOLCHEM, ltaly
— An international test bed for evaluation of urban mod-

els and mesoscale models for online MetChem mod-BOLCHEM (BOLAM + CHEM; Mircea et al., 2008) is a

els. A first step into this direction has been taken by model based on a project that started in 2002 at CNR-ISAC.
the AQMEII consortium for the regional scale, but ex- Gas and aerosol transport, diffusion, removal and transfor-
tension for higher resolving models is important. mation processes are included in BOLAM meteorological
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hydrostatic limited area model (Buzzi et al., 2003). Applica- Geleyn, 1992). Radiative fluxes are modified online by the
tions range from regional to hot-spot, with timescales rang-aerosol mass, and its soot fraction. In order to account for the
ing from few days (air quality forecasts) to decades (clima-interaction of aerosol particles with the cloud microphysics
tological). Equations for atmospheric dynamics, thermody-and radiation, COSMO-ART uses the two moment cloud mi-
namics, radiation, microphysics and chemistry are solved sicrophysics scheme of Seifert and Beheng (2006) and param-
multaneously on the same spatio-temporal grid making eveneterizations of cloud condensation and ice nuclei (Bangert et
feedback potentially available. al., 2011, 2012). A first evaluation of the model system can
BOLCHEM was run in forecast mode over Europe dur- be found in Knote et al. (2011).
ing the GEMS projecthttp://gems.ecmwf.int/Huijnen et
al., 2010; Zyryanov et al., 2012) and is currently running to A3 COSMO-MUSCAT, Germany
forecast Air Quality over Italy in the MACC projechttp:
/lwww.gmes-atmosphere.@ult also participated within the  The multiscale model system COSMO-MUSCAT (Wolke
CityZen project fttp://www.cityzen-project.euto regional et al., 2004a, b, 2012) is used for process studies as well
trend and future scenario studies (Colette et al., 2011). Iras operational pollutant forecasting at local and regional
addition, several specific studies were performed: volcanicscales. Different horizontal resolutions can be used for indi-
emission event (Villani et al., 2006), forest fire episodesvidual sub-domains in the developed multi-block approach,
(Pizzigalli et al., 2012), aerosol direct effects (Russo et al.,which allows finer grid sizes in selected regions of interest
2010), Saharan dust transport over the Mediterranean Se@.g. urban areas or around large point sources). The chem-
(Mircea et al., 2008), composition data assimilation (Messinaistry transport model MUSCAT, which treats the atmospheric
et al., 2011), scale bridging technique (Maurizi et al., 2012).transport as well as chemical transformations for several gas
phase species and particulate matters, is coupled online with
A2 COSMO-ART, Germany the operational NWP model COSMO (Steppeler et al., 2003)
of the German Meteorological Service (DWD). The trans-
COSMO-ART (ART stands for Aerosols and Reactive Traceport processes include advection, turbulent diffusion, sedi-
gases, Vogel et al., 2009) is a regional to continental scalenentation as well as dry and wet deposition. The chemical
model coupled online to the COSMO regional NWP and reaction system RACM-MIM2 (Karl et al., 2006; Stockwell
climate model (Baldauf et al., 2011). COSMO is used by et al., 1997) with 87 species and over 200 reactions is ap-
several European countries for operational weather forecasplied for 3-D air quality applications. The particle size dis-
The gaseous chemistry in COSMO-ART is solved by a mod-tribution and aerosol dynamical processes is described with
ified version of the Regional Acid Deposition Model, Ver- the modal aerosol model M7 (Vignati et al., 2004), extended
sion 2 (RADM?2) mechanism (Stockwell et al., 1990), which to nitrate and ammonium. In this approach, the total parti-
has been extended to describe secondary organic aerosol farle population is aggregated from seven log-normal modes
mation and hydroxyl recycling due to isoprene chemistrywith different compositions. The gas-to-particle partitioning
and heterogeneous reactions as hydrolysis@NAerosols  of inorganic species is performed using the thermodynamic
are represented by the modal aerosol module MADEsooterosol model ISORROPIA (Nenes et al., 1998). Alterna-
(Riemer et al., 2003). The five modes that represent thdively, a more simplified mass based particle model is avail-
aerosol population contain: pure soot, secondary mixturesble especially for long-term simulations.
of sulfates, nitrates, ammonium, organics and water (nu- The modelling system has been used for several AQ ap-
cleation and accumulation) and the internal mixtures of allplications (Stern et al., 2008; Hinneburg et al., 2009; Ren-
these species in both modes. Separate fine and coarse emigr and Wolke, 2010) and investigating large scale trans-
sion modes for sea-salt, dust (Stanelle et al., 2010), and regtort of Saharan dust, including its sources and sinks (e.qg.
anthropogenic species are treated by six additional modeddeinold et al., 2007; Helmert et al., 2007). In addition to
Specific modules are included to simulate the dispersion oparametrizing particle fluxes and transformations, the influ-
pollen grains (Vogel et al., 2008) and other biological parti- ence of aerosols by modifying solar and thermal radiative
cles. Meteorology affected emissions are also online coupledluxes on temperature, wind fields, and cloud dynamics are
within the model system. The equilibrium between phases oftonsidered (Heinold et al., 2011a; Meier et al., 2012b). Fur-
the inorganic material is achieved through the ISORROPIAthermore, the distribution of the Volcano ash plume over Eu-
Il module (Fountoukis and Nenes, 2007). The simulation ofrope has been analysed (Heinold et al., 2011b).
secondary organic aerosol chemistry and of organic mass
transfer between phases in COSMO-ART is currently treatedA4 Enviro-HIRLAM, Denmark and HIRLAM
with the SORGAM scheme (Schell etal., 2001). That scheme countries
was recently replaced by a VBS (volatility basic set) scheme
(Athanasopoulo et al., 2013). The radiation scheme usedtnviro-HIRLAM is developed as a fully online integrated
within the model to calculate the vertical profiles of short- NWP and CTM system for research and forecasting of mete-
wave and longwave radiative fluxes is GRAALS (Ritter and orological, chemical and biological weather. The integrated
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modelling system is developed by DMI and other collab- ~ 15km (whole Europe);~5km (Poland) and-1km for
orators (Chenevez et al., 2004; Baklanov et al., 2008aagglomerations (Krakow), where urban effects are repre-
2011b; Korsholm et al., 2008, 2009; Korsholm, 2009) andsented by the TEB (Town Energy Balance) parameterization
included as the baseline system of the Chemical Branch ofMasson, 2000).

the HIRLAM consortium. The model development was ini-

tiated at DMI more than a decade ago and is used now ifA6 IFS-MOZART/C-IFS (MACC/ECMWF)

several countries. The first version of Enviro-HIRLAM was )
based on the DMI-HIRLAM NWP model with online inte- The ECMWEF (European Centre for Medium-Range Weather

grated pollutant transport and dispersion (Chenevez et a|_l,:orecast) meteorological forecast and data assimilation sys-

2004), chemistry, deposition and indirect effects (Korsholm, €M IFS (Integrated Forecast Systetip://www.ecmwf.int/

2009) and later aerosol dynamics (Baklanov, 2003; Grosdesearch/ifsdogshas been coupled to an updated version of

and Baklanov, 2004). To make the model suitable for chemn€ global chemistry transport model MOZART-3 (Model for

ical weather forecasting in urban areas the meteorologicaPZ0ne And Related Tracers, version 3; Kinnison et al., 2007)
part was improved by implementation of urban sub-layer'” order to build the coupled MACC system IFS-MOZART

parametrizations (Baklanov et al., 2008b). The model's dy-(Flémming etal., 2009). For coupled simulations, both mod-
namic core was improved by adding a locally mass con-€ls are run in parallel and exchange meteorological fields

serving semi-Lagrangian numerical advection scheme (KaaS Well as 3-D source and sink terms every hour using the

2008; Sgrensen, 2012), which improves forecast accuracf)ASIS4 coupling software developed in the PRISM project

and enables performing longer runs. The current version of valcke and Redler, 2006). The coupled system is currently
Enviro-HIRLAM (Nuterman et al., 2013) is based on the used to provide analysis and forecast of atmospheric compo-

reference HIRLAM version 7.2 with a more sophisticated Sition http://www.gmes-atmospherejedrhe coupled sys-

and effective chemistry scheme, multi-compound modal ap_'tem will be superseded by the online integration of the chem-

proach aerosol dynamics modules, aerosol feedbacks on r&€al meéchanisms into the IFS (C-IFS) following the imple-
diation (direct and semi-direct effects) and on cloud micro- Mentation of aerosol modules (Morcrette et al., 2009).
physics (first and second indirect effects). This version is still
under development and needs further validation.

The modelling system is being used for operational pollentye onjine coupled regional meteorology chemistry model
forecasting in Denmark since 2009 and for different research\,ccm (Mesoscale climate chemistry model, Grell et al.,
studies since 2004. Following the main strategic develop—zooo) was developed at the IMK-IFU. MCCM is based on
ment within HIRLAM (HIRLAM-B project), further devel- e non_hydrostatic NCAR/Penn State University mesoscale
opments of Enviro-HIRLAM will shift to the new HAR- - 04el MMS5. It offers the choice between the tropo-
MONIE NWP platform incorporating the Enviro-HIRLAM spheric gas phase chemistry mechanisms RADM2, RACM,
chemistry modules and aerosol-radiation—cloud interactions,,4 RACM-MIM. BVOC emissions and photolysis are
into the future Enviro-HARMONIE integrated system (Bak- caicylated online. Aerosols are described by the modal
lanov, 2008; Baklanov etal., 2011a). MADE/SORGAM aerosol module. Like MM5, MCCM can
be applied from the continental to the urban scale.

Applications of MCCM include various AQ studies for
o ) Europe and Mexico City, the first online coupled regional cli-
The GEM-AQ model (Kaminski et al., 2008) is & cOM- a4 chemistry simulation (Forkel and Knoche, 2006), and

prehensive chemical weather model in which air quality \he simulation of the 2010 Eyjafjallajokull ash plume (Emeis
processes (chemistry and aerosols) and tropospheric chergz 5| 2011).

istry are solved online in the operational weather predic-
tion model GEM. GEM is the Global Environmental Mul- A8 MEMO/MARS, Greece
tiscale model, developed at Environment Canada (Coté et
al., 1998). Recently, the model was extended to account folhe MEMO/MARS-aero modelling system combines the
chemistry-radiation feedback, where modelled (chemicallymesoscale meteorological model MEMO (Moussiopoulos et
active) ozone, water vapour and aerosols are used to calcal., 1997) with the chemical dispersion model MARS-aero
late heating rates. For regional Arctic simulations the model(Moussiopoulos et al., 1995) in an online or offline coupling
chemistry was extended to account for reactive bromineconfiguration. The aerosol phase is described in MARS-aero
species in order to investigate ozone depletion in the boundas a multimodal (fine, accumulation and coarse) internally
ary layer (Toyota et al., 2011). mixed distribution. For inorganics, an equilibrium model
The GEM-AQ model in LAM configuration is used in a has been built especially for dry, coastal and urban regions,
semi-operational air quality forecast for Europe and Polandwhich contains common inorganic species and also crustal
(e.g. Struzewska and Kaminski, 2008). The model is runspecies. For secondary organics (SOA), the SORGAM mod-
on several regional domains with horizontal resolutions ofule has been incorporated into the model. Radiative effects

A7 MCCM, Germany

A5 GEM-AQ, Canada (also used in Poland)
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of air pollutants and cloud layers are introduced in the cou-A10 MetUM (Met Office Unified Model), UK
pled configuration using an extended version of the radiation
module IRIS (Halmer, 2012) which incorporates the OPAC The Met Office Unified Model (MetUM) (Davies et al.,
(Optical Properties of Aerosols and Clouds) software library2005) uses the aerosol scheme CLASSIC (Bellouin et al.,
(d’Almeida et al., 1991). OPAC defines a data set of typical2011) that previously was applied in climate and air qual-
clouds and internally mixed aerosol components, which carity configurations. The chemistry scheme is the UKCA
be externally mixed to simulate a wide range of troposphericscheme (Morgenstern et al., 2009; O’ Connor et al., 2013)
aerosols. which offers several choices of chemical mechanism. A two
The MEMO/MARS-aero modelling system forms the op- moment modal aerosol scheme, UKCA-GLOMAP-mode,
erational core of the Air Quality Management System usedhas also been developed for use with the MetUM ported
by the environmental ministry of the Republic of Cyprus from the offline model TOMCAT (Mann et al., 2010). The
(Moussiopoulos et al., 2012). The performance of the couimodel is two-way coupled with the direct radiative effects
pled system was evaluated in an urban case application foof gases/aerosols and the indirect effects of aerosols are also
Paris, France (Halmer et al., 2010) by analysing the responseapable of being treated.
of the primary meteorological variables and dispersion fields MetUM is used across a very wide range of spatial and

to the introduction of the direct aerosol effect. temporal scales from short range weather forecasting at
1.5km resolution to multi-decadal simulations in an earth
A9 Meso-NH, France system model configuration (Collins et al., 2011).

Meso-NH is a non-hydrostatic mesoscale atmospheric mode11  Mm-sYS (online version), Germany

coupled online with chemistry, which has been jointly devel-

oped by CNRM (Météo France) and Laboratoire d'Aérologie The mylti-scale community model system M-SYS (Truken-
(CNRS) (Lafore et al., 1998). Meso-NH simulates synop- ijier et al., 2004), with its development coordinated at
tic scale (horizontal resolution of several tens of kilome- 4, University of Hamburg, combines the non-hydrostatic
tres) to small scale (LES ty_pe, horizontal resolution of ayesoscale TRAnsport- and Stream model METRAS
few meters) and can be run in a two-way nested mode. Thegchinzen, 1990: Schiiinzen and Pahl, 1992 at resolutions of
model is used for research for both meteorological and chemy _g km) with the obstacle-resolving Microscale model M-
ical weather. Different sets of parametrization are includedrgag (Schitinzen et al., 2003: Bohnenstengel et al., 2004 at

in_the mod_el for_convection (B_echtold e.t al., 2001), clqud resolution 1-10 m) using 1-way nesting in dependence of ap-
micro-physics (Pinty and Jabouille, 1998; Cohard and Pinty,sjication and characteristic scales (Schliinzen et al., 2011).

2000; Khairoudinov and Kogan, 2000), turbulence (Cuxart etgsy models calculate transport and solve 3-D gas-phase
al., 2000), biosphere-atmosphere thermodynamic exchangesemistry (RADM2 mechanism, Stockwell et al., 1990) and
(Noilhan and Mahfouf, 1996) and for urban-atmosphere in-,qr050] reactions, when coupled to the corresponding chem-
teractions (Masson, 2000). The physical package dedmate%try modules (MECTM/MICTM). Advection and diffusion

to the mesoscale has been included in the NWP model ¢ soived in flux form using the same numerical schemes for
AROME that is operational since 2008 over France at 2.5 KMy ataorology and chemistry. For resolutions of at least 1 km,

resolution. , , the sectional aerosol model SEMA is employed (von Salzen
The model includes online gaseous chemistry (Suhre etalyng Schiiinzen, 1999a, b). Non-reacting tracers, e.g. pollen
2000; Tulet et al., 2093), online aerqso|3 _chem|_stry (T“|etemissions (Schueler and Schliinzen, 2006) and pollen fertil-
et al., 2005) and online cloud chemistry including mixed j, (Schyeler et al., 2005) are calculated online with depen-
phase cloud (Leriche et al., 2012). Several chemistry meChyence on meteorology. Other processes solved with direct de-
anisms are available for the gas phase. RACM and ReLACS,engence of meteorology include, dry deposition (Schliinzen
(Crassier et aI.,IZOOO), which is a re.duced mechanism from, Pahl, 1992), sedimentation (von Salzen and Schiiinzen,
RACM, are dedicated to the modelling of ozone, N&nd  1999a) and biogenic emissions. The models consider several
VOC chemistry system in the troposphere. Furthermoreg ,qrig.scale land covers per grid cell and employ a flux ag-
CACM (Caltech Atmospheric Chemistry Mechanism, Grif- 4 eqation method (von Salzen et al., 1996) to describe more
fin et al,, 2002) and ReLACS2 (Tulet et al., 2006), which e ,jistically typical surface characteristics (Schlinzen and
is a reduced mechanism from CACM, are dedicated, in ady at,fey 2003); this is also considered in the online coupled
dition to the modelling of the ozone, NOx, VOC chemistry goa_jce model, where several ice classes plus water might oc-
system, to the modelling of the se_m|-volat|le organic com- ¢+ in one grid cell (Lipkes and Birnbaum, 2005). To bet-
pounds, precursors of SOA formation. ter describe urban effects the BEP scheme has been included
(Grawe et al., 2012).
Early applications, e.g. for coastal (von Salzen and
Schliinzen, 1999c) or urban areas (Schliinzen et al., 2003),
and biogenic emissions (Renner and Minzenberg, 2003),
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revealed that online modelling was too resources consumaerosol concentrations, and the system therefore has some
ing at that time and hindered scientific progress. Thereforefeatures of an online access model. In addition to differ-
the data exchange interval has been increased from onlinences in internal time steps, both models run on their na-
integrated to 15 min up to 3 h, depending on the applica-tive grids (rotated pole for RACMO2 versus regular lat-lon
tion (e.g. Lenz et al., 2000; Miiller et al., 2001; Schliinzenfor LOTOS-EUROS), with a typical resolution of 25km,
and Meyer, 2007; Meyer and Schliinzen, 2011). Applica-although a resolution of the order of 10km is also feasi-
tions of the online integrated system concern atmospheridle. Since LOTOS-EUROS only covers the lowest 3.5 km of
inputs into the marginal seas and mud-flat areas (Schliinzethe atmosphere, as it was designed as an air quality model,
and Pahl, 1992; Schlinzen et al., 1997; von Salzen andRACMO2 has to use climatology for the rest of the vertical
Schlinzen, 1999c), aerosol load and concentrations withirdimension. A vertical extension of LOTOS-EUROS is being
street canyons (Schliinzen et al., 2003) or biogenic emissiondeveloped.

and gene flow on a landscape level (Renner and Minzen- RACMOZ2 is a semi-Lagrangian model based on the dy-
berg, 2003; Schueler and Schliinzen, 2006; Buschboom eatamics of the HIRLAM model, combined with the physics

al., 2012). of the ECMWF IFS system. It has taken part in ensemble
studies with other regional climate models and is used for
Al12 NMMB/BSC-CTM (BSC-CNS), Spain the downscaling of climate scenarios for the Netherlands.

LOTOS-EUROS is a Eulerian model, using CBM-IV for
The NMMB/BSC-CTM is a new fully online chemical gaseous chemistry and EQSAM (Metzger et al., 2002) for
weather prediction system under development at the Eartlsecondary inorganic aerosols. Secondary organics are not ac-
Sciences Department of the Barcelona Supercomputing Cereounted for yet. Biogenic, dust and sea spray emissions are
ter (BSC) in collaboration with several research institutionscalculated online. The model currently uses a bulk approach
(National Centers for Environmental Predictions (NCEP), for aerosol (PMsand PMg) although M7 (Vignati et al.,
NASA Goddard Institute for Space Studies, and the Univer-2004) is available. LOTOS-EUROS is a part of the MACC
sity of California, Irvine). The basis of the development is ensemble and has taken part in EURODELTA and AQMEII
the NCEP new global/regional Non-hydrostatic Multiscale model intercomparison exercises. It is used in the Nether-
Model on the B grid (NMMB; Janjic et al., 2011; Janjic and lands for smog forecasting and policy oriented studies. A
Gall, 2012). Its unified non-hydrostatic dynamical core al- one-way coupled version was used to study the impact of
lows regional and global simulations and forecasts. A min-climate change on air quality (Manders et al., 2012). A two-
eral dust module has been coupled within NMMB (Pérez etway coupled version including the direct impact of aerosol
al.,, 2011). The new system simulates the atmospheric lifeon radiation (Savenije et al., 2012) and on cloud condensa-
cycle of the eroded desert dust. The main characteristicsion number (Van Meijgaard et al., 2012) is now available.
are its online coupling of the dust scheme with the meteo-
rological driver, the wide range of applications from meso A14 RAMS/ICLAMS, USA/Greece
to global scales, and the dust shortwave and longwave ra-
diative feedbacks on meteorology. In order to complementThe Integrated Community Limited Area Modelling Sys-
such development, an online gas-phase chemical mechaem (ICLAMS; Solomos et al., 2011) has been developed at
nism has been implemented (Jorba et al., 2012). Chemicahe University of Athens, with contributions from ATMET
species are advected and mixed at the corresponding timeLc, USA and Georgia Institute of Technology, as an ex-
steps of the meteorological tracers using the same numetended version of RAMS6.0 atmospheric model (Cotton et
ical scheme of the NMMB. Advection is Eulerian, posi- al., 2003). It is a hew generation integrated modelling sys-
tive definite and monotone. The final objective of the work tem that includes two-way interactive nesting, detailed sur-
is to develop a fully coupled chemical weather prediction face (soil, vegetation) and explicit cloud microphysics. The
system, namely NMMB/BSC-CTM, able to resolve gas— desert dust module SKIRON (Spyrou et al., 2010) has been
aerosol-meteorology interactions from global to local scalesimplemented in RAMS/ICLAMS and the model includes
Current efforts are oriented to incorporate a multi-componentalso a sea-salt module, gas and aqueous phase chemistry, het-
aerosol module within the system with the aim to solve theerogeneous chemical processes and an improved radiation
life-cycle of relevant aerosols at global scale (dust, sea saltscheme (RRTM). Photodissociation rates, radiative transfer

sulfate, black carbon and organic carbon). corrections as well as aerosol—cloud interactions are calcu-
lated online. The same radiative transfer scheme is used for
Al3 RACMO2/LOTOS-EUROQOS, the Netherlands both physical and photochemical processes. All prognostic

aerosols in the model are allowed to act as CCN/GCCN/IN
The regional climate model RACMO2 (Van Meijgaard et for the activation of cloud droplets and ice particles following
al., 2008) is online coupled to the regional chemistry trans-the formulations of Nenes and Seinfeld (2003) and Barahona
port model LOTOS-EUROS (Schaap et al., 2008). They areand Nenes (2009). CCN/GCCN/IN are treated in an explicit
coupled through a 3-hourly exchange of meteorology andway.
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The model capabilities make RAMS/ICLAMS appropriate biomass burning emissions) and feedback studies focusing
for studying complicated atmospheric processes related ton cloud—aerosol feed-backs have been performed (e.g. Cole-
chemical weather interactions and quantifying forcing fromman et al., 2013; Langmann et al., 2012; O’'Dowd et al.,
them. 2012; Pfeffer et al., 2012).

A15 RegCM-Chem, ltaly A17 WRF-Chem, USA (also used in Germany, UK,

. ) ) i Spain and others countries)
RegCM4-Chem is the ICTP-Regional Climate Model online

coupled with the atmospheric chemical transport model. Thel_he Weather Research and Forecast (WREp:/mww
climat_e component of_ the coupled model is RegCM. The f-model.org) model coupled with Chemistrg/ (WI'\;F-
chemistry component in RegCM4 depends on the condense hem: Grell et al., 2005: Fast et al., 2006) provides the capa-
gas-phase chemistry which is based on CBM-Z (Zaveriand_.,..” .’ . " . N

Peters, 1999). During the last years RegCM has been co oility to simulate chemistry and aerosols from cloud scales

T . . o regional scales. WRF-Chem is a community model. The
pled with simplified chemistry/aerosol modules of increas- . : o0
; : A . development is led by NOAA/ESRL with contributions from
ing complexity, such as a simplified sulfur chemistry scheme

including direct and indirect aerosol radiative effects (Qian National Center for Atmospheric Research (NCAR), Pacific

and Giorgi, 1999: Qian et al., 2001), a simple carbon alerosoI\Iorthwest National Laboratory (PNNL), EPA, and university

ok Somon et al 2006, desr dustmocel (Zakey £ P e urt moce O WRECher e
al., 2006) and a sea salt scheme (Zakey et al., 2008).

Studies of regional chemistry-climate interactions with thedirect and indirect effect. Standard gas phase chemistry
gi Y . options of WRF-Chem include the RADM2, MOZART,
RegCM system include the effects of direct effects of SUI'CRIMech and the CBMZ mechanism, additional chemistr
fate on the climate of east Asia (Giorgi et al., 2002, 2003), ' ' Y

the effects of desert dust on the African monsoon (Konare eﬁptions are available with a preprocessing tool based on KPP.

al., 2008; Solmon et al., 2008, 2012), the effect of European or aemso'S’ it offers the chqce be_tween bulk, modal, anq
. sectional schemes. The \olatile Basis Set (VBS) approach is
aerosol (Zanis et al., 2012), and the effects of dust storms on . .
ST also available for the modal and sectional aerosol approaches
East Asia climate (Zhang et al., 2009). : .
to treat Secondary Organic Aerosol formation. Among other
options MEGAN may be used for biogenic emissions, two
pre-processors are available for wildfires (injection heights
. . . . . are being calculated online).
The regional three-dimensional online climate— . o
. : WRF-Chem is used for research applications or for
chemistry/aerosol model REMOTE (Regional Model . : . ) .
forecasting of air quality (e.ghttp://verde.lma.fi.upm.es/

with Tracer Extension) is based on the former regional : . : :
. wrfchemey), volcanic ash dispersion, and weather. Due to its
weather forecast system of the German Meteorological

Service (Majewski, 1991), extended with gas phase and/ersaullty, WRF-Chem is attracting a large user and devel-

: ; oL . oper community world-wide and also in Europe. WRF-Chem
aerosol chemistry. A basic description is available from is continually developed and additional options are being im-
Langmann (2000). For the determination of aerosol dynam- y P P 9

ics and thermodynamics, the M7 module is implementedplementEd' References from model applications and/or de-

(Vignati et al., 2004). The aerosol dynamical processes | velopments can be found http://ruc.noaa.gov/wrf/ WG11/

. . . - nReferences/WRF—Chem.references.hTrInere are also sev-
M7 include nucleation, coagulation and condensation. The . ; .
eral versions and branches/lines of the modelling system un-

aerosol size spectrum is represented by the SUperpOSitiOHerdevelopment (see e.g. Zhang, 2008, 2010a, 2012c, 2013;
of seven log-normal distributions subdivided into solubleéri etal,, 2010) e ' ' ' ' '

and insoluble coarse, accumulation and Aitken modes an

an additional soluble nucleation mode. The five aerosol

components considered in M7 are sulfate, black carbonA18 WRF-CMAQ Coupled System, USA (also used in

organic carbon, sea salt and mineral dust (Langmann et al., UK and other countries)

2008). Photochemical production and loss in REMOTE are

determined by the RADM Il chemical scheme (Stockwell The Community Multiscale Air Quality (CMAQ) modelling

et al., 1990). Based on REMOTE, the REMO-HAM has system (Byun and Schere, 2006) developed by USEPA since

recently been developed and evaluated (Pietikéinen et al1990s is one of the decision tools for regulatory appli-

2012). It uses the same chemical mechanism but is basechtions. Traditionally, meteorological models are not built

on a newer version of the meteorology model REMO in the CMAQ model. The users need to run a meteoro-

(B. Langmann, personal communication, 2013). logical model, like the Fifth-Generation Pennsylvania State
Several evaluation studies and applications in different re-University-National Center for Atmospheric Research Model

gions of the Earth and for different kinds of aerosols (an-(MM5) or WRF (Skamarock et al., 2008) model first and then

thropogenic emissions, mineral dust, volcanic emissionsuse the meteorological model output to drive CMAQ. There

Al16 REMOTE/REMO-HAM, Germany
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is no chemistry feedback to meteorology in the offline ver-
sion.

The new version CMAQ 5.0 (officially released in Febru-
ary 2012,http://www.cmag-model.oryjfincludes an option
to run the model in a 2-way coupled (online access) mode
with the WRFv3.3 model (Pleim et al., 2008; Mathur et al.,
2010; Wong et al., 2012). A coupler is used to link these
two models, ensuring exchange between the meteorology
and atmospheric chemistry modelling components. In this
2-way coupled system, simulated aerosol composition and
size distribution are used to estimate the optical properties
of aerosols, which are then used in the radiation calculations
in WRF. CMAQV5.0 includes a new version of the SAPRC
gas-phase chemical mechanism — SAPRCO7TB (Carter etal.,
2010), the new version CB0O5 with updated toluene chemistry
(Whitten et al., 2010) and a new aerosol module AEROG.
These are to be used with CAM and RRTMG (two radiation
schemes options in WRF-CMAQ) to calculate the aerosol ex-
tinction, single scattering albedo, and asymmetry factor for
shortwave (SW) radiation and aerosol extinction for long-
wave (LW) radiation. The latest version of the two-way cou-
pled WRF-CMAQ model has also included aerosol indirect
effects (Yu et al., 2001). The aerosol chemical species cal-
culated by CMAQ are combined into five groups: water-
soluble, insoluble, sea-salt, black carbon, and water. The re-
fractive indices for these species are taken from the OPAC
database (Hess et al., 1998) using linear interpolation to the
central wavelength of the CAM and RRTMG wavelength in-
tervals (Wong et al., 2012).

Offline WRF-CMAQ has been used in a number of
projects throughout Europe for air quality regulatory appli-
cations including EC FP7 funded projects MEGAPOLI and
TRANSPHORM. Appel et al. (2012) have demonstrated the
WRF-CMAQ modelling system used in the AQMEII (phase
1) model evaluation. The online 2-way coupled WRF-CMAQ
model will be used in AQMEII (phase 2) within the online
coupled model evaluation exercise and to explore air quality
and climate change interactions.

367
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Appendix B

Table B1. List of effects of meteorology on chemistry.

Meteorological
parameter

Effecton ...

Model variables

temperature

chemical reaction rates
biogenic emissions

aerosol dynamics (coagulation,
condensation)

evaporation,

T, reaction rate coefficients

BVOC emission rates, isoprene, terpenes, DMS, pollen

aerosol number size distributions scattering and absorption
coefficients PM mass and composition

temperature and humidity

aerosol formation, gas/ aerosol partitioning

aerosol water take-up, aerosol solid/liquid phase
transition

gas phase SO, HNOs, NHs; particulate NOs', SO,%, NH,4",
VOCs, SOA

PM size distributions, extinction coefficient,

aerosol water content

SW radiation

photolysis rates

JNO2, JO1D, etc.

photosynthetic active
radiation

biogenic emissions

SW radiation, BVOC emissions, isoprene & terpene conc.

cloud liquid water and
precipitation

wet scavenging of gases and particles
wet phase chemistry, e.g. sulfate production

aerosol dynamics (activation, coagulation)
aerosol cloud processing

wet deposition (HSOj;., SO4., NOs, NHg, Hg),
precipitation (rain and total precip), cloud lig. water path

S0,, H,S04, SO.% in ambient air and in cloud and rain
water

aerosol mass and number size distributions

soil moisture dust emissions, pollen emissions surface soil moisture, dust and pollen emission rates
dry deposition (biosphere and soil) deposition velocities, dry deposition rates (e.g. Oz, HNOg,
NH3)
wind speed transport of gases and aerosols, on- vs. offline U, V, (W)

coupling interval, transport in mesoscale flows,
bifurcation, circulations, etc.

emissions of dust, sea salt and pollen

U, V dust, sea salt and pollen emission rates

atmospheric boundary layer

turbulent and convective mixing of gases and

T, Q, TKE, surface fluxes (latent and sensible heat, SW and

parameters aerosols in ABL, intrusion from free troposphere, LW radiation); deposition velocities, dry deposition
dry deposition at surface fluxe(Oz, HNO3, NH3)

lightning NO emissions NO, NOy, lightning NO emissions

water vapour OH radicals Q, OH, HO,, O3
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Table B2. List of effects of chemistry on meteorology.

Chemical parameter

Effecton ...

Model variables

aerosols (direct effect)

Radiation (SW scattering/absorption,
LW absorption)

AOD, aerosol extinction, single scattering albedo, SW
radiation at ground (up- and downward), aerosol mass and
number size distributions, aerosol composition: EC (fresh
soot, coated), OC, SO,>, NO3, NH,", Na, Cl, H,O dust,
metals, base cations

aerosols (direct effect)

visibility, haze

aerosol absorption & scattering coefficients, RH, aerosol
water content

aerosols (indirect effect)

cloud droplet or crystal number and hence
cloud optical depth

interstitial/activated fraction, CCN number, IN number,
cloud droplet size/number, cloud liquid and ice water
content

aerosols (indirect effect)

cloud lifetime

cloud cover

aerosols (indirect effect)

precipitation (initiation, intensity)

precipitation (grid scale and convective)

aerosols (semi-direct effect)

ABL meteorology

AOD, ABL height, surface fluxes (sensible and latent heat,
radiation)

03 UV radiation 03, SW radiation < 320 nm
O3 thermal IR radiation, temperature 03, LW radiation
NO,, CO, VOCs precursors  of  Og, hence indirect NOZ2, CO, total OH reactivity of VOCs

contributions to Os radiative effects

SO,, HNO3, NH3, VOCS

precursors of secondary inorganic and
organic aerosols, hence indirect contributors
to aerosol direct and indirect effects

SO2, HNO3, NH3,
VOC components (e.g. terpenes, aromatics, isoprene)

soot deposition on ice

surface albedo change

snow albedo
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Table B3. Observation data sets available for model evaluation (name, number of sites, frequency of measurements, preferred model output
type).

Frequency Model
H — hourly output
Parameter Evaluation datasets # sites Database D —daily type
W — weekly LP — local profiles
M — monthly 2Dc - 2D column
| —irregular
PM2.5 various techniques 835 EEA Airbase D in-situ
gravimetric, TEOM, etc. 50 EMEP H,D,W in-situ
PM10 various techniques 3000 EEA Airbase D in-situ
gravimetric, TEOM, etc. 80 EMEP H, D, W in-situ
aerosol optical depth AERONET AOD @ 443,490,555, 667 nm, 60-80 AERONET H in-situ
(AOD) and Angstrom Angstrém parameter
exponent (ratio of AOD at MODIS (AOD, Angstr. exponent) satellite MODIS twice D 2Dc
different wavelengths) CALIPSO satellite CALIPSO | LP
aerosol extinction, nephelometer, aethalometer 10-15 EMEP, EUSAAR H in-situ
absorption and AERONET single scattering albedo 60-80 AERONET H in-situ
scattering coefficients
aerosol size distribution SMPS/DMPS 24 EMEP, EUSAAR H in-situ
aerosol composition aerosol mass spectrometry 9 EMEP H in-situ
(non-refractory PM1) (AMS) (campaigns)
aerosol elemental and EC/OC monitors, thermo-optical 18 EMEP, EUSAAR D, W in-situ
organic carbon
inorganic aerosol comp. filterpack, mini-denuders 90 EMEP D in-situ
NO3, SO, NH," MARGA 2 MARGA H in-situ
0O, 0zone monitor 3000 EEA Airbase H in-situ
0zone monitor 100 EMEP/EBAS H in-situ
MOZAIC aircraft MOZAIC ~D LP
NO, NO, monitors (significant interference 3200 EEA Airbase H in-situ
from HNO;, PAN)
chemiluminescence, filterpack, abs. 85 EMEP H, D in-situ
solution, etc.
satellite NO, columns satellite TEMIS ~D 2D
(OMI, GOME-2, SCIA)
CcO CO monitor 1300 EEA Airbase H in-situ
SO, SO, monitor 2000 EEA Airbase H, D in-situ
90 EMEP H, D in-situ
HNO;, NH; filterpack 90 EMEP D, W in-situ
MARGA 2 MARGA H in-situ
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Table B3. Continued.
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OH radicals selected ROx meas. - - - in-situ
(PERCA, LIF, open path)
wet deposition: HSO,, SO,. EMEP wet deposition 90 EMEP w in-situ
. NO;, NH,, Hg
dry deposition: O;, HNOs,  no routine observations, selected eddy flux - - - in-situ
NHs, etc. campaigns
precipitation EMEP precipitation 90 EMEP w in-stiu
VOCs incl. isoprene GC-MS, GC-FID 11 EMEP twice W in-situ
soot deposition on ice MODIS (black sky) albedo satellite MODIS 8-daily surface albedo
temperature, humidity, SYNOP 1300 SYNOP H in-situ
wind, pressure RAOB 100 RAOB twice D LP
SW and LW radiation at global radiation (direct+diffuse), 13 BSRN H in-situ
ground longwave downward radiation
photolysis rates (Jnoz Joip,  NO routine obs. available - - - -
etc.)
precipitable water AERONET 60-80 AERONET H in-situ, LP
(water vapour column) RAOB 100 RAOB twice D LP
boundary layer selected tall tower & FLUXNET sites 85 FLUXNET H in-situ
turbulence, TKE Radiosondes
PBL height Select. Lidars/Ceilometers 100 RAOB twice D LP, 2D
cloud cover, cloud top, SEVIRI satellite H 2D
cloud optical depth, cloud  MODIS satellite twice D 2D
base AVHRR satellite D 2D
CALIPSO Lidar satellite |
Cloudnet 3 Cloudnet H in-situ, LP
Selected Lidars, Ceilometers - - H in-situ
cloud liquid water path AERONET 60-80 AERONET H in-situ, LP
Cloudnet 3 Cloudnet H in-situ, LP
soil moisture satellite soil moisture satellite ESA CCI D

Network/database acronyms and websites:

AERONET, Aerosol Robotic Networlkttp://aeronet.gsfc.nasa.gov/

BSRN, Baseline Surface Radiation Netwohnktp://www.bsrn.awi.de/

CALIPSO, Cloud-Aerosol Lidar and Infrared Pathfindettp://www-calipso.larc.nasa.gov/
Cloudnethttp://www.cloud-net.org/index.html

EEA Airbase, Air quality database of European Environmental Agency, http://acm.eionet.europa.eu/databases/airbase/
EMEP, European Monitoring and Evaluation Progrétp://www.emep.int/index.htmhttp://ebas.nilu.no

ESA CCI soil moisturehttp://www.esa-soilmoisture-cci.org/

EUCAARI, European Integrated Project on Aerosol Cloud Climate Air Quality Interactiips//www.atm.helsinki.fi/eucaari/
EUSAAR, European Supersites for Atmospheric Aerosol Resehtigh//www.eusaar.nethttp://ebas.nilu.no

GPCP, Global Precipitation Climatology Projéelattp://www.gewex.org/gpcp.htmhttp://gpcc.dwd.de

MARGA, Monitor for aerosols and gases in dittp://products.metrohm.com/prod-MARGA.aspx

MODIS, Moderate Resolution Imaging Spectroradiométep://modis.gsfc.nasa.gov/

RAOB, WMO radiosonde observations netwankip://www.esrl.noaa.gov/raobs/

SYNOP, WMO surface meteorology netwohktp://www.wmo.int/pages/prog/www/ois/rbsn-rbcn/rbsn-rbcn-home.html
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Table C1.Abbreviations and acronyms used in this article

-

ABL
ACRANEB
ADOM
AERO3
AERO5
AERO6
AIRS
ALADIN
AOD

AQ
AQMEII
AQUM

AROME
ARW

BEIS3
BOLAM
BOLCHEM
BSC
BSC-CNS
CAC

CACM

CAF

CAM

CAMX
CAMX-AMWFG
CB-IV
CBM-IV
CBM-Z
CBO5

CB06

CBR

ccMm3

CCN
CCTM-CMAQ
CDNC

CDA
CHIMERE
C-IFS

cIsL
CLASSIC
CMAQ
CMAQ-MADRID
CNR-ISAC
COPS
cosT
COSMO
COSMO-ART
COSMO-MUSCAT
cot

cPU

CTM

CRIM

CWF
CWFIS
DMAT

DMI

Atmospheric Boundary Layer

Radiation scheme used in HARMONIE model (Ritter and Geleyn, 1992)

Acid Deposition and Oxidant Model

3rd generation CMAQ aerosol module

5th generation CMAQ aerosol module

6th generation CMAQ aerosol module

The Atmospheric Infrared Sounder (instrument on board the NASA Aqua satellite)

Aire Limitée (pour I') Adaptation dynamique (par un) Développement InterNational (model and consortium)
Aerosol Optical Depth

Air Quality

Air Quality Model Evaluation International Initiative

Air Quality in the Unified Model: limited area forecast configuration of the UK Met Office Unified Model which uses the UKCA (UK Chemistry
and Aerosols) sub-model

Application of Research to Operations at Mesoscale-model (Météo-France)

The Advanced Research WRF solver (dynamical core)

Biogenic Emission Inventory System

Meteorological hydrostatic limited area model developed at CNR-ISAC in Bologna (IT)

Bologna limited area model for meteorology and chemistry (based on the BOLAM MetM)

Barcelona Supercomputing Center

Barcelona Supercomputing Center-Centro Nacional de Supercomputacion

Chemistry-Aerosol-Cloud model (tropospheric box model)

Caltech Atmospheric Chemistry Mechanism

Coarray Fortran

The NCAR Community Atmospheric Model (CAM) Radiation Scheme

Comprehensive Air quality Model with extensions

Comprehensive Air Quality Model with Extensions — The Atmospheric Modeling and Weather Forecasting Group
Carbon Bond IV (chemistry module)

The modified implementation of the Carbon Bond Mechanism version IV

CBM-Z extends the CBM-IV to include reactive long-lived species and their intermediates, isoprene chemistry, optional DMS chemistry
The 2005 update to the gas-phase Carbon Bond mechanism (Yarwood et al., 2005)

Update the Carbon-Bond chemical mechanism with new aromatic, isoprene, and inorganic reactions
The Cuxart — Bougeault — Redelsperger turbulence closure scheme

NCAR Community Climate Model (now Community Atmosphere Model — CAM)

Cloud Condensation Nuclei

Chemistry-Transport Model of the CMAQ model

Cloud Droplet Number Concentration

Chemical Data Assimilation

A multi-scale CTM for air quality forecasting and simulation

Composition IFS (ECMWF)

Cell-integrated semi-Lagrangian (transport scheme)

The Coupled Large-scale Aerosol Simulator for Studies In Climate (CLASSIC) aerosol scheme in MetUM
Community Multiscale Air Quality Modelling System (US Environmental Protection Agency)
CMAQ-Model of Aerosol Dynamics, Reaction. lonization, and Dissolution

Institute of Atmospheric Sciences and Climate of the Italian National Research Council

Convective and Orographically-induced Precipitation Study

European Cooperation in Science and Technology (http://www.cost.eu/)

Consortium for Small-Scale Modelling (LAM model formerly called LM)

COSMO + Aerosols and Reactive Trace gases

COSMO + Multi-Scale Chemistry Aerosol Transport (model)

Cloud Optical Thickness

Central Processing Unit

Chemistry-Transport Model

Common Representative Intermediates (CRI) mechanism

Chemical Weather Forecasting

Chemical Weather Forecasting and Information System

Dispersion Model for Atmospheric Transport

Danish Meteorological Institute
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Table C1.Continued.

DREAM

DWD

ECMWF
ECHAM5/6-HAMMOZ

ECHAMS5-HAM
ECHAM/MESSy
EEA/MDS

EM

EMEP

EnKF
Enviro-HIRLAM
EQUISOLV II
ESCOMPTE
EuMetChem
EURAD

ETA

ETEX

FARM

FCT

GAMES
GATOR
GATOR-MMTD
GAW

GCM

GEM
GEM-AQ
GEMS
GEOS-Chem

GESIMA
GHG
GLOMAP
GME
GMES
GOME
GPU
GRAALS
GURME
HAM
HARMONIE
HIRLAM
HPC

IASI

IC

ICLAMS
IFS

IN

ISAC
ISORROPIA
JPL-06
JRC-ENSEMBLE

Dust Regional Atmospheric Model

German Meteorological Service

European Centre of Medium-Range Weather Forecasts

Global GCM ECHAM (version 5/6) + Aerosol chemistry and microphysics package HAM with additional parameterisations for
aerosol—cloud interactions + the atmospheric chemistry model MOZART (MPI for Meteorology, Hamburg)

Global aerosol—climate model

Atmospheric Chemistry (EMAC) Numerical chemistry and climate simulation system

European Environment Agency/Model Documentation System

Europa-Modell (Former DWD’s hydrostatic meso-alpha scale regional NWP model

European Monitoring and Evaluation Programme

Ensemble Kalman filter

Hlgh Resolution Limited Area Model HIRLAM with chemistry (DMI)

Atmospheric gas-aerosol equilibrium solver

Expérience sur Site pour COntraindre les Modeles de Pollution atmosphérique et de Transport d’Emissions (Urban boundary layer experiment
The COST Action ES1004 — European framework for online integrated air quality and meteorology modelling
European Air Pollution Dispersion model

The ETA MetM (uses the Eta vertical coordinate), originally developed in the former Yugoslavia (Mesinger et al., 2012), it is the old version of the
WRF-model

European Tracer Experiment

Flexible Air quality Regional Model

Flux-corrected transport advection scheme

Gas Aerosol Modelling Evaluation System

Gas, Aerosol, TranspOrt, Radiation AQ model (Stanford University)

GATOR — mesoscale meteorological and tracer dispersion model (also called GATORM)

Global Atmosphere Watch (WMO Programme)

General Circulation Models

Global Environmental Multiscale model (Canadian Meteorological Centre NWP)

GEM- + air quality processes online

Global and regional Earth-system (Atmosphere) Monitoring using Satellite and in-situ data

GEOS-Chemis a global 3-D chemical transport model (CTM) for atmospheric composition driven by meteorological input from the Goddard Earth
Observing System (GEOS) of the NASA Global Modeling and Assimilation Office

German non-hydrostatic modelling community

Greenhouse gases

GLobal Model of Aerosol Processes

Global Model of DWD (DWD — German Weather Service)

Global Monitoring for Environment and Security

Nadir-scanning ultraviolet and visible spectrometer for global monitoring of atmospheric Ozone (on-board ERS-2)
Graphical Processing Units

radiation scheme to calculate vertical profiles of SW and LW radiative fluxes

GAW Urban Research Meteorology and Environment Project

Simplified global primary aerosol mechanism model

Hirlam Aladin Research on Meso-scale Operational NWP in Europe (model)

Hlgh Resolution Limited Area Model (http://hirlam.org/)

High Performance Computing

Infrared Atmospheric Sounding Interferometer (onboard EUMETSAT METOP-A and then METOP-B satellite)
Initial Conditions

Integrated Community Limited Area Modeling System

Integrated Forecast System (ECMWF)

Ice Nuclei

Institute of Atmospheric Sciences and Climate (ltalian National Research Council - CNR)

Thermodynamic aerosol model

Chemical Kinetics and Photochemical Data for Use in Atmospheric Studies (NASA Jet Propulsion Laboratory Publication 06-2)
The Joint Research Centre platform for model evaluation

www.atmos-chem-phys.net/14/317/2014/ Atmos. Chem. Phys., 14, 33982014



374

A. Baklanov et al.: Online coupled regional meteorology chemistry models in Europe

Table C1.Continued.

KIT

KPP

LAI

LAM

LAPS

LES
LMCSL
LOTOS-EUROS
LW

M7

MACC
MADE
MADE-SORGAM
MADESsoot
MADRID
MAM
MARS
MATCH
MCCM
MCM

MC2
MC2-AQ
MECCA
MECCA1
MECTM
MEGAN
MEGAPOLI
MELCHIOR
MEMO
MEMO/MARS
MARS-aero

MESIM
MESO-NH
MesoNH-C
MESOSCOP
MESSy
MetChem
MetM
METRAS
MetUM
MICTM
MITRAS
MIPAS

MLS

MM5
MM5-CAMx
MM5-CHIMERE
MM5-CHEM
MM5-CMAQ
MOCAGE
MOPITT
MOSAIC
MOZAIC
MOZART

The Karlsruhe Institute of Technology

Kinetic Pre-Processors

Leaf Area Index

Limited Area Model

Local Analysis and Prediction System

Large Eddy Simulation

Locally Mass Conserving Semi-Lagrangian schemes (LMCSL-LL and LMCSL-3D)

LONng Term Ozone Simulation — EURopean Operational Smog model

Long-wave radiation

Modal aerosol model

Monitoring Atmospheric Composition and Climate (EU project)

Modal Aerosol Dynamics model for Europe

Modal Aerosol Dynamics model for Europe (MADE) with the Secondary Organic Aerosol Model

Modal aerosol module

Model of Aerosol Dynamics, Reaction, lonization, and Dissolution

Modal Aerosol Module

Model for the Atmospheric Dispersion of Reactive Species

Multi-scale Atmospheric Transport and Chemistry Model

Multiscale Climate Chemistry Model

Master Chemical Mechanism

Mesoscale Compressible Community (Canadian nonhydrostatic atmospheric model for Finescale Process Studies and Simulation)
MC2 with air quality modelling

Revised MECCAL (includes Aerosol chemistry submodule)

Module Efficiently Calculating the Chemistry of the Atmosphere (multi-purpose atmospheric chemistry model)

MEsoscale Chemistry Transport Model

Model of Emissions of Gases and Aerosols from Nature

Megacities: Emissions, urban, regional and Global Atmospheric POLIution and climate effects, and Integrated tools for assessment and mitigation
Gas phase chemistry mechanism

Eulerian non-hydrostatic prognostic mesoscale model (Aristotle University of Thessaloniki in collaboration with University of Karlsruhe)
MEMO + photochemical dispersion model MARS

Chemistry-transport model for reactive species including four chemical reaction mechanisms for the gaseous phase, with calculation of secondary
aerosols, organic and inorganic

Mesoscale Sea Ice Model

Non-hydrostatic mesoscale atmospheric model (French research community)

Mesoscale Nonhydrostatic Chemistry model (coupled dynamics and chemistry)

Mesoscale flow and Cloud Model Oberpfaffenhofen (3d model for simulating mesoscale and microscale atmospheric processes)
Modular Earth Submodel System

Meteorology-Chemistry

Meteorological prediction model

MEsoscale TRAnsport and fluid (Stream) model

UK Met Office Unified Model

Microscale Chemistry Transport Model

Microscale TRAnsport and fluid (Stream) model

Michaelson Interferometer for Passive Atmospheric Sounding (Fourier transform infra-red spectrometer on the ENVISAT-1 space mission)
Microwave Limb Sounder (on board NASA Earth Observing System Aura satellite)

Fifth Generation PSU/NCAR Mesoscale Model

MMS5 — Comprehensive Air quality Model with extensions

MM5 — CHIMERE

MM5 + chemistry module

Fifth Generation PSU/NCAR Mesoscale Model — Community Multiscale Air Quality Model

Modeéle de Chimie Atmosphérique a Grande Echelle

Measurements of Pollution in the Troposphere (on board NASA Terra satellite)

Model for Simulating Aerosol Interactions and Chemistry

Measurement of Ozone and water vapor by Airbus in-service airCraft

Model for Ozone And Related Tracers (global CTM)
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MOZART2, 3 and 4
MPI

NMMB/BSC-CTM
NMMB/BSC-Dust
NRT

NWP

ocMC

Ol

oMmI

OPAC

OPANA

Open

ORILAM
ORILAM-SOA
ORISAM

PAR

PD-FITE
PEGASOS

PM

PMCAMXx

PNC
Polair3D/MAM
PROMOTE
RACM
RACM2
RACM-MIM
RADM
RADM2
RADMK
RAMS

RAQ
RCA-GUESS
RCG REM3-CALGRID
RCM
RegCM4
ReLACS
RELACS-AQ
RELACS2
REMO
REMOTE
RK3
RRSQRT
RRTM

Model for Ozone And Related Tracers, version 2, 3, 4

Message Passing Interface

Markov random field (diffusion scheme)

Multiscale Model System consisting of components METRAS/MESIM, MITRAS, MECTM, MICTM
Multi-Scale Chemistry Aerosol Transport model

NOAA Aeronomy Lab Regional Oxidant Model

Numerical Atmospheric-dispersion Modelling Environment

National Center for Atmospheric Research

National Centers for Environmental Prediction

Nonhydrostatic Multiscale Meteorological Model on the B grid

NMMB/BSC Chemical Transport Model

online dust model within the global-regional NCEP/NMMB NWP-model

Near-Real Time

Numerical Weather Prediction

Online Coupled Meteorology-Chemistry

Optimal interpolation

Ozone Monitoring Instrument (on board Aura satellite)

Optical Properties of Aerosols and Clouds (software library module)

Operational version of Atmospheric mesoscale Numerical pollution model for urban and regional Areas
MP Open Multi-Processing

Three-moments aerosol scheme

Organic Inorganic Lognormal Aerosol Model including Secondary Organic Aerosol

Sectional aerosol model

Photosynthetically Active Radiation

Partial Derivative Fitted Taylor Expansion (gas/liquid equilibria in atmospheric aerosol particles)
EU FP7 project: Pan-European Gas-Aerosol-Climate interaction study (http://pegasos.iceht.forth.gr/)
Particulate Matter

3-D CTM simulating mass concentration and chemical composition of particulate matter (PM), based on the Comprehensive Air-quality Model
with Extensions (CAMXx)

Particle Number Concentration

Coupled 3-D chemistry transport model Polair3D to the multiphase model MAM

PROtocol MOniToring for the GMES Service Element

Regional Atmospheric Chemistry Mechanism

RACM Version2

RACM with the MIM (Mainzer Isopren Mechanismus) isoprene mechanism

Regional Acid Deposition Model

the 2nd generation Regional Acid Deposition Model Mechanism

Gas-phase chemistry module

Regional Atmospheric Modeling Systems

Regional Air quality

A model of the coupled dynamics of climate, vegetation and terrestrial ecosystem biogeochemistry for regional applications (SMHI)
Regional Eulerian Model — California Grid Model

Regional Climate Model

Regional Climate Model system (version4)

Regional Lumped Atmospheric Chemical Scheme

Regional Lumped Atmospheric Chemical Scheme with aqueous phase chemistry

Regional Lumped Atmospheric Chemical Scheme Version 2

Regional Model

Regional Model with Tracer Extension

Runge-Kutta of 3rd order (Horizontal advection time splitting scheme)

Reduced-rank square root Kalman filter

Rapid radiative transfer model (retains the highest accuracy relative to line-by-line results for single column calculations).
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RRTMG
SAPRC90
SAPRC99
SAPRCO7TB
SBUV

SCIAMACHY

SEMA
SILAM
SLCF
SLICE
SOA
SORGAM
STRACO
SW
TANSO
THOR
TKE
T™M5
TNO
TTD
TUV
TVD
UKCA
USSR
VBS
VOTALP
WAF
WMO
WRF
WRF-Chem
3/4DVar

RRTM for GCM Applications (provides improved efficiency with minimal loss of accuracy for GCM applications)
The Statewide Air Pollution Research Center, Version 1999 for gas-phase reaction mechanism for the atmospheric photooxidation (Carter, 1990)
SAPRC Version 1999
New version of the SAPRC mechanism
Solar backscattered ultraviolet (to monitor ozone density and distribution in the atmosphere aboard NOAA satellite)
SCanning Imaging Absorption SpectroMeter for Atmospheric ChartographY (satellite spectrometer designed to measure sunlight, transmitted, reflected and
scattered by the earth’s atmosphere or surface aboard ESA’s ENVISAT).
Sectional Multi-component Aerosol Model
Air Quality and Emergency Modelling System (Finnish Meteorological Institute)
Short-lived Climate Forcers

“Semi-Lagrangian Inherently Conserving and Efficient” scheme for mass-conserving transport on the sphere

Secondary Organic Aerosol
Secondary organic aerosol formation model

Soft TRAnsition and Condensation (Cloud scheme)

Short Wave radiation

Thermal And Near Infrared Sensor for Carbon Observation (on board the greenhouse gases observing satellite GOSAT)
An integrated air pollution forecast and scenario management system (National Environmental Research Institute (NERI), Denmark)
Turbulent Kinetic Energy

Transport Model (version5) (3-D atmospheric chemistry-transport ZOOM model)
The Netherlands Organisation for Applied Scientific Research

Turbulent Thermal Diffusion

Tropospheric Ultraviolet and Visible (radiation model)

Total Variation Diminishing (discretization scheme)

UK Chemistry and Aerosols model

Union of Soviet Socialist Republics

Volatility Basis Set (approach)

Vertical Ozone Transports in the ALPs campaign

Weighted Average Flux scheme

World Meteorological Organization

The Weather Research and Forecasting model (NCAR)

The Weather Research and Forecast (WRF) model coupled with Chemistry

3 or 4-dimensional variational assimilation

Table C2.Chemical species.

CGL2010-19652, Estonian grants ETAG 7895 and SF0180038s08,
and the NASA's Air Quality Science Team (AQAST) programme.

BC
BvVOC
CFC
CH,
co
CO2
DMS
EC
HCHO
HNO3
NH,
NO
NO,
NO,
NO,
N,O
N,Os

oc
O3
OH
PMas
PMio
POA
SOA
S0,
Velo
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Organic aerosols and secondary (SOA)
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Primary organic aerosol

Secondary organic aerosol
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Volatile organic compounds
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