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Principal Investigator: Prof., Dr. Alexander Baklanov ………………………………… 

Project Title: Enviro-HIRLAM/HARMONIE: development and test of an NWP 
model system accounting for aerosol-meteorology interactions 
 

Extended abstract 
It is expected that Special Projects requesting large amounts of computing resources (500,000 SBU or more) should 
provide a more detailed abstract/project description (3-5 pages) including a scientific plan, a justification of the 
computer resources requested and the technical characteristics of the code to be used. The Scientific Advisory 
Committee and the Technical Advisory Committee review the scientific and technical aspects of each Special Project 
application. The review process takes into account the resources available, the quality of the scientific and technical 
proposals, the use of ECMWF software and data infrastructure, and their relevance to ECMWF’s objectives. - 
Descriptions of all accepted projects will be published on the ECMWF website. 

Introduction 
 
The prediction and simulation of the coupled evolution of atmospheric transport and chemistry will 

remain one of the most challenging tasks in environmental modelling over the next decades. Many of the 
current environmental challenges in weather, climate, and air quality involve strongly coupled systems (see 
overview in Zhang, 2008; Baklanov et al., 2008; Alapaty et al., 2011). It is well accepted that weather is of 
decisive importance for air quality, or for the aerial transport of hazardous materials. It is also recognized 
that chemical species will influence the weather by changing the atmospheric radiation budget as well as 
through cloud and precipitation formation. Until recently however, because of the complexity and the lack of 
appropriate computer power, air chemistry and weather forecasts have developed as separate disciplines, 
leading to the development of separate modelling systems that are only loosely coupled (offline). In 
Numerical Weather Prediction (NWP), the dramatic increase in computer power enables us to use higher 
resolution to explicitly resolve fronts, convective systems, local wind systems, and clouds, or to increase the 
complexity of the numerical models. Additionally we can now directly couple air quality forecast models 
with numerical weather prediction models to produce a unified modelling system – online – that allows two-
way interactions. While climate modelling centres have gone to an Earth System Modelling approach that 
includes atmospheric chemistry and oceans, NWP centres as well as entities responsible for Air Quality 
(AQ) forecasting are only beginning to discuss whether an online approach is important enough to justify the 
extra cost (IFS, 2006; Grell, 2008; Baklanov et al, 2008; Grell and Baklanov, 2011). NWP and AQ 
forecasting centres may have to invest in additional computer power as well as additional man power, since 
additional expertise may be required. We are in favour of integrating weather and chemistry together, for 
both NWP and air quality and chemical composition forecasting. 

For NWP centres, an additional attractiveness of the online approach is its possible usefulness for 
meteorological data assimilation (Hollingsworth et al., 2008), where the retrieval of satellite data and direct 
assimilation of radiances will likely improve – assuming that the modelling system can beat climatology 
when forecasting concentrations of aerosols and radiatively active gases. 

The focus on integrated systems is timely, since recent research has shown that meteorology/climate 
and chemistry feedbacks are important in the context of many research areas and applications, including 
NWP, climate modelling, air quality forecasting, and Earth system modelling. Potential impacts of aerosol 
feedbacks include (Jacobson et al., 2007; Zhang, 2008; Baklanov et al., 2008; Baklanov, 2010; Grell and 
Baklanov, 2011; Zhang et al., 2010a, b): 

• a reduction of downward solar radiation (direct effect); 
• changes in surface temperature, wind speed, relative humidity, and atmospheric stability (semi-direct 

effect); 
• a decrease in cloud drop size and an increase in drop number by serving as cloud condensation 

nuclei (first indirect effect); 
• an increase in liquid water content, cloud cover, and lifetime of low level clouds, and suppression or 

enhancement of precipitation (second indirect effect). 
Traditionally, aerosol feedbacks have been neglected in NWP and air quality modelling mostly due to 

an historical separation between the meteorological and air quality communities as well as a limited 
understanding of the underlying interaction mechanisms. Such mechanisms may, however, be important on a 
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wide range of temporal and spatial scales, from days to decades and from global to local. Field experiments 
and satellite measurements have shown that chemistry-meteorology feedbacks exist among the Earth systems 
including the atmosphere (e.g., Kaufman and Fraser, 1997; Rosenfeld, 1999; Rosenfeld and Woodley, 1999; 
Givati and Rosenfeld, 2004; Grell et al., 2005; Lau and Kim, 2006; Rosenfeld et al., 2007, 2008). 
 
 
Enviro-HIRLAM System Description  

 
Enviro-HIRLAM is developing as an online coupled NWP and Atmospheric Chemical Transport 

(ACT) model for research and forecasting of joint meteorological, chemical and biological weather. The 
integrated modeling system is developed by DMI and other collaborators (Chenevez et al., 2004; Baklanov et 
al., 2004, 2008a; Korsholm et al., 2008, 2009, Korsholm, 2009) and included by the HIRLAM consortium as 
the baseline system in the HIRLAM Chemical Branch (www.hirlam.org/chemical), it is used in several 
countries. The model development was initiated at DMI more that 10 years ago and it was the first meso-
scale online coupled model in Europe considering two-way feedbacks between meteorology and 
chemistry/aerosols.  

The first version of Enviro-HIRLAM was based on the DMI-HIRLAM NWP model with fully online 
integrated pollutant transport and dispersion (Chenevez et al., 2004), chemistry, deposition and indirect 
effects  (Korsholm, 2009) and aerosol dynamics (Gross and Baklanov, 2004). To make the model suitable for 
chemical weather forecasting (CWF) in urban areas, where most of the European population is concentrated, 
the meteorological part was improved by implementation of urban sublayer parameterizations (Baklanov et 
al., 2008b).  

The current version of Enviro-HIRLAM is based on reference HIRLAM version 7.2 with a more 
sophisticated and effective chemistry scheme, multi-compound modal approach aerosol dynamics modules, 
aerosol feedbacks on radiation (direct and semi-direct effects) and on cloud microphysics (first and second 
indirect effects). This version is still under development and needs further validation within this proposed 
project.  

Following the main development strategy of the HIRLAM community (HIRLAM-B project) the 
Enviro-HIRLAM further developments will be moving step by step towards the new HARMONIE NWP 
platform by incorporation of the Enviro-HIRLAM chemistry modules and aerosol-radiation-cloud 
interactions into the future Enviro-HARMONIE integrated system. 

 
 

Scientific Developments 
 
The overall objectives of the special project will be to analyse the importance of the meteorology-

chemistry interactions and to provide a way for the development of accurate yet efficient techniques for the 
coupling of NWP and air quality via process-oriented parameterizations and feedback algorithms, which will 
improve both the numerical weather prediction and chemical weather forecasts. 

The developing online integrated meteorology-chemistry modelling system Enviro-
HIRLAM/HARMONIE is expected to be able to handle the following major processes and interactions 
(Jacobson et al., 2007; Zhang, 2008): 

• The radiative effects of chemical species such as ozone and aerosols in the atmosphere via 
absorption and scattering (direct effects); 

• The effects of aerosols and clouds on photolysis rates via modifying actinic fluxes and temperature 
(semi-direct effects); 

• The effect of aerosols on boundary layer meteorology via changing meteorological variables and 
atmospheric stability (semi-direct effects); 

• The effect of aerosols on cloud formation and reflectance via aerosol activation, droplet and ice core 
nucleation, autoconversion, and collection (first and second indirect effects); 

• The effect of aerosols on precipitation by affecting clouds and water vapour (indirect effects). 
 
Those processes and interactions are essential if one wants to study air quality and climate jointly. For 

example, a recent study showed that aerosols can reduce incoming solar radiation by up to 16%, near surface 
temperatures by up to 0.37 °C, and planetary boundary layer (PBL) height by up to 24% under summer 
conditions over continental U.S., indicating a more stable atmospheric stratification that can further 
exacerbate air pollution over areas where air pollution is already severe (Zhang et al., 2010a; Korsholm et al., 
2010). They are also important to correctly forecast air quality and weather. For example, neglecting the 
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radiative effects of aerosols on air quality may lead to large errors in estimating the number of occasions 
when ozone critical values are exceeded (Grell and Baklanov, 2011). 

There are various ways to treat those interactions because of the complexity of the processes involved 
and different levels of details may be used in an integrated model. For example, the activation of aerosol 
particles is a function of the chemical composition and size, as well as the updraft velocity and maximum 
supersaturation. The radiative effects of aerosols are not only a function of their size distribution and bulk 
chemical composition but also depend on whether particles are treated as internal or external mixtures. 
Therefore, the treatment of a size- and chemically-distributed aerosol population in the integrated model is a 
key component of the meteorology/chemistry interactions. The formulation of the radiative transfer in the 
model is particularly important because it directly affects the heat budget and the chemistry via photolytic 
reactions.  

 
 

Overview of projects that benefits from the special project 
 
The suggested Special project is realised in close relation with several European and national research 
projects, including the following:  

HIRLAM-B: One of the main realisations of the specific tasks: ‘Coupling with atmospheric 
chemistry’ and ‘Cloud microphysics, radiation and aerosols’ within the HIRLAM community plans is 
development of the online NWP and ACT Enviro-HIRLAM (and further HARMONIE) modelling system 
(realised by DMI and other members of the HIRLAM chemical branch).  

EuMetChem: DMI leads the new COST Action ES1004: 'European framework for online integrated 
air quality and meteorology modelling (EuMetChem)', which is focusing on a new generation of online 
integrated ACP and Meteorology (NWP and Climate) modelling with two-way interactions between 
different atmospheric processes including chemistry, clouds, radiation, boundary layer, emissions, 
meteorology and climate (see: http://eumetchem.info).  

MEGAPOLI: DMI coordinates the EC FP7 project ‘Megacities: Emissions, urban, regional and 
Global Atmospheric POLlution and climate effects, and Integrated tools for assessment and mitigation’, 
where Enviro-HIRLAM is considering one of the main integrated modelling system to study the interactions 
of meteorology, air pollution and climate change for large urban agglomerations (see: http://megapoli.info).   

MACC: DMI participates in the MACC project with downscaling of the global ECMWF-MACC 
IFS/MOZART and regional MACC-ensemble CWF to meso- and city-scale CWF. The current MACC 
regional ensemble, linked with the global IFS-MOZART, includes only off-line ACT models. Within the 
next MACC-II project ECMWF will test a next generation online integrated C-IFS global model including 
aerosol/chemistry feedbacks, so it is important also to downscale at least one online integrated regional 
model with the global C-IFS. The online integrated Enviro-HIRLAM will be tested with the boundary 
conditions from off-line MOZART and further from online C-IFS for integrated forecast of regional physical 
and chemical weather.   

PEGASOS: DMI together with the University of Copenhagen participates in the FP7 PEGASOS 
project with online integrated Enviro-HIRLAM model simulations. The Pan-European Gas-AeroSOls-
climate interaction Study (PEGASOS), a large scale EC FP7 project, addresses the call on atmospheric 
chemistry and climate change interactions (see: http://pegasos.iceht.forth.gr). DMI is involved into further 
development/improvement/evaluation of the Enviro-HIRLAM model for long-term simulations and studies 
of aerosol feedback mechanisms on meteorological events and climate. 

ENSCLIM: Nordic project EnsClim: ‘Robustness of predictions of climate change impact on 
dispersion and effects of airborne pollutants in northern Europe’ is considering studies of two-way 
interactions between pollutants and meteorological/climate processes for the Nordic countries / European 
Arctic (DMI team responsibility).  

TRANSPHORM: DMI participates in the TRANSPHORM and responsible for WP2.4 on Regional 
and city-scale atmospheric chemical transport modelling. The FP7 project TRANSPHORM aims to improve 
the knowledge of transport related airborne particulate matter (PM) and its impact on human health and to 
develop and implement assessment tools for scales ranging from city to Europe (see: transphorm.eu).  

CEEH: CEEH is the Danish strategic research Center for Energy, Environment and Health with the 
mission to develop a system to support planning of future energy systems in Denmark. The main DMI task in 
the center is integrated modeling of meteorology and atmospheric pollution within the CEEH integrated 
‘Energy-Environment-Health-Cost’ modelling framework system (see: http://ceeh.dk).  

AQMEII: Air Quality Model International Initiative phase 2 exercise focusing on evaluation and 
intercomparison of online integrated meteorology-chemistry models (see: http://aqmeii.jrc.ec.europa.eu).  
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Work Plan  
 
Two main application areas of the integrated modelling are expected to be considered:  

(i) improved numerical weather prediction with short-term feedbacks of aerosols and chemistry on 
meteorological variables, and  

(ii) improved chemical weather forecasting with online integrated meteorological forecast and two-
way feedbacks between aerosols/chemistry and meteorology. 

Following the past HIRLAM practice, the system is being maintained on the ECMWF HPC platform. 
The emphasis in the Enviro-HIRLAM Special Project at ECMWF is primarily on the evaluation and testing 
of the online integrated Enviro-HIRLAM/HARMONIE System and sensitivity analyses the feedback 
mechanisms for CWF and NWP.  

 
Expected simulations: 

(i) for short term episodes and chemical and physical weather forecasting for study of sensitivity of 
the aerosol feedback  effects on meteorology and air quality; 

(ii) for long term simulations for testing the model for long-term effects and climate scenarios; 
(iii) for testing boundary conditions and chemical data assimilation in Enviro-HIRLAM within the 

MACC-II framework. 
The Special Project computational resources will be used mainly to experiment with newly developed 

model components and evaluate their performance and sensitivity to the feedbacks.  In-depth validation and 
intensive testing of all of these developments will be carried out both at DMI and in the ECMWF 
environment.  

The evaluation methodology will follow the recommendations/guidelines for the evaluation 
methodology and protocol for online integrated meteorology-chemistry modelling systems, recently 
developing by the COST Action ES1004: European framework for online integrated air quality and 
meteorology modelling (EuMetChem, 2010) and by the AQMEII Phase2 Initiative (Galmarini et al., 2011).  

The duration of the requested special project is to be from 1 January 2012 until 31 December 2014. 
The computational costs of these Enviro-HIRLAM and further Enviro-HARMONIE experimentation and 
validation activities will likely extend well beyond the requested project resources (see the specification 
below). The allocated computational resources at ECMWF for DMI will be used to supplement the special 
project resources.  
 
New developments 
 
Based on the above description the following processes, which are of importance in NWP and chemical 
weather prediction, will be implemented and tested during the special project: 

• Implementation of simplified aerosol scheme for use in NWP models 
• Direct aerosol-radiation interactions including both short and long wave radiation 
• Semi-direct aerosol-radiation interactions 
• Aerosol-cloud interactions with respect to precipitation and radiation 
• Implementation of cold-phase microphysics into the STRACO cloud scheme and coupling to the 

aerosol scheme 
 
Workplan for the second year (2013):  
 
Within the special project the following specific activities will be performed: 
0-2013: Set-up of a new mass conserving semi-lagrangian version of Enviro-HIRLAM system on the 
ECMWF HPC system 
1-2013: Test and first evaluation of the Enviro-HIRLAM model for long-term simulations (PEGASOS, 
EuMetChem) 
2-2013: Test and evaluation of a new aerosol model for usage in online model systems (PEGASOS)  
3-2013:  Sensitivity runs/studies of aerosol feedback mechanisms on meteorological events and climate 
(PEGASOS, TRANSPHORM)  
4-2013: Running of HARMONIE system with improved aerosol-radiation interaction on the ECMWF HPC 
system (HIRLAM-B) 
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List of deliverables for 2013: 
 
D0: 28-02-2013 Semi-lagrangian mass conserving version of Enviro-HIRLAM Set-up on ECMWF HPC 
system 
D1: 31-12-2013 Results of test and first evaluation of the Enviro-HIRLAM model for long-term simulations 
D2: 31-07-2013 Results of new aerosol model evaluation for usage in online model systems 
D3: 01-12-2013 HARMONIE system with improved aerosol-radiation interaction on the ECMWF HPC 
 
Estimated resource requirements: 

 
The initial phase of the proposed special project will focus on setting up system and perform various 

technical evaluation, sensitivity experiments and configuration studies, based on the HIRLAM chemical 
branch as implemented at ECMWF platform. In accordance with the research plan in HIRLAM-B 
programme, pilot study will be initiated at the later stage of HIRLAM-B for development of the 
HARMONIE chemistry branch. 

Currently, for a typical Enviro-HIRLAM simulation with gas phases and simpler chemistry, the 
runtime costs is at the order of 10000 SBU per experiment day, with significant variations depending on 
resolution and domain size, sophistication of chemistry scheme. A rough estimate of a one-year worth of 
simulation experiments would then arrive to 3.6 million SBU. In anticipation of some contribution from the 
Danish national SBU allocation, we wish to receive an annual allocation of 4 million SBU in form of special 
project for a three year period.   
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