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Executive summary

The Copernicus Atmosphere Monitoring Service (CAMS, atmosphere.copernicus.eu/) is establishing the core global and regional atmospheric environmental service delivered as a component of Europe's Copernicus programme. The Regional forecasting service (CAMS_50) currently provides daily 4-day forecasts of the main air quality species and analyses of the day before, as well as posteriori re-analyses using the latest validated observation dataset available for assimilation.

A median ENSEMBLE is computed based on the outputs of individual state-of-the-art atmospheric chemistry models, since ensemble products yield on average better performance. In addition to the 7 models already taking part in the operational production, 2 models are planned to join the pool of operational models in the very short term. Moreover, CAMS_50 has expanded to include 2 new partners in view of further extending the number of models contributing to the ENSEMBLE at a later stage: the models they operate are referred to as “candidate models”.

This report documents the MONARCH regional forecasting and analysis system that is one of the candidate models. The development activities performed from October 2018 to April 2019 are described as well as their validation. The MONARCH developments planned for the period from May to October 2019 are also outlined.

[bookmark: __DdeLink__34063_3048273905]During the period, the main achievements were: (1) the set up of the CAMS_50 regional European domain, (2) the upgrade of the MONARCH preprocessing tools to digest the IFS forecast files for meteorology initial and boundary conditions, (3) the upgrade of the MONARCH preprocessing tools to digest the C-IFS forecast files for gases and aerosols boundary conditions, and (4) the processing of CAMS emissions. The HERMESv3_gr model, used as the emission preprocessor of the MONARCH model, has been configured and executed to process the CAMS-REG-v2.2.1 and CAMS-GLOB datasets to provide the anthropogenic, soil and ocean emission fluxes over the MONARCH CAMS_50 domain. Currently, the GFAS emissions used are the daily dataset. Further developments regarding the GFAS hourly emissions are pending to the availability of this dataset for the year 2016.

1. [bookmark: _Toc484531102][bookmark: _Toc517190095][bookmark: _Toc517190236][bookmark: _Toc517190264][bookmark: _Toc517190375][bookmark: _Toc517190454][bookmark: _Toc517190580][bookmark: _Toc517190809][bookmark: _Toc7768526]MONARCH factsheet

1.1 [bookmark: _Toc472086297][bookmark: _Toc491783832][bookmark: _Toc517103425][bookmark: _Toc528589273][bookmark: _Toc7768527]Assimilation and forecast system: synthesis of the main characteristics

	Assimilation and forecast system

	Horizontal resolution
	0.2º x 0.2º or 0.1º x 0.1º

	Vertical resolution
	48 hybrid pressure-sigma vertical levels with the top of the atmosphere at 50 hPa

	Gas phase chemistry
	CB05 with extended Tu and Cl chemistry

	Heterogeneous chemistry
	Hydrolisis of N2O5

	Aerosol size distribution
	8 sectional bins for dust and sea salt, and bulk modes for organic matter, black carbon, sulfate, nitrate and ammonium

	Inorganic aerosols
	sulfate, nitrate and ammonium

	Secondary organic aerosols
	Two product scheme for isoprene and monoterpenes

	Aqueous phase chemistry
	sulfate aqueous formation

	Dry deposition/sedimentation
	Wesely (1989) resistance approach for gases and Zhang et al. (2001) for aerosols / sedimentation as described in Pérez et al. (2011)

	Mineral dust
	Pérez et al. (2011) emission scheme with further updates

	Sea Salt
	Several open-ocean emission schemes available (Spada et al., 2013). No surf-zone emissions.

	Boundary values
	Values provided by CAMS

	Initial values
	24h forecast from the day before

	Anthropogenic emissions
	CAMS-REG-v2.2.1 and CAMS-GLOB datasets to cover the whole MONARCH domain

	Biogenic emissions
	MEGAN

	Pollens 
	None

	Assimilation module
	Only for dust (Di Tomaso et al., 2017)

	Forecast system

	Meteorological driver
	Nonhydrostatic Multiscale Model on the B grid (NMMB) with IFS initial and boundary conditions.





1.2 [bookmark: _Toc363808990][bookmark: _Toc472083797][bookmark: _Toc509566275][bookmark: _Toc517103426][bookmark: _Toc528589274][bookmark: _Toc7768528]Forward model

The MONARCH model is a fully online multiscale chemical weather prediction system for regional and global-scale applications (Pérez et al., 2011; Jorba et al., 2012; Badia and Jorba, 2014; Badia et al., 2017). The system is based on the meteorological Nonhydrostatic Multiscale Model on the B-grid (NMMB; Janjic and Gall, 2012), developed and widely verified at the National Centers for En- vironmental Prediction (NCEP). The model couples online the NMMB with the gas-phase and aerosol continuity equations to solve the atmospheric chemistry processes in detail. The model is designed to account for the feedbacks among gases, aerosol particles and meteorology. Currently, it can consider the direct radiative effect of aerosols while ignoring cloud–aerosol interactions.

Different chemical processes were implemented following a modular operator splitting approach to solve the advection, diffusion, chemistry, dry and wet deposition, and emission processes. Meteorological information is available at each time step to solve the chemical processes. In order to maintain consistency with the meteorological solver, the chemical species are advected and mixed at the corresponding time step of the meteorological tracers using the same numerical schemes implemented in the NMMB. The advection scheme is Eulerian, positive definite and monotone, maintaining a consistent mass conservation of the chemical species within the domain of study (Janjic et al., 2009; Tang et al., 2009; Janjic and Gall, 2012).


1.2.1 [bookmark: _Toc363808991][bookmark: _Toc472083798][bookmark: _Toc509566276][bookmark: _Toc517103427][bookmark: _Toc528589275][bookmark: _Toc7768529]Model geometry

The hybrid pressure-sigma coordinate is used in the vertical direction and the Arakawa B-grid is applied in the horizontal direction. The regional model is formulated on a rotated longitude–latitude grid, with the Equator of the rotated system running through the middle of the integration domain, resulting in more uniform grid distances. 

1.2.2 [bookmark: _Toc363808992][bookmark: _Toc472083799][bookmark: _Toc509566277][bookmark: _Toc517103428][bookmark: _Toc528589276][bookmark: _Toc7768530]Forcing and boundary conditions
1.2.2.1 [bookmark: _Toc363808993][bookmark: _Toc472083800][bookmark: _Toc509566278][bookmark: _Toc517103429][bookmark: _Toc528589277][bookmark: _Toc7768531]Meteorology

[bookmark: _Toc363808994][bookmark: _Toc472083801][bookmark: _Toc509566279][bookmark: _Toc517103430][bookmark: _Toc528589278]The pre-processor of the MONARCH model can handle a wide range of forcing meteorological conditions to prepare the initial and boundary meteorological conditions for the NMMB. The list of meteorological inputs compatible with MONARCH is the following:

· GFS analysis and forecast data from the NCEP
· FNL final analysis data from the NCEP
· ERA-Interim reanalysis data from the ECMWF
· ERA5 reanalysis data from the ECMWF
· MERRA2 reanalysis data from the NASA


 The pre-processor requires at least the following meteorological variables:


· Skin temperature
· Soil temperature
· Soil moisture
· Snow depth
· Sea-ice mask
· Sea-level pressure
· U component of the wind
· V component of the wind
· Temperature
· Geopotential height
· Relative humidity or specific humidity
· Cloud water content

1.2.2.2 [bookmark: _Toc7768532]Chemistry and aerosols

The pre-processor of the MONARCH model has been upgraded to properly digest the C-IFS (CAMS) forecast data and prepare the gas and aerosol boundary conditions. The variables used from C-IFS are detailed in Table 1. Note that CH4 is not used from C-IFS because the MONARCH chemical mechanism considers a constant CH4 concentration.

Table 1. The chemical and aerosol fields taken from C-IFS and used in MONARCH.
	C-IFS Species
	Coupled to MONARCH Species

	var4: Dust Aerosol (0.03 - 0.55 um) Mixing Ratio_kgkg-1
	remapped to the corresponding dust bins

	var5: Dust Aerosol (0.55 - 0.9 um) Mixing Ratio_kgkg-1
	remapped to the corresponding dust bins

	var6: Dust Aerosol (0.9 - 20 um) Mixing Ratio_kgkg-1
	remapped to the corresponding dust bins

	var1: Sea Salt Aerosol (0.03 - 0.5 um) Mixing Ratio_kgkg-1
	remapped to the corresponding sea salt bins

	var2: Sea Salt Aerosol (0.5 - 5 um) Mixing Ratio_kgkg-1
	remapped to the corresponding sea salt bins

	var3: Sea Salt Aerosol (5 - 20 um) Mixing Ratio_kgkg-1
	remapped to the corresponding sea salt bins

	var8: Hydrophobic Organic Matter Aerosol Mixing Ratio_kgkg-1
	primary hydrophobic organic matter

	var7: Hydrophilic Organic Matter Aerosol Mixing Ratio_kgkg-1
	primary hydrophilic organic matter

	var10: Hydrophobic Black Carbon Aerosol Mixing Ratio_kgkg-1
	hydrophobic black carbon

	var9: Hydrophilic Black Carbon Aerosol Mixing Ratio_kgkg-1
	hydrophilic black carbon

	var11: Sulphate Aerosol Mixing Ratio_kgkg-1
	sulphate

	var121: NO2_kgkg-1
	NO2

	var27: NO_kgkg-1
	NO

	var203: O3_kgkg-1
	O3

	var6: HNO3_kgkg-1
	HNO3

	var124: CH2O_kgkg-1
	FORM (Formaldehyde)

	var123: CO_VMR
	CO

	var13: PAN_kgkg-1
	PAN

	var122: SO2_kgkg-1
	SO2


[bookmark: _Toc363808995][bookmark: _Toc472083802][bookmark: _Toc509566280][bookmark: _Toc517103431][bookmark: _Toc528589279]
A remapping has been applied to couple the modal distribution of the C-IFS aerosols with the sectional distribution of the dust and sea salt aerosols of the MONARCH model. The remapping implemented for mineral dust considers the size distribution in emission and is the following:

· MONARCH dust bin1 (0.2-0.36 m) = CAMS var4 x 0.17
· MONARCH dust bin2 (0.36-0.6 m) = CAMS var4 x 0.83
· MONARCH dust bin3 (0.6-1.2 m) = CAMS var5 x 1.
· MONARCH dust bin4 (1.2-2 m) = CAMS var6 x 0.03
· MONARCH dust bin5 (2-3.6 m) = CAMS var6 x 0.11
· MONARCH dust bin6 (3.6-6 m) = CAMS var6 x 0.22
· MONARCH dust bin7 (6-12 m) = CAMS var6 x 0.49
· MONARCH dust bin8 (12-20 m) = CAMS var6 x 0.15

In the MONARCH model, the sea salt aerosol is transported as dry matter using an 8 bin sectional distribution. To formulate the remapping, we consider that the reported sea salt mixing ratios out of global CAMS are for 80% relative humidity. To transform the provided values back to dry matter a reduction factor of 4.3 is needed for the mass mixing ratios and a reduction factor of 1.99 for the radii of the sea salt bin limits. The remapping implemented for sea salt is the following:

· MONARCH sea salt bin1 (0.1-0.18 m) = CAMS var1 x 0.34
· MONARCH sea salt bin2 (0.18-0.3 m) = CAMS var1 x 0.30 + CAMS var2 x 0.02
· MONARCH sea salt bin3 (0.3-0.6 m) = CAMS var2 x 0.13
· MONARCH sea salt bin4 (0.6-1 m) = CAMS var2 x 0.18
· MONARCH sea salt bin5 (1-1.8 m) = CAMS var2 x 0.35
· MONARCH sea salt bin6 (1.8-3 m) = CAMS var2 x 0.32 + CAMS var3 x 0.06
· MONARCH sea salt bin7 (3-6 m) = CAMS var3 x 0.40
· MONARCH sea salt bin8 (6-15 m) = CAMS var3 x 0.54

These remappings may be slightly modified during the first year of the project after analyzing the results of the model using this first implementation.
1.2.2.3 [bookmark: _Toc7768533]Surface emissions

The High-Elective Resolution Modelling Emission System version 3 (HERMESv3; Guevara et al., 2019) is used to pre-process the anthropogenic, biomass burning, soil and ocean emissions for the MONARCH model. HERMESv3 is an open source, parallel and stand-alone multiscale atmospheric emission modelling framework that processes gaseous and aerosol emissions for use in atmospheric chemistry models.. The user can flexibly define combinations of existing up-to-date global and regional emission inventories and apply country specific scaling factors and masks. Each emission inventory is individually remapped onto the desired destination grid and processed using user-defined vertical, temporal and speciation profiles that allow obtaining emission outputs compatible with multiple chemical mechanisms. The selection and combination of emission inventories and databases is done through detailed configuration files.

We use HERMESv3 to process the CAMS_REG-APv2.2.1 (all sectors except for shipping) and CAMS_GLOB-APv2.1- anthropogenic emissions (all sectors except for shipping), the CAMS_GLOB-SHIPv1.1 shipping emissions, the CAMS_GLOB-SOILv1.1 and CAMS_GLOB-OCEANv1.1 soil and ocean emissions and GFASv1.2 biomass burning emissions for the MONARCH CAMS_50_PhaseII domain. 

The CAMS_REG-APv2.2.1 dataset is applied to the 31 EEA countries and 4 EU candidate countries, while the CAMS_GLOB-APv2.1 is used for all the other countries included in the MONARCH CAMS_50_PhaseII domain. The combination of both inventories was needed to avoid having regions of the MONARCH CAMS_50_PhaseII domain not covered (Figure 1a). Similarly, the CAMS_GLOB-SHIPv1.1 emissions are used to ensure that all the maritime emissions that affect the MONARCH CAMS_50_PhaseII domain are included (Figure 1d).

[image: ]
Figure 1 Representation of the anthropogenic emissions used in the MONARCH CAMS_50_PhaseII domain: original CAMS_REG-APv2.2.1 emissions (a), CAMS_REG-APv2.2.1 only in the countries completely covered (i.e. 31 EEA countries and 4 EU candidate countries) (b), inclusion of CAMS_GLOB-APv2.1 to the rest of the countries (c) and inclusion of CAMS_GLOB-SHIPv1.1 shipping emissions (d).

All the criteria pollutants (i.e. NOx, NMVOC, CO, SO2, NH3, PM10, PM2.5) included in the CAMS_REG-APv2.2.1, CAMS_GLOB-ANTv2.1 and CAMS_GLOB-SHIPv1.1 inventories are used. CAMS_REG-APv2.2.1 and CAMS_GLOB-SHIPv1.1 NMVOC and PM2.5 emissions are speciated using the sector and country dependent split factors proposed by TNO (the PM split factor file was recently updated due to the bug detected in the C_OtherStationaryCombustion sector). CAMS_GLOB-APv2.1 NMVOCs are already provided following the 25 GEIA VOCs groups and with the organic and black carbon fractions of PM2.5. In terms of NOx, a fraction of 90% NO and 10% NO2 is considered for all sectors except for road transport, in which the following fractions are applied: (i) 95% NO, 4.2% NO2 and 0.8 HONO for gasoline road transport and (ii) 70% NO, 28.3% NO2 and 1.7% HONO for diesel road transport (Rappenglueck et al., 2013). 

Vertical and temporal distribution of anthropogenic emissions is performed following the sector-dependent profiles proposed by TNO. We are currently running sensitivity test simulations using the new CAMS gridded temporal profiles that are currently being developed under CAMS81. 

For CAMS_GLOB-OCEANv1.1 only DMS emissions are used. Original monthly emissions are distributed assuming a flat daily and diurnal profile. For CAMS_GLOB-SOILv1.1 NOx emissions are assumed to be 100% NO. Original monthly emissions are distributed assuming a flat daily profile and a diurnal profile based on temperature diurnal evolution. In the current runs, no canopy factor corrections are applied to the original emissions. We are planning to run sensitivity test simulations using different canopy correction factors, following the recommendations of CAMS81.


The biogenic emissions are computed on-line within the MONARCH model using the Model of Emissions of Gases and Aerosols from Nature version 2.04 (MEGANv2.04; Guenther et al., 2006). MEGAN is able to estimate the net emission rate of gases and aerosols from terrestrial ecosystems into the above-canopy atmosphere. MEGAN canopy-scale emission factors differ from most other biogenic emission models, which use leaf-scale emission factors and cover more than 130 non-methane volatile organic compounds (NMVOCs). All the MEGAN NMVOCs are speciated following the CB05 chemical mechanism used in MONARCH; thus, emissions for isoprene, lumped terpenes, methanol,  acetaldehyde, ethanol, formaldehyde, higher aldehydes, toluene, carbon monoxide, ethane, ethene, paraffin carbon bond, and olefin carbon bond are considered within the model. Biogenic emissions are computed every hour to account for evolving meteorological changes in solar radiation and surface temperature. Thus, the weather-driving variables considered are temperature at 2m and incoming shortwave radiation at the surface. NO MEGAN biogenic emissions are currently switched off as they are being considered with the CAMS_GLOB-SOILv1.1 dataset. Sensitivity runs to compare the results obtained with CAMS_GLOB-SOILv1.1 and MEGAN will be performed.
Finally, biomass burning emissions (forest, grassland and agricultural waste fires) of organic carbon, black carbon, SO2, and Dimethylsulfide are taken from the GFASv1.2 dataset (Kaiser et al., 2012). This product reports daily emissions at a horizontal gridded resolution of 0.1° x 0.1°. Although the requirements of CAMS_50_PhaseII specifies the use of hourly GFAS emissions, these are not available for the year of study where the MONARCH model will be evaluated (2016) yet. The vertical allocation of GFAS emissions is done using the maximum fire plume injection height derived from Sofiev et al. (2013) and distributing uniformly all the emissions across the layers below this height.

Currently, no lightning or volcano emissions are considered.

1.2.3 [bookmark: _Toc363808996][bookmark: _Toc472083803][bookmark: _Toc509566281][bookmark: _Toc517103432][bookmark: _Toc528589280][bookmark: _Toc7768534]Dynamical core

The dyamical core of the MONARCH model is the Nonhydrostatic Multiscale Model on the B-grid (NMMB; Janjic and Gall, 2012). The NMMB was conceived for short- and medium-range forecasting over a wide range of spatial and temporal scales, from large eddy simulations (LES) to global simulations. Its unified nonhydrostatic dynamical core allows for running of either regional or global simulations, both including embedded regional nests. The NMMB has been developed within the Earth System Modeling Framework (ESMF) at NCEP, following the general modeling philosophy of the NCEP regional Weather Research and Forecasting (WRF) Nonhydrostatic Mesoscale Model (NMM; Janjic, 2003). The regional NMMB has been the operational regional North American Mesoscale (NAM) model at NCEP since October 2011. Isotropic horizontal finite volume differencing is employed so that a variety of basic and derived dynamical and quadratic quantities are conserved. Among these, the conservation of energy and enstrophy improves the accuracy of the non-linear dynamics. The nonhydrostatic component of the model dynamics is introduced through an add-on module that can be turned on or off, depending on the resolution (Janjic et al., 2001). 

1.2.4 [bookmark: _Toc363808997][bookmark: _Toc472083804][bookmark: _Toc509566282][bookmark: _Toc517103433][bookmark: _Toc528589281][bookmark: _Toc7768535]Physical parameterisations
1.2.4.1 [bookmark: _Toc363808998][bookmark: _Toc472083805][bookmark: _Toc509566283][bookmark: _Toc517103434][bookmark: _Toc528589282][bookmark: _Toc7768536]Turbulence and convection

[bookmark: _Toc363808999][bookmark: _Toc472083806][bookmark: _Toc509566284][bookmark: _Toc517103435][bookmark: _Toc528589283]The operational physical package of the NMMB includes (1) the Mellor–Yamada–Janjic (MYJ) level 2.5 turbulence closure for the treatment of turbulence in the planetary boundary layer (PBL) and in the free atmosphere, (2) the surface layer scheme based on the Monin–Obukhov similarity theory with an introduced viscous sublayer over land and water, (3) the NCEP NOAH land surface model for the computation of the heat and moisture surface fluxes, (4) the RRTMG longwave and shortwave radiation package, (5) the Ferrier grid-scale clouds and microphysics, and (6) the Betts–Miller–Janjic convective parametrization. Vertical diffusion is handled by the surface layer scheme and by the PBL scheme. Lateral diffusion is formulated following the Smagorinsky non-linear approach.

Both gases and aerosols experience turbulence and convective mixing during their life cycle in the atmosphere. In MONARCH, the turbulence mixing of chemical species is solved with the same numerical scheme implemented in the NMMB. The convective mixing, however, is treated differently for aerosols and gases. The scheme implemented for aerosols is described in detail in Pérez et al. (2011) and follows a relaxation approach similar to the Betts-Miller-Janjic convective parameterization of the NMMB. On the other hand, the convective mixing of gases in MONARCH is solved following the sub-grid cloud scheme of the CMAQ and RADMv2.6 model as described in Badia et al. (2016).
1.2.4.2 [bookmark: _Toc7768537]Deposition
[bookmark: __RefHeading__3932_18513846][bookmark: _Toc428290392]
The deposition processes implemented in the MONARCH model are dry deposition, in-cloud grid-scale, and in-cloud subgrid-scale scavenging for gases and aerosols, and below cloud scavenging for aerosols only.

For gases, the dry deposition scheme follows the classical deposition velocity analogy, enabling the calculation of deposition fluxes from airborne concentrations. The aerodynamic resistance (Ra; depends only on atmospheric conditions) and the quasilaminar sublayer resistance (Rb; depends on friction velocity and modelcular characteristics of gases) are computed following their common definition, while the canopy or surface resistance (Rc) is simulated following Wesely (1989), where Rc is derived from the resistances of the surfaces of the soil and the plants. The properties of the plants are determined using land-use data (from the land use of the meteorological driver) and depend on the season. The surface resistance also depends on the diffusion coefficient, the reactivity, and the water solubility of the reactive trace gases. The cloud-chemistry processes are included in the system considering both sub-grid and grid-scale processes following Byun and Ching (1999) and Foley et al. (2010). The processes included are the scavenging, vertical mixing and wet-deposition. Only in-cloud scavenging is considered in the current implementation (Badia et al., 2017).

Regarding aerosols, the parameterization of the aerosol dry deposition is based on Zhang et al. (2001) which includes simplified empirical parameterizations for the deposition processes of Brownian diffusion, impaction, interception and gravitational settling detailed in Slinn (1982). Aerosol rebound at the surface is not taken into account due to limited knowledge of this process. Wet scavenging of aerosols by precipitation is computed separately for convective and grid-scale (stratiform) precipitation. It represents the most efficient process for the deposition of the smallest particles. The model includes parameterizations for in-cloud scavenging, and for below cloud scavenging. Detailed description of the schemes can be found in Pérez et al. (2011). 

1.2.5 [bookmark: _Toc363809000][bookmark: _Toc472083807][bookmark: _Toc509566285][bookmark: _Toc517103436][bookmark: _Toc528589284][bookmark: _Toc7768538]Chemistry and aerosols
1.2.5.1 [bookmark: _Toc363809001][bookmark: _Toc472083808][bookmark: _Toc509566286][bookmark: _Toc517103437][bookmark: _Toc528589285][bookmark: _Toc7768539]Chemistry

[bookmark: _Toc363809002][bookmark: _Toc472083809][bookmark: _Toc509566287][bookmark: _Toc517103438][bookmark: _Toc528589286]A flexible gas-phase module is implemented in the MONARCH model. Currently, the Carbon Bond 2005 chemical mechanism (CB05; Yarwood, 2005) extended with Toluene and Chlorine chemistry is the default scheme of the model. Two options for solving the gas-phase chemistry are implemented: (1) an efficient and fast solver based on the Euler-Backward-Iterative shceme, and (2) a chemical mechanism and chemistry solver based on the Kinetic PreProcessor KPP package with the main purpose of maintaining a wide flexibility when configuring the model. The CB05 is well formulated for urban to remote tropospheric conditions and it considers 51 chemical species and solves 156 reactions. Both the organic chemistry of methane and ethane, and the chemistry of methylperoxy radical, methyl hydroperoxide and formic acid are treated explicitly. The higher organic peroxides, organic acids, and peracids are treated as lumped species. Following its main design, CB05 defines proxy single and double carbon bond species, paraffin and an olefin bond, respectively, and it introduces the internal olefin species. The rate constants were updated based on evaluations from Atkinson et al. (2004) and Sander et al. (2006). Organic compounds not explicitly treated are apportioned to the carbon-bond species based on the molecular structure and following Yarwood et al. (2005) assignments from VOC species to CB05 model species. The concentration of methane is considered constant (1.85 ppm) in the mechanism.

The photolysis scheme used in the MONARCH model is the Fast-J scheme. It is coupled with physics of each model layer (e.g., aerosols, clouds, absorbers as ozone) and it considers grid-scale clouds from the atmospheric driver. The Fast-J scheme has been updated with CB05 photolytic reactions. The quantum yields and cross section for the CB05 photolysis reactions have been revised and updated following the recommendations of Atkinson et al. (2004) and Sander et al. (2006). The Fast-J scheme uses seven different wavelength bins appropriate for the troposphere to calculate the actinic flux covering from 289 to 850 nm. Currently, aerosols are not considered in the photolysis rate calculation. This might produce an atmosphere excessively oxidized in regions where aerosols are significant.

1.2.5.2 [bookmark: _Toc7768540]Aerosol

The aerosol scheme of the MONARCH model follows a hybrid sectional-bulk multicomponent approach. The scheme extends from the seminal work of Pérez et al. (2011) that coupled on-line a state-of-the-art mineral dust module within the NMMB model. The system was upgraded with the implementation of 4 new aerosols in Spada et al. (2013) and Spada (2015) and currently describes the life cycle of mineral dust, sea-salt, black carbon, organic matter (both primary and secondary), sulfate, nitrate, and ammonium aerosols. While a sectional approach is used for mineral dust and sea-salt, a bulk description of the other aerosol species is adopted. A simplified gas-aqueous-aerosol mechanism has been introduced in the module to account for the sulfur chemistry. The EQSAM thermodynamic equilibrium model is used to solve the production of secondary inorganic nitrate and ammonium. And two options are available to estimate to formation of secondary organic aerosol: (1) a two-product scheme with isoprene and monoterpene precursor formation, and (2) a simple non-volatile scheme accounting for the contribution of anthropogenic, biomass burning, and biogenic formation.  

Mineral dust is treated as an hydrophobic particle, sea salt as hydrophilic, both black carbon and primary organic aerosol are emitted as hydrophobic particles and an aging process transforms them to hydrophilic, secondary organic aerosol (SOA) is considered hydrophilic, and sulfate/nitrate/ammonium are treated as a hydrophilic particles.
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· Development activities to adapt the system over the European CAMS domain:

The MONARCH model uses a rotated latitude-longitude projection for limited area configurations. The domain designed to fulfil the CAMS_50_PhaseII requirements is shown in Figure 2. The CAMS_50_PhaseII requirements specifies that the model results should cover at least the domain 25°W-45°E, 30°N-72°N at a resolution finer or equal to 0.2°. To cover 72°N, the MONARCH domain has to be much larger than the requested area. Two different horizontal resolutions are under test during the first year of the CAMS_50_PhaseII project: (1) 0.1° x 0.1° and (2) 0.2° x 0.2°.
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Figure 2. The MONARCH domain covering the requested domain of the CAMS_50_PhaseII project. The Blue square covers the CAMS_50_PhaseII area.

The vertical coordinate of the MONARCH model is a hybrid pressure-sigma coordinate. The model is configured with 48 vertical layers and a top of the atmosphere at 50 hPa. The transition from sigma to pressure is set at 300 hPa.

· Development activities to process emissions for CAMS50:

We use HERMESv3 to process the CAMS_REG-APv2.2.1 (31 EEA countries and 4 EU candidate countries and all sectors except for shipping) and CAMS_GLOB-APv2.1- anthropogenic emissions (rest of countries and all sectors except for shipping), the CAMS_GLOB-SHIPv1.1 shipping emissions, the CAMS_GLOB-SOILv1.1 and CAMS_GLOB-OCEANv1.1 soil and ocean emissions and GFASv1.2 biomass burning emissions for the MONARCH CAMS_50_PhaseII domain. The sector and country dependent NMVOC and PM split factors proposed by TNO are being used. Vertical and temporal distribution of anthropogenic emissions is performed following the sector-dependent profiles proposed by TNO. Currently running a sensitivity test simulation using the new CAMS gridded temporal profiles that are currently being developed under CAMS81.

· Development activities to process IFS forecast meteorological data for CAMS50:

The pre-processor of the MONARCH model has been upgraded to properly digest the IFS forecast data and prepare the meteorological initial and boundary conditions. The fields used from IFS are:

· Skin temperature
· Soil temperature at 0-7cm, 7-28 cm, 28-100 cm and 100-255 cm
· Soil moisture at 0-7cm, 7-28 cm, 28-100 cm and 100-255 cm
· Snow depth
· Sea-ice mask
· Sea-level pressure
· U component of the wind
· V component of the wind
· Temperature
· Geopotential height
· Relative humidity

Currently, the IFS pressure level files are selected and downloaded from the MARS database due to downloading time constraints. In the future, we plan to explore the impact of working with the IFS sigma level files.

The IFS data is re-projected from the spectral and regular reduced latitude-longitude grid to a regular latitude-longitude grid. The latter format is the one compatible with the MONARCH pre-processor.


· Development activities to process C-IFS forecast gas and aerosol data for CAMS50:

The pre-processor of the MONARCH model has been upgraded to properly digest the C-IFS (CAMS) forecast data and prepare the gas and aerosol boundary conditions. The variables used from C-IFS are detailed in Table 1. Note that CH4 is not used from C-IFS because the MONARCH chemical mechanism considers a constant CH4 concentration.

· Development activities to simulate the Forecast experiment for CAMS50:

We have downloaded the IFS and C-IFS data for the Forecast experiment. The time period for this short forecast is 20160826 (D+0) to 20160829 (D+3).


· Development activities to simulate the Hindcast experiment for CAMS50:

We have downloaded the complete year 2016 of C-IFS data for the Hindcast experiment. The IFS data is currently being downloaded.
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· Evaluation activities

Evaluation activities are ongoing to assess the performance of the model with the new developments required by the CAMS_50_PhaseII project. The model has been evaluated with EIONET and EBAS observations of O3 and NO2 working with the CAMS_50_PhaseII domain, CAMS81 emissions, C-IFS boundary conditions, and GFS initial and boundary conditions. Figure 3 shows results of an evaluation of summer 2016 for O3.
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Figure 3. Preliminary O3 evaluation of the MONARCH model for August 2016 using CAMS_50_PhaseII domain, CAMS81 emissions, C-IFS boundary conditions, and GFS meteorological initial and boundary conditions. The MONARCH results are in red, the CAMS50 ensemble in dark green, and individual CAMS50 models in other colours.
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· GFAS hourly emissions

Currently, we work with GFASv1.2 daily emission fluxes. During the next six months we plan to implement the treatment of GFASv1.2 hourly emission dataset in the HERMESv3 model and in the MONARCH model. A specific methodology for the temporal profiles and vertical injection of the emissions will be implemented.

· Forecast simulation
[bookmark: _Toc7768546]Any other development

During the next six months we plan to improve the PM of the model. We envisage the five main tasks:

· Evaluation activities with EIONET, EBAS and AERONET observations
· Select the best mineral dust emission scheme for the CAMS_50_PhaseII domain and fine tune the remapping of the CAMS BC mineral dust and the MONARCH sectional dust
· Select the best sea salt emission scheme for the CAMS_50_PhaseII domain and fine tune the remapping of the CAMS BC sea salt and the MONARCH sectional sea salt
· Fine tune of the heterogeneous hydrolysis of N2O5 for the CAMS_50_PhaseII requirements
· [bookmark: _GoBack]Upgrade of the SOA scheme to deal with anthropogenic, biogenic, and biomass burning precursors, and associated aging processes
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