
Massimo Vieno, 

Tomas Liska, Janice Scheffler, Yuanlin Wang, 

Rachel Beck, James Bullock, Ed Carnell, 

Sam Tomlinson, Ulli Dragosits, Eiko Nemitz

Opportunities and uncertainties in the 
EMEP-WRF model



EMEP MSC-W model 
www.emep.int - https://github.com/metno/emep-ctm

EMEP4UK model
www.emep4uk.ceh.ac.uk

NAEI emissions:
https://naei.beis.gov.uk/data/mapping

EMEP emissions:
https://www.ceip.at/webdab-emission-database/emissions-as-used-in-emep-models

EDGAR emissions:
https://edgar.jrc.ec.europa.eu/emissions_data_and_maps

HTAP emissions:
https://edgar.jrc.ec.europa.eu/dataset_htap_v3

WRF model:
https://www2.mmm.ucar.edu/wrf/users/

• EMEP-WRF in an atmospheric chemistry transport model and it is based/identical on the EMEP MSC-W 
model (www.emep.int – Norwegian Meteorological office)

• Meteorology driver is the Weather Research & Forecasting model (www.wrf-model.org)

• The typical vertical domain from the surface (~45 m) up to 100hPa ( ~16 km)

• Globally at 1°×1° degree and with nested domains at 0.1°×0.1°

• The emissions are derived from NAEI (UK), EMEP (EU), EDGAR (global), and HTAP (Global)

• Chemistry transformation, removal processes (dry and wet) are implemented

The EMEP-WRF model

EMEP4UK specific papers
ACP Vieno et. al, 2010, 2014, 2016, ERL Vieno et. al, 2016, GMD Ge et. al, 
2021, ACP Ge et. 2022, Science Gu et al. 2021

EMEP MSC-W model 
(ACP Simpson et al., 2012) and EMEP 2023 report

WRF
(Skamarock, W. C. wt al., 2019)

NO2 µg m-3
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http://www.emep.int/
https://github.com/metno/emep-ctm
http://www.emep4uk.ceh.ac.uk/
https://naei.beis.gov.uk/data/mapping
https://www.ceip.at/webdab-emission-database/emissions-as-used-in-emep-models
https://edgar.jrc.ec.europa.eu/emissions_data_and_maps
https://edgar.jrc.ec.europa.eu/dataset_htap_v3
https://www2.mmm.ucar.edu/wrf/users/
http://www.emep.int/
http://www.wrf-model.org/


Mu, Q., Denby, B. R., Wærsted, E. G., and Fagerli, H.: Downscaling of air pollutants in Europe using uEMEP_v6, Geosci. Model 
Dev., 15, 449–465, https://doi.org/10.5194/gmd-15-449-2022, 2022

Denby, B. R., Gauss, M., Wind, P., Mu, Q., Grøtting Wærsted, E., Fagerli, H., Valdebenito, A., and Klein, H.: Description of the 
uEMEP_v5 downscaling approach for the EMEP MSC-W chemistry transport model, Geosci. Model Dev., 13, 6303–6323, 
https://doi.org/10.5194/gmd-13-6303-2020, 2020

UK 3x3km2
UK 50x50m2

Europe 27x27km2

Edinburgh 50x50m2

London 50x50m2

Global 1°x1° 

From global to urban scale modelling with the EMEP-WRF model

All figures shows NO2 µg m-3 – different colour scale
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Currently, it is remarkably easy to apply a complex ACTM (EMEP, WRF-Chem, GEOS-Chem, CMAQ, etc)

• Anywhere in the world

• From historical years (e.g. ERA5 1940 up to present days) to forecast (GFS and ERA5)

• Emissions are available at remarkably spatial high res for the entire planet (EDGAR, HTAP, ECLIPSE, etc..)

But it is very difficult to assess the uncertainties in the model results

ACTM across scales and domains

https://www.ecmwf.int/en/forecasts/dataset/ecmwf-reanalysis-v5
https://edgar.jrc.ec.europa.eu/dataset_htap_v3
https://www.emep.int

https://www.ecmwf.int/en/forecasts/dataset/ecmwf-reanalysis-v5
https://edgar.jrc.ec.europa.eu/dataset_htap_v3
https://www.emep.int/


Some challenges…

• Evaluation of the WRF meteorology (we use the NOAA website)

• Which micro physics options to use in WRF, or aerosols scheme in EMEP?

• Emissions: both anthropogenic and biogenic

• Evaluation for concentrations outside the US, Europe, and perhaps China… is very difficult

• Dry deposition is difficult to evaluate for Nr compounds (and other chemical compounds)

• Ad-hoc measurement/campaigns done across the world are also a hard to gather

• In the UK, the R package OpenAir did simplify the availability of the AURN

https://uk-air.defra.gov.uk/networks/network-info?view=aurn
https://www2.mmm.ucar.edu/wrf/users/physics/phys_references.html

https://uk-air.defra.gov.uk/networks/network-info?view=aurn
https://www2.mmm.ucar.edu/wrf/users/physics/phys_references.html
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What are the largest sources of uncertainties in ACTMs?

A personal and very incomplete list (not in any order)

• 3D (+time) meteorology (wind, rainfall, temperature, etc.)

• 3D (+time) emissions (anthropogenic and biogenic)

• Missing sources

• Human errors

• Chemical complexity (MCM, CRI vs simplified EMEP)

• Removal processes

• Model vs observations (apple and pears)

• Model resolution for specific pollutants (very important for NOx not as much for PM2.5)
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WRF calculated meteorology
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WRF model available options,

for microphysics, PBL, Cumulus, shortwave, …

WRF Physics Suites may be the way forward…?

Nudging, if so what to nudge, or full data assimilation 4DVAR?

and more….
Micro physics Planetary boundary 

layers
Cumulus 
Parameterizations

Shortwave and Longwave  
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Meteorology – ERA5 downscaled with the WRF model in southeast Asia

The WRF model is used here to downscale 
the ERA5 reanalysis to the required 
resolution (in this case 0.11º × 0.11º)

We are currently evaluating if nudging the 
relative humidity is beneficial or not to our 
WRF model results

Summary plot for mean bias for the 2m T  - SEA WRF domain

Singapore 2019 daily mean hourly values for January
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Meteorology – What about Rainfall?

BHOPAL (lon: 77.337, lat: 23.287) in 2018 PHUKET (lon: 98.4, lat: 7.883) in 2018

CHENNAI INTL (lon: 80.181, lat: 12.994) in 2018SINGAPORE CHANGI INTL (lon: 103.994, lat: 1.35) in 2018
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Emissions input
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2018 SOx monthly emission from HTAPv3 (mgm-2 )
2018 SOx monthly emission from the EMEP website (mgm-2)

“Ships trading in designated emission control areas will have to use on board fuel 
oil with a sulphur content of no more than 0.10% from 1 January 2015, against 
the limit of 1.00% in effect up until 31 December 2014”

This is an example of uncertainties/representativity of anthropogenic emissions 
sources.

Biogenic emissions; calculated online in ACTM (e.g. isoprene from vegetation, sea 
salt, dust, etc..), or as an input from satellite derived product (forest fires), do 
all participate in the overall uncertainties  

https://edgar.jrc.ec.europa.eu/dataset_htap_v3
https://www.ceip.at/webdab-emission-database/emissions-as-used-in-emep-models
https://www.imo.org/en/MediaCentre/PressBriefings/Pages/44-ECA-sulphur.aspx

https://edgar.jrc.ec.europa.eu/dataset_htap_v3
https://www.ceip.at/webdab-emission-database/emissions-as-used-in-emep-models
https://www.imo.org/en/MediaCentre/PressBriefings/Pages/44-ECA-sulphur.aspx
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EMEP-WRF applications
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What is the effect of removing all UK NH3 emissions

• A 100% reduction of UK anthropogenic NH3 emissions is associated 
with up to 50% of PM2.5 reductions. This broadly agrees with other 
studies (ACP Vieno et al 2016, Kelly et al 2023).

• However, this may be misleading as without HNO3 and H2SO4 there 
will not be much NH4

+ around in Europe.

• In other parts of the world (for example South Asia) this may not 
be the case as HCl emissions are very substantial and NH4Cl is a 
significant fraction of the total PM2.5

µgm-3

Kelly, J. M., Marais, E. A., Lu, G., Obszynska, J., Mace, M., White, J., and Leigh, R. J.: Diagnosing domestic and transboundary 
sources of fine particulate matter (PM2.5) in UK cities using GEOS-Chem, City and Environment Interactions, 18, 100100, 
https://doi.org/10.1016/j.cacint.2023.100100, 2023.

Vieno, M., Heal, M. R., Williams, M. L., Carnell, E. J., Nemitz, E., Stedman, J. R., and Reis, S.: The sensitivities of emissions 
reductions for the mitigation of UK PM2.5, Atmos. Chem. Phys., 16, 265-276, 10.5194/acp-16-265-2016, 2016

µgm-3 µgm-3

%

PM2.5 

BASE noUK NH3

abs diff %

https://doi.org/10.1016/j.cacint.2023.100100
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• The simulation was done for the year 2019 

• The figures show the annual mean (from hourly values)

• HTAPv3 emissions

• Daily Forest fires derived from the Global Fire 
Assimilation System (GFAS)

BASE Forest fires removed

abs diff %

Surface PM2.5 (µgm-3)

GFAS dataset:
Generated using Copernicus Atmosphere Monitoring Service Information [2024]

HTAPv3:
Huang, G., Brook, R., Crippa, M., Janssens-Maenhout, G., Schieberle, C., Dore, C., Guizzardi, D., Muntean, M., Schaaf, E., and 
Friedrich, R.: Speciation of anthropogenic emissions of non-methane volatile organic compounds: a global gridded data 
set for 1970–2012, Atmos. Chem. Phys., 17, 7683–7701, doi:10.5194/acp-17-7683-2017, 2017

What is the effect of biomass burning in Southeast Asia
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EMEP-WRF, evaluation, missing processes, missed rain event, and observations…



• The model shows similar patterns for 
PM2.5 at several Indian sites

• Other pollutants such as ozone are not 
what we expected, but when compared 
with measurement campaign, the model 
better captures ozone concentrations

• Sulphur dioxide also shows some 
“uncharacteristic” patterns in the 
observations

South Asia 2018 daily mean PM2.5

https://cpcb.nic.in/

https://cpcb.nic.in/

Data uploaded using MOHAMED SHIRAZ notebook
India's Air Quality: EDA and Prediction | Kaggle
Python · geojson, Air Quality Data in India (2015 - 
2020)

https://cpcb.nic.in/
https://www.kaggle.com/code/mohamedshiraz/india-s-air-quality-eda-and-prediction/notebook
https://www.kaggle.com/datasets/para24/geojson
https://www.kaggle.com/datasets/rohanrao/air-quality-data-in-india
https://www.kaggle.com/datasets/rohanrao/air-quality-data-in-india
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Sensitivity of SO4
2-, NO3

-, NH4
+ and PM2.5 to ammonia reductions in South Asia

PM2.5 sensitivity to a reduction of NH3 emissions - 10%, 20%, … , 100% NH3 reduction 

Fowler, D., Pilegaard, K., Sutton, M. A., Ambus, P., Raivonen, M., Duyzer, J., Simpson, D., Fagerli, H., Fuzzi, S., . . . Erisman, J. W.: 
Atmospheric composition change: Ecosystems-Atmosphere interactions, Atmospheric Environment, 43, 5193-5267, DOI 
10.1016/j.atmosenv.2009.07.068, 2009.

In the EMEP model the deposition velocity of 
SO2 is a function of the SO2/NH3 ratio

Deposition velocity and non-linearity 
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Conclusions

• ACTMs have been made easily accessible to all researchers' community

• Uncertainty analysis is still an issue? 

• Model evaluation is relatively easy in some parts of the world (e.g. US, China, and the EU)

• Model accuracy is also difficult to assess

• Ensembles of air quality models may provide a better understanding of uncertainties

HOWEVER,… 
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2020

2021

2022

2023

EMEP4UK daily average at the AURN Chilbolton 
observatory site

The model captures the timing and magnitude of the 
elevated PM2.5 

Other models may do even better which suggests 
that the uncertainties/errors are not too large…

In 1976, a British statistician named George Box 
wrote the famous line, “All models are wrong, some 
are useful”

I prefer to say, “All models are an incomplete 
representation of reality”, but not necessarily wrong.



Thank You

For more information
please contact:

mvi@ceh.ac.uk

Ge, Y. et al., A new assessment of global and regional budgets, fluxes, and lifetimes of atmospheric reactive N and S gases and aerosols, ACP, 10.5194/acp-22-8343-2022, 2022.
Gu, B., et al.,, Abating ammonia is more cost-effective than nitrogen oxides for mitigating PM(2.5) air pollution, Science, 374, 758-762, 10.1126/science.abf8623, 2021.
Simpson, D. et al.,: The EMEP MSC-W chemical transport model - technical description, Atmos. Chem. Phys., 12, 7825-7865, 10.5194/acp-12-7825-2012, 2012
Vieno, M. et al.,: The sensitivities of emissions reductions for the mitigation of UK PM2.5, Atmos. Chem. Phys., 16, 265-276, 10.5194/acp-16-265-2016, 2016a.
Vieno, M. et al.,: The UK particulate matter air pollution episode of March–April 2014: more than Saharan dust, Environmental Research Letters, 11, 044004, 2016b
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EMEP4UK daily average at the Chilbolton observatory

2020 2021 2022 2023
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Pawar, P. V., Ghude, S. D., Govardhan, G., Acharja, P., Kulkarni, R., Kumar, R., Sinha, B., Sinha, 
V., Jena, C., Gunwani, P., Adhya, T. K., Nemitz, E., and Sutton, M. A.: Chloride (HCl ∕ Cl−) 
dominates inorganic aerosol formation from ammonia in the Indo-Gangetic Plain during winter: 
modeling and comparison with observations, Atmos. Chem. Phys., 23, 41–59, 
https://doi.org/10.5194/acp-23-41-2023, 2023.

Box-and-whisker plot for trace gases and secondary inorganic aerosols from the observations 
(MARGA) and simulated in sensitivity test with changes in HCl emissions in no HCl 
(0 mol km−2 h−1), base case HCl (24.8 mol km−2 h−1), and 3 × base HCl (74 mol km−2 h−1) runs at 
IGIA, Delhi.

…recent studies shows the importance of HCl emissions in Delhi

Acharja, P., Ali, K., Trivedi, D.K., Safai, P.D., Ghude, S., Prabhakaran, T., Rajeevan, M. 
(2020) Characterization of atmospheric trace gases and water soluble inorganic chemical 
ions of PM1 and PM2.5 at Indira Gandhi International Airport, New Delhi during 2017–18 
winter. Science of the Total Environment 729, 138800.

Pawar et al. shows that adding HCl emissions over Delhi the 
results agree better with the observed PM2.5 MARGA dataset at the Dheli airport
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EMEP rv4.45 and HCl extension

We used a global HCl and primary pCl emissions at 0.1 x 0.1 degrees (Zhang et al., 2022)

Zhang, B., Shen, H., Yun, X., Zhong, Q., Henderson, B.H., Wang, X., Shi, L., Gunthe, S.S., Huey, L.G., Tao, S., 
Russell, A.G., Liu, P. (2022) Global Emissions of Hydrogen Chloride and Particulate Chloride from Continental 
Sources. Environmental Science & Technology 56, 3894-3904
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EMEP-WRF global 2015 evaluation
North America Asia

Europe

Based on Ge et al. 2021 but for the SANH 2015 BASE run
Ge, Y., Heal, M. R., Stevenson, D. S., Wind, P., and Vieno, M.: Evaluation of global EMEP MSC-W (rv4.34) WRF 
(v3.9.1.1) model surface concentrations and wet deposition of reactive N and S with measurements, Geosci. 
Model Dev., 14, 7021–7046, https://doi.org/10.5194/gmd-14-7021-2021, 2021
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Lloyd’s (2012) ECA Calculator—Helping you plan your compliance with MARPOL Annex VI, Regulation 14
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EMEP-WRF BASE run vs. observations at some sites (daily average for 2015) - Yuanlin Wang 
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