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Background

• Regional air quality models have undergone 
considerable development during the last three 
decades worldwide, and are widely used to support 
emission control policies, real-time forecasts, and 
integrated monitoring strategies

• In both North America and Europe, many models have 
been developed independently by different research 
groups

• Encourage collaboration between European and North 
American air quality modeling communities



Objectives

• International exchange of knowledge in regional AQ 
modeling

• Identify knowledge gaps in AQ science
• Develop methodologies to evaluate uncertainty in AQ 
modeling

• Build common strategy on model development and 
common research priorities

• Establish model evaluation methods to:
–Increase knowledge about processes
–Support the use of models for policy development

• Initiate coordinated research projects and perform 
model inter-comparisons
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Schedule for 1st AQMEII 
Modeling Activity

• Apr. ’09 – 1st AQMEII workshop, Stresa, IT

• Jun. ’09 – 1st organizing committee meeting

• Aug. ’09 – invitation letter to potential participants

• Apr. ’10 – activity instruction distributed

• Sep. ’10 – 2nd AQMEII workshop, Turin, IT

• Dec. ’10 – deadline to submit results for SI

• May ’11 – manuscripts due for AE SI

• Oct. ’11 – 3rd AQMEII workshop, RTP, US

• Feb. ’12 – Special Issue of Atmospheric Environment

• 2012 – Phase 1 wrap-up, initiate Phase 2



1st Modeling Activity

• Two-continent AQ model intercomparison study to 
allow regional AQ models from Europe and North 
America to be compared for common long-term case 
studies on both continents

• Choose cases and evaluation framework to promote 
the use of different types of model evaluation, 
including operational, dynamic, diagnostic, and 
probabilistic types

• First phase of activity from 2009 to 2011



Model Evaluation Framework

Dynamic Evaluation

Can the model capture changes related to 
meteorological events or variations?

Can the model capture changes related to 
emission reductions?

Model-predicted concentration and 
deposition

Model Inputs: meteorology and emissions
Chemical transformation: gas, aerosol, 
and aqueous phases
Transport: advection and diffusion
Removal: dry and wet deposition

Diagnostic Evaluation

Are model errors or biases caused by 
model inputs or by modeled processes?

Can we identify the specific modeled 
process(es) responsible?

Are we getting 
the right answers?

Probabilistic Evaluation

What is our confidence in the 
model-predicted values?

How do observed concentrations 
compare within an uncertainty 
range of model predictions?

Operational Evaluation

How do the model predicted concentrations 
compare to observed concentration data?

What are the overall temporal or spatial 
prediction errors or biases?

Are we getting the 
right answers for  
the right (or wrong) 
reasons?

Can we capture the 
observed changes in 
air quality?

What is our 
confidence in the 

model predictions?

Can we identify 
needed 
improvements 
for modeled 
processes or 
inputs?



Participating Groups / Models

• 25 regional AQ modeling groups, 15 countries
–AT, CA, CH, DE, DK, ES, FI, FR, GR, NL, NO, PT, 

SE, UK, US
• 8 meteorological drivers:

–ALADIN, COSMO, CCLM, DEHM, ECMWF, GEM, 
MM5, WRF

• 10 chemical transport models:
–AURAMS, CAMx, CHIMERE, CMAQ, DEHM, 

EMEP, GEM-AQ, MATCH, MUSCAT, SILAM,
WRF-Chem



Analysis Domains for 2006 
Annual Simulations

European Domain North American Domain



Selected Cases

• Air quality modeling exercises over North America and 
Europe
–Full-year model simulations for operational 

evaluations
• 2003, 2006 – Europe
• 2002, 2006 – North America

Initial case:  2006 for both continents



Available 2006 Input Datasets

• Emissions
• Europe – from TNO (NL)
• North America – from U.S. EPA

• Meteorology
• Europe – (MM5) from IPSL, FR
• North America – (WRF) from US. EPA

• Chemical Boundary Conditions
–GEMS re-analysis for both continents (ECMWF)



Measurement Data for Evaluation

• Extensive datasets, including both routine network and 
non-routine observational datasets:

–Meteorological networks

–Air-chemistry networks

–Precipitation-chemistry networks

–Ozonesonde networks

–Instrumented aircraft (MOZAIC)



Model Output Datasets

• Model outputs

–All modelers will interpolate their model output to a 
common lat/lon grid (0.25o resolution) for each 
continent, for spatial analysis and model 
intercomparison

–Model output will be extracted at station/profile 
locations or aircraft transects for comparison to obs.

• Model output data uploaded to JRC/ENSEMBLE 
system for analysis



Ensemble Model Evaluation 
System

• Developed at JRC Ispra for evaluation, 
intercomparison, and ensemble analysis

• Comparison capabilities:

–Model-to-model

–Model-to-measurement

–Model-to-ensemble

–Ensemble-to-measurement

• System provides many different analysis tools and 
metrics



Additional Information

• Website
http://aqmeii.jrc.ec.europa.eu

• Publication (pending)
Rao, S.T., S. Galmarini, and K. Puckett:  Air Quality 

Model Evaluation International Initiative (AQMEII): 
Advancing state-of-science in regional 
photochemical modeling and its applications, Bull. 
Amer. Meteor. Soc., doi: 10.1175/2010BAMS3069.1 

(accepted).
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Simulation Details

• Weather Research and Forecasting 
(WRF) Meteorology

• Modeling domain
• 12 km grid resolution
• 34-vertical layers up to 50 hPa

• 2005 U.S. National Emissions Inventory 
• Year-specific updates to EGU, mobile and fire 

emissions

• Chemical boundary conditions specified 
by the Global and regional Earth-system 
Monitoring using Satellite and in-situ data 
(GEMS)

• CMAQv4.7.1 w/ CB05 & AERO5

• Compared to alternative 2006 CMAQv4.7 
simulation using MM5 meteorology and 
GEOS-CHEM boundary conditions



Domain Maximum 8-hr Average Ozone: Eastern U.S.

Winter Underestimation



Winter Underestimation

Large wintertime underestimation

Small wintertime overestimation

Domain Maximum 8-hr Average Ozone: Eastern U.S.



Winter Spring

Summer Fall

Max 8-hr Average O3 NMB



March Mean with GEMS:  
Trinidad Head

O3 in the winter is driven primarily 
by the boundary conditions, which 
is underestimated by GEMS below 
7km.



March Mean with GEOS-CHEM:  
Trinidad Head 

Much better agreement to 
observations with simulation using 
GEOS-CHEM boundary conditions.

O3 in top three layers is capped aloft in 
GEOS-CHEM BCs, but underestimation 
aloft does not affect surface mixing 
ratios (at least not in the winter).



April Mean with GEMS:
Trinidad Head

Much better agreement between 
model and observations in April.



April Mean with GEOS-Chem:  
Trinidad Head

Conclusion: Specification of lower-mid 
tropospheric boundary condition for O3

important in the winter



Summer OverestimationWinter Underestimation

Domain Maximum 8-hr Average Ozone: Eastern U.S.



BC Tracer Experiment
Monthly Average – August 2006
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August Mean:  Huntsville

ST

Conclusion: Specification of stratospheric BC important due to mixing 
into the free troposphere (which can then potentially mix to the surface).

Mixing of  stratospheric BC 
ozone to free troposphere

Recall that O3 in top three layers from 
GEOS-CHEM was capped at 75 ppb



28

Role of lateral boundary conditions in dictating 
model “ background”

Accurate specification 
of LBCs, especially in 
the FT is critical

~60% of the surface 
O3 is dictated by BCs

O3 vertical profile at Huntsville, Alabama



Daily Average PM2.5 mass: Eastern U.S.

CMAQ – WRF/GEMS    
Annual Average =   
15.2 µg/m3

Observed    
Annual Average =     
12.5 µg/m3

Persistent 
overestimation 
outside of the 
summer.



U.S. annual standard for PM2.5 = 15 µg/m3

CMAQ – WRF/GEMS    
Annual Average =   
15.2 µg/m3

Observed    
Annual Average =     
12.5 µg/m3

CMAQ – MM5/GC 
Annual Average = 
12.7 µg/m3

Summer 
underestimation 
improved from 
CMAQ -MM5/GC 
simulation.

Persistent 
overestimation 
outside of the 
summer.

Daily Average PM2.5 mass: Eastern U.S.



Where is the difference in total PM2.5 coming from?

Differences dominated by TC and PMother



Daily Average Particulate SO4
= mass



Daily Average Particulate NO3
- mass



Daily Average Total Carbon (EC + OC)



Monthly Average PMother: Eastern U.S.



Efforts underway to speciate PMother in the emissions inventory and 
incorporate a fugitive dust model into CMAQ.

Better representation in the summer from GEMS driven 
simulation (not clear yet what is driving the difference).

Monthly Average PMother: Eastern U.S.



Conclusions

• Ozone underestimated in Winter (Jan – Mar)
• Related to underestimation of lower tropospheric ozone from specified 

boundary conditions

• Ozone overestimated in Summer (Jul – Aug)
• May be related to high mixing ratios of stratospheric ozone mixing 

down into the lower troposphere

• Total PM2.5 consistently higher than previous CMAQ simulation
• Primarily related to higher model estimates of total carbon and PMother

• Suspected impact from boundary conditions, but needs further 
investigation

• Highlights the importance of boundary conditions
• BCs impact model estimates throughout the domain
• Can have significant impact on policy related decisions for both ozone 

and particulate matter
• BCs particularly important as pollutant standards are lowered and 

impact from transported pollution becomes more significant



Next Steps

• WRF-CMAQ simulation using year-specific GEOS-
CHEM boundary conditions

• Ongoing work to produce boundary conditions from 
hemispheric CMAQ simulation

• Ongoing AQMEII related work includes:
• Inter-comparison of results from many different air quality 

models
• Additional model sensitivities based on changes to inputs (e.g. 

emissions, meteorology)
• Special issue of Atmospheric Environment dedicated to the 

AQMEII project results to be published in late 2011/early 2012
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Questions?



Winter Spring

Summer Fall

Large positive bias in a number 
of species in the winter and fall

Issues w/ 
NO3

- in the 
spring

NO3
- error too 

large for the plot
NO3

- error too 
large for the plot



Winter Spring

Summer Fall

Ozone

Observed
CMAQ (WRF,GEMS)

Observed
CMAQ (WRF,GEMS)

Observed
CMAQ (WRF,GEMS)

Observed
CMAQ (WRF,GEMS)



Winter Spring

Summer Fall

Ozone

Observed
CMAQ (WRF,GEMS)
CMAQ (MM5,GC)

Observed
CMAQ (WRF,GEMS)
CMAQ (MM5,GC)

Observed
CMAQ (WRF,GEMS)
CMAQ (MM5,GC)

Observed
CMAQ (WRF,GEMS)
CMAQ (MM5,GC)



Winter Spring

Summer Fall



Daily Average PMother



2006 Temperature and 
Precipitation Annual Ranks

Above normal temperatures 
on average for 2006

Near normal precipitation 
on average for 2006



Relatively quiet tropical 
hurricane season

Image courtesy of http://en.wikipedia.org/wiki/File:2006_Atlantic_hurricane_season_map.png







2006 Climate Summary

• Above normal temperatures on average (fall season 
an exception)

• Near to below normal precipitation, except in the fall 
when precipitation was above normal in the eastern 
U.S.

• Relatively quite tropical season, with only two tropical 
systems making landfall in the U.S.



Winter Spring

Summer Fall

Max 8-hr Average O3 NMB



Ozone
Winter Spring

Summer Fall



Ozone
Winter Spring

Summer Fall



Boundary Conditions 
Sensitivity Test

• Re-ran March and August with the following tracers:
–O3 boundary condition tracer

• All layers; tracks the total BC contribution

–Boundary layer O3 BC tracer
• Layers 1-20 (~ 0 – 3 km AGL; 1013 – 700 mb)

–Free-troposphere O3 BC tracer
• Layers 21-32 (~ 3 – 13.5 km AGL; 700 – 150 mb)

–Stratospheric O3 BC tracer
• Layers 33-34 (~ 13.5 – 20 km AGL; 150 – 50 mb)

• Extracted tracer information at the O3sonde sites



Winter Spring

Summer Fall

Daily Average PM2.5 NMB



Winter Spring

Summer Fall

Daily Average SO4
= NMB



Winter Spring

Summer Fall

Daily Average NO3
- & TNO3 NMB



Winter Spring

Summer Fall

Daily Average Total Carbon (TC) NMB





WRF Simulation Details

• Summary of the WRF configuration that we used:

– Version:  WRF-ARW Version 3.1

– Horizontal resolution: 12-km grid cells
– Vertical resolution: 34 layers (model top at 50mb)

– Map projection: Lambert Conformal

– IC/BC:  from U.S. Nat©l Weather Service North American Model (NAM) 
at 12-km resolution

– Physics options:
• Pleim-Xiu LSM (land-use from U.S. Nat©l Land Cover Database; 

and from MODIS satellite data outside of U.S.)
• ACM2 PBL

• M3Dry - Dry deposition

• RRTMG - Radiation (LW and SW)
• Morrison – Microphysics

• KF2 - subgrid convective clouds

• Data Assimilation:  FDDA nudging - 3-D analysis nudging; surface 
analysis nudging; for the duration of the simulation 



Additional WRF Details

• Regarding our use of NLCD and MODIS data for land cover in WRF ... these high-
resolution sources of land cover data enable us to use fractional land cover 
information in each grid cell.  At present, only the Pleim-Xiu (P-X) land-surface 
model can utilize the fractional land cover information by grid cell.  We have some 
special codes that we can share with you to make use of these data for fractional 
land cover usage.  Outside the U.S., the MODIS data provide global high-
resolution coverage, and the latest standard WRF model has options to access 
the MODIS land cover data.  (However, the standard WRF codes still use a single 
predominant land cover for each cell; no fractional land cover usage.) 

• For our continental WRF runs for 2006, we used analysis nudging FDDA, but no 
obs nudging.  The nudging weight used for winds and temperature is 3X10E-4; the 
nudging weight for moisture is 1XE-5.  Within the PBL, only winds are nudged, 
and above the PBL temperature, moisture, and winds are nudged.  Global met 
observations are available from NCAR at: 
http://dss.ucar.edu/datasets/ds464.0/data/
or you may have other sources for the European met data. 

• One other option to note ... we used the 6th order diffusion option in the vertical 
velocity calculation (an option in the dynamics module); seemed to produce more 
reasonable vertical velocities in the upper layers. 



AQMEII Emissions Summary

• The Emission dataset used for the AQMEII modeling was based on a
12km national US domain with speciation for CB05 mechanism.  The
emission inventory and ancillary files were based on the 2005 emission 
modeling platform (http://www.epa.gov/ttn/chief/emch/index.html#2005). 
The Fire emissions were based on 2006 daily fire estimates using the 
Hazard Mapping System Fire detections and Sonoma Technology 
SMARTFIRE system.  The criteria emissions were integrated with the 
HAP inventory for benzene, acetaldehyde, formaldehyde, methanol.
Chlorine and HCL emissions were obtained from the HAP inventory.
Version 2 of the 2005 Point Souce inventory was used and includes all 
aircraft and airport emissions. Ethanol-related updates were not included.  
Oil and Gas emissions in the nonpoint sector were updated for the 
WRAP states.  Continuous Emission Monitoring (CEM) data from 2006 
was used for the Electric Generating Units (EGU) sector.  Environment 
Canada supplied a 2006 inventory with updated surrogates for the 12km 
modeling domain.  Plume Rise was calculated within CMAQ using 
V4.7.1.  Temporal allocation was done monthly for each day of the week 
with all holidays ignored. 



AQMEII CMAQ Summary

• CMAQv4.7.1
• CB05 Chemical Mechanism with Chlorine Chemistry 
Extensions

• AERO5 Aerosol Module
• GEMS Boundary Conditions
• 34 Vertical Layers
• ACM2 Vertical Mixing Scheme (PBL)


