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Dynamic evaluation explores whether a model can accurately respond 
to changes in emissions and meteorology, and we believe that it is a 
requirement for evaluating an air quality model in a policy-relevant 

context (Dennis et al., 2010).
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Regarding  Dynamic  Evaluation:

� Characterizes a model’s ability to capture observed changes in air 
quality associated with changes in emissions and/or meteorology 
( i.e. tracking/comparing  � C over time in observations and model )

� Need for sufficient emissions reduction to have a discernable impact       
on ambient concentration levels

� Initial study – assessment of model response to NOx SIP Call 
emission  reductions on maximum 8-hour O3 concentrations in 
eastern U.S.  (Gilliland et al., 2008; Atmos. Environ. )



Dynamic Evaluation of the NOx SIP Call

• Gilliland, A., C. Hogrefe, R. Pinder, J. Godowitch, K. Foley, S.T. Rao (2008) Dynamic 
evaluation of regional air quality models: Assessing changes in O3 stemming from changes in 
emissions and meteorology, Atmospheric Environment 42:5110-5123.
• CMAQv4.5, 12kmEUS, 2002 v 2004/2005
• Reported that CMAQ response for predicting changes in peak 8h ozone was muted relative 
to observed change by as much as 50% 
• Possible suggested causes included chemistry, low-level emissions, and transport

Comparison of the relative change in O3 at >95th% between 2005 and 2002 summers with respect to 2002 for 
(a) observations and (b) CMAQv4.5_CB4.
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Dynamic Evaluation Study of Morning NOx Concentration 
Changes in Observations and CMAQ Results
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EPA report: ‘Evaluating Ozone Control Programs in the Eastern 
United States : Focus on the NOx Budget Trading Program, 2004
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Decreasing trend in Observed NOx Concentrations
Summers 1997-2006  ( All eastern U.S. sites / days / hours )

Note:  Numbers courtesy of Tom Downs,  Maine DEP
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Considerations Conducive to Investigating Observations and 
Modeled NOx Concentration Changes during the Morning Traffic 
Period  ( 6:00 – 9:00 AM ) Related to Mobile Emissions Trend

� High vehicle traffic volume  ( “ fresh” mobile NOx emissions )
( i.e.  concentrations are relatively high )

� Influence of emissions from other source categories is minimized
(i.e. point emissions are elevated, off-road activity rather low )

� Photochemical activity still relatively low in early morning

� Deposition also minimal

� From different summer seasons – experiencing a comparable 
variety of meteorological conditions.  (e.g., 2002 and 2005 )
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Model Simulation  DetailsModel Simulation  Details

� CMAQ (v4.5)
� Carbon Bond IV, SAPRC chemical mechanisms

� 12-km eastern  U.S.  domain  ( nested in 36-km continental U.S. )

� Simulation periods :  June 1 – August  31  ( 2002, 2004, 2005 )

� Meteorology – Mesoscale Model  (MM5 v3.6.3)
� FDDA,  Pleim-Xiu / Land surface module

� Emissions from USEPA / NEI 2001v3  (2001ah)
� MOBILE6 – proj. VMT for 2002 , 2004, 2005 from reference counties

� Major NOx point sources – hourly CEMS for 2002 , 2004, 2005
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CMAQ  Model  DomainsCMAQ  Model  Domains
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NONOxx Emissions  for  Summer  Modeling  PeriodsEmissions  for  Summer  Modeling  Periods

Eastern U.S. NOx Emissions  ( 12-km domain ) EGUs Mobile Total

Summer
2002

NOx Emissions (ktons) 1022 1423 3840

Summer
2004

NOx Emissions (ktons) 651 1257 3324

Summers 2002-2004 % Change -36% -12% -13%

Summer
2005

NOx Emissions (ktons) 799 1172 3246

Summers 2002-2005 % Change -22% -18% -15%
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Mobile emissions are the dominant source of NOx ( >70 % )
in numerous areas of the eastern U.S modeling domain
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Downward Trend in Fleet  Emission Factor for NOx
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� Very similar morning emission rates at each location on weekdays

� Large drop on weekend days
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10% to over 30% decreases evident in 
morning modeled NOx concentrations 
in broad areas of the eastern U.S 

CMAQ Model Results Averaged over Summer Period
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Relatively uniform mobile emissions decline of  � -16 to -18 %  
from 2002 to 2005 is evident across the region
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Data Preparation & Analysis of NOx Concentrations

� Observed hourly NOx concentrations at monitoring sites

( over 150 sites in various locales in eastern U.S. modeling domain )
- AQS data files (annual) ;  unzip, sort, and convert to csv-type file (rd-airs)

� Hourly CMAQ gridded extraction files containing layer 1 concentrations

� Apply utility (sitecmp) program to match up observed and modeled values 
for each site in same units (ppb) 

( Ensure hourly modeled concs are on the half-hour when pairing with
the hourly average obs )  - ( Interp unnecessary with ACONC files )

� Compute 3-hour average NOx concentrations ( 6 - 9 AM )

� Generate cumulative frequency distributions (cfd) of weekday 3-hour NOx
� Focus on the upper portion of cfd (50th-95th %iles ) to assess change

over summer seasons  (i.e. 2002 to 2005 ) 
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Diurnal Variation of Hourly NOx Concentrations at Urban Sites

� Weekday morning rush period evident in both model and observed results

� Peak NOx concentrations often occurred from 7- 8 AM corresponding to peak emissions

� Rapid decrease during mid-morning period into afternoon ( increased vertical mixing and

stronger horizontal transport,  and increasing photochemistry )
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Focus on the 3-h morning rush period ( 6 – 9 AM )

� Good correspondence (highest NOx concentrations) was generally 
found between the obs and modeled NOx values during the 6-9 AM 
period  (i.e. both strongly influenced by mobile emissions )
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Example of Change in Modeled Weekday Mobile NOx Emissions 
From Summer 2002 to 2005 in an Urban Grid Cell
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� Modeled NOx concentrations correlate with mobile emissions

� Evidence of lower NOx concentrations and lower mobile emissions 
from summer 2002 to 2005.
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Examples of daily series of morning (3-h) NOx Concentrations

� Note: Large day-to-day variations during weekdays with generally 
low values on weekend days, especially in observations 

Note : vertical lines are on Sundays
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� Modeled and observed values exhibit decreased freq. over a 
broad concentration interval above about 40 ppb from 2002 to 2005

� Increases in freq. of lower concentrations in model and 
observations from 2002 to 2005
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Example cumulative frequency distributions (cfd) of 65 
weekday 3-h NOx values from summers 2002 and 2005

� Change assessed over upper portion of cfd in model and 
observed values at each site, rather than at a particular 
percentile (e.g. median or 95th %)

� Modeled and observed results from a monitoring site in  Washington, DC
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* From sites exhibiting “ urban” as the dominant land use

Results of Relative Change in Weekday Morning NOx*

Summer 2005 – 2002

Concentrations Emissions

Model           Observed         Mobile             N
(%)                   (%)                 (%)       

-15.7 ± 5.8       -15.0 ± 8.7       -17.4 ± 1.0       34



Dynamic Evaluation of Inter-annual Changes in NOx and Ozone

• CMAQv4.7, EUS12km, 2002-2006
• Early morning weekday NOx, urban sites (also examined 8hMax O3)
• Godowitch, J., G. Pouliot, S.T. Rao. Assessing multi-year changes in modeled and 
observed NOx concentrations from a dynamic evaluation perspective, Atmospheric 
Environment (in press).
• Figure shows that change in modeled concentrations (gray) is less than observed 
concentration change (white), pointing to possible issues w/ the non-EGU NOx emissions 
portion of the inventory.
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Summary of Study Results

*  Both modeled and observed weekday morning NOx concentrations were strongly 
impacted by “ fresh” mobile NOx emissions with peak concentrations occurring at 
the time of the peak in mobile emissions (generally 7-8 AM)

*  Probability freq. distributions revealed decreases in NOx concentrations in a band 
from ~40-80 ppb and freq. increases at lower concentrations in modeled and 
observations from summer 2002 to 2005. 

*  Modeled and observed relative (%) changes in weekday morning NOx between 
summer 2002 to 2005 were quite comparable ( � -15%) and slightly lower than the 
mobile emissions change (� -17%) based on values in the upper portion of the cfd’s

*  Relative changes were generally similar across a range of urban land use amounts
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Dynamic Evaluation of the Weekly Ozone Cycle 



Dynamic Evaluation of the Weekly Cycle in Ozone

• 18 years of CMAQv4.5.1 ozone season simulations, NE US 12 km (w/in a 36km nest)
• Observed v modelled O3, NOx, CO, and temperature 
•Pierce, T., C. Hogrefe, S.T. Rao, P.S. Porter, J. Ku. Dynamic evaluation of a regional air 
quality model: Assessing the weekly ozone cycle, Atmospheric Environment (in review).
• Evidence of changes in the trend of WEWD differences (for both obs and modelled) and a 
muted model response relative to observed 8-h daily max O3 at 90 sites in the NE US 
(suggested causes: mobile NOx emissions, coarse grid resolution) 

(a) (b)







Dynamic Evaluation of the Weekly Cycle in Ozone

WEWD differences for daily maximum 8-hr ozone concentrations
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Sensitivity Analysis of NOx Emission Uncertainty on Ozone 
Response using the Direct Decoupled Method (DDM) 



Sensitivity Analysis of NOx Emission Uncertainty on Ozone Response 
using DDM

• CMAQv4.7.1+DDM, Summer 2002/2006, PHASE EUS12 simulations
• Non-EGU emissions varied by up to 70%, 100 realizations
• Examining relative response of observed and modeled ozone between 2002/2006
• Example below shows observed and modeled frequency distributions of 8-h daily max O3 
for one site.  Bold lines represent the deterministic simulation.  
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Diagnostic Evaluation of Transport in the eastern United States 



Comparison of Modeled (gray) and Observed (rose) Nocturnal Wind Profiles

( FME - Ft. Meade, Maryland  from 11-15 August 2002 )

� Model developed a nocturnal jet, however, wind speeds were lower by 2-3 m/s
compared to observations in the residual layer aloft and the modeled nocturnal jet 
was at a lower height.

� Model wind directions gradually shifted with height in same manner as 
observations but exhibited a directional bias of � 20° aloft.



Modeled wind speeds 
from base case were 
found to underestimate 
observed winds during 
nocturnal hours at NOAA 
wind profiler network sites 
in the mid-Atlantic and 
north-eastern regions.

FME



Travel Distances and Spatial Displacements between 
Modeled and Observed Trajectories from Different Locations

( Release time (2000 LT) and release height (500 m AGL)

Impact on horizontal transport and spatial pattern of pollutants in the model:

� Travel distances were less for the modeled trajectories, particularly during 
the initial 10 hours (i.e. nocturnal period ).

� Spatial separation distances rapidly grew overnight up to � 150 km by sunrise 
and then leveled off.



WRF Model Wind Fields at 500 m AGL  ( 0400 LT , 11 August 2002 )

Base case results with 
FDDA of 3-D OA fields 
(nudging of winds 
above nocturnal PBL 
and at surface )

Results with no-FDDA 
below 2000 m AGL

� Model dynamics 
developed stronger 
wind speeds in mid-
Atlantic nocturnal jet 
and in other regions


