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Air Quality Models

• Computer programs 
able to predict current 
and future year air 
quality
– Major model inputs:

– Emissions
– Meteorological
– Transport (Boundary 

Conditions)
– Major model components:

– Chemistry
– Transport/Diffusion
– Deposition

• Used in ozone State 
Implementation Plans (SIPs) 
to demonstration attainment 
of the ozone NAAQS
– Current and future year 

modeling
• Use model in relative sense to 

project observed 8-hour ozone 
design values to future year

• Compare future-year projected 
design values to ozone 
NAAQS

– Perform Weight of Evidence 
(WOE) to support modeled 
ozone attainment 
demonstration

3
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History of Denver Ozone Modeling
• 2003 8-hour ozone Early Action Compact SIP

– 2002 episode; MM5/EPS3/CAMx modeling system; Demonstrate 
attainment in 2007

• 2008 Denver SIP
– 2006 episode; MM5/SMOKE/CAMx modeling system; Demonstrate 

attainment in 2010 (1997 NAAQS)

• 2009/2010: Model Improvements & 2015/2020 modeling
• 2011-2012:  Modeling for new ozone NAAQS

– Nonattainment area designations based on 2008-2010 data
– Ozone SIPs due to EPA by August 2013
– Denver ozone SIP needed for AQCC by mid-2012
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2008 Denver Ozone SIP Modeling
• Demonstrates attainment of the 1997 ozone NAAQS by 2010

– http://www.colorado.gov/airquality/documents/deno308/
– Modeling Protocol (Nov, 2007)
– MM5 meteorological modeling (Feb, 2008)
– Emissions inventory (Jan – Oct, 2008)
– Model performance evaluation (Aug, 2008)
– 2010 ozone projections (Sep, 2008)
– 2010 source apportionment modeling (Sep, 2008)
– Weight of evidence (WOE) analysis (Oct, 2008)
– Final 2010 ozone attainment demonstration (Jan, 2009)

• On July 21, 2010 EPA proposed approval of the photochemical 
modeled attainment demonstration, Weight of Evidence analysis, 
ozone attainment plan and Motor Vehicle Emissions Budgets
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EPA Ozone Modeling Guidance
• “Guidance on the Use of Models and Other Analyses 

for Demonstrating Attainment of Air Quality Goals for 
Ozone, PM2.5 and Regional Haze”
– http://www.epa.gov/ttn/scram/guidance/guide/final-03-pm-rh-

guidance.pdf
– Designed for 1997 ozone NAAQS (0.08 ppm)
– Followed closely in Denver modeling
– Use of model in relative sense to project observed ozone 

Design Values
• Relative Response Factors (RRFs)

– EPA’s Modeled Attainment Test Software (MATS) projection 
tool

• Undergoing update and revision to address new 
NAAQS level
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2008 Denver Ozone SIP Modeling

• Episode Selection
– Jun-Jul 2006
– During 2005-2007 period that led to 

Denver ozone NAA designation

– One of worst ozone 
years in recent 
history
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2008 Denver Ozone SIP Modeling

• Model Selection
– MM5 meteorological 

model
• WRF model was not quite 

ready at time of modeling

– SMOKE emissions model
• CONCEPT MV w/ 

MOBILE6 mobile in DMA
• MEGAN Biogenics

– CAMx photochemical 
model

• Used in numerous other 
SIPs and EPA Transport 
Rule

• CMAQ is alternative

• Domain Selection
– 4 km resolution over 

Colorado 
– 12 km domain 

neighboring states
– 36 km domain CONUS
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CAMx/SMOKE 36/12/4 km Domains

• June-July 2006
• 36 km CONUS

– Used to generate BCs for 
12 km domain

• CAMx 12/4 km domains run 
with two-way grid nesting
– Sensitivity, Source 

Apportionment and Control 
Strategy runs on 12/4 km 
domains

• 2006 Base Case
• 2010 Future Year
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Denver/NFR Ozone SIP Data Sources
• Emissions

– 2006/2010 Colorado emissions from CDPHE/APCD
– CONCEPT MV w/ MOBILE6 using link-based VMT from 

DRCOG and MM5 met in Denver Metropolitan Area (DMA)
• SMOKE-MOBILE6 w/ MM5 outside CO

– 2006 day-specific CEM point sources
– 2006/2010 projected from RPO 2002/2018 outside of 

Colorado
– MEGAN biogenic emissions
– MODIS fire emissions

• Boundary Conditions (BCs) for 36 km CONUS domain 
from GEOS-CHEM global chemistry model
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Base year (2006) Actual Colorado 
Emissions

• Point Source Data
– Stationary Source Program Permit System (APENS)
– Actual hourly day-specific CEM data for large NOx 

sources where available

• Oil and Gas (O&G) Sources
– WRAP/IPAMS Phase III O&G for D-J Basin

• Development of Baseline 2006 Emissions from Oil and Gas 
Activity in the Denver-Julesburg Basin (ENVIRON, 2008)

• Non-Road Engines
– EPA NONROAD model
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Base Year (2006) Actual Colorado 
Emissions

• Highway Vehicles
– CONCEPT MV w/ DRCOG link-level TDM data 

within DMA
• Link-specific diurnally varying VMT, speeds, fleet mix

– SMOKE-MOBILE6 outside of DMA
• VMT from CDOT and NFRCOG

• Area Sources
– EPA National Emissions Inventory for Colorado
– Updated DIA emissions

• Airport Emissions Inventory for Denver International Airport 
(Ricondo and Associates, Inc. June 29, 2005)
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Future Year Projected Emissions
• Most Point Source categories grown using the EPA 

“EGAS” economic model
– Updated emissions growth estimates for large NOx Point 

Sources from stakeholders

• Oil and Gas Production Sources (including area 
sources) grown using historical O&G production 
growth
– Norwest Study for D-J Basin
– 2000 to 2006 O&G production growth extrapolated to future 

years using data from Colorado Oil and Gas Conservation 
Commission

– Account for any controls on O&G industry in Colorado
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Future Year Projected Emissions
• Highway Vehicles

– DRCOG VMT growth in DMA
• CONCEPT MV w/ MOBILE62 and DRCOG TDM

– CDOT and NFRCOG VMT growth
• SMOKE-MOBILE6

• Non-Road Engines based on EPA NONROAD 
Model
– EPA final Locomotive Tier 3 and 4 standards

• Area Sources grown based on population
– Consumer solvent emission reductions based on per 

capita reductions provided by EPA
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2006 CAMx Model Evaluation

• EPA Ozone Model 
Performance Goals
– Unpaired Peak Accuracy 

� ±35%
– Normalized Bias � ±15%
– Normalized Error � 35%

� Example ozone model 
performance for July 
2006 and CAMx 2008 
SIP Base Case (Run17)

Unpaired Peak Accuracy
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2010 OAP Control Strategy
• Growth and existing on-the-book controls plus:

– 85% control of VOC from condensate tanks > 2 TPY
– Revisions to condensate flaring controls

• � 50 TPY by May 1, 2009
• � 2 TPY by May 1, 2010

• 2010 projected maximum 8-hour ozone Design 
Value of 84 ppb at Rocky Flats North
– < 85 ppb so passes modeled attainment demonstration 

test
– Weight of Evidence (WOE) analysis also performed
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OAP Control Strategy
• Unmonitored Area Analysis (UAA)
2006 Current Year DVC        2010 Future Year DVF

17

��� � White area where 
insufficient modeled 

ozone � 70 ppb to make 
UAA projections
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2015/2020 Future Year Modeling 
(Jan-Jul, 2009)

• Task 1: Oil & Gas Emissions Update
• Task 2: 2006 CAMx Base Case w/ PiG
• Task 3: 2015/2020 Non-Colorado Emissions
• Task 4: 2015/2020 Colorado Emissions
• Task 5: 2015/2020 CONCEPT MV for DMA

– Review of 2015/2020 Emissions
• Task 6: 2006/2015/2020 CAMx Base Case

– Maximum projected 2020 ozone design value = 78 ppb
• Task 7: 2020 Ozone Source Apportionment

– Review of 2020 ozone source apportionment and design of 
VOC/NOx sensitivity tests

• Task 8: 2015/2020 VOC/NOx Sensitivity
– Public Modeling Meeting (July 29, 2009)

• Task 9: Reporting, Meetings & Technology Transfer
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Modeling Improvements 
(Aug 2009 – 2010)

• CMAQ and CAMx models have excessive vertical 
velocity problem over high terrain
– Causes ozone in top layer(s) of stratospheric origin (GEOS-

CHEM) to be transported to the ground over high terrain

• Problem fixed in CAMx Version 5.2 released in April 
2010
– Revised 2006 base case and model evaluation using CAMx 

V5.2
– CAMx V5.2 2020 base case and ozone projections
– Update 2020 emissions using more realistic growth 

assumptions
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Maximum 8-Hour Ozone June 2006

Old CAMx V4.51 New CAMx V5.2 (VV)

20
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• CAMx V4.51 (SIP, 
Run18) vs. CAMx VV 
(V5.2, Run20) Ozone 
model Performance in 
greater Denver area 
July 2006
– Both models achieve 

EPA’s performance 
goals on most days

– Both models have 
underestimation bias

Unpaired Peak Accuracy
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Colorado 2020 Emission Updates

• Use more realistic point source growth 
factors

NOx 
 

2020 
Old 

(TPD) 

2020 
New 

(TPD) 

New-Old  
Difference  

(%) 
  Area 34 34 0.0% 
  O&G 122 122 0.0% 
  Point 337 211 -37.4% 
  Fires 3 3 0.0% 
  Non-Road 114 114 0.0% 
  On-Road 93 93 0.0% 
Total 703 577 -17.9% 
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2020 Ozone Projections 

• CAMx V5.2 w/ Vertical Velocity correction projects lower 2020 ozone design values
• At RFNO new CAMx VV is more responsive to changes in emissions between 2006 

and 2010
– 70% more responsive

ID Monitor
DVC 
ppb

CAMx VV Run 20 Jul '06 
2020 DVF                                          

ppb
2020 DVF - DVC                   

ppb

080013001 Welby 70.0 63.8 -6.2

080050002 Highland 75.3 66.1 -9.2

080130011 S. Bldr Crk 79.0 70.6 -8.4

080310002 CAMP 56.0 49.9 -6.1

080310014 Carriage 72.3 64.4 -7.9

080350004 Chatfield Park 82.3 72.4 -9.9

080590002 Arvada 77.3 70.1 -7.2

080590006 Welch 74.0 66.2 -7.8

080590006 R. Flats N. 83.7 75.2 -8.5

080590011 NREL 80.3 72.3 -8.0

08069007 RMNP 75.3 66.0 -9.3

080690011 Ft. Collins W 82.0 71.8 -10.2

080691004 Ft. Collins 72.3 63.3 -9.0

081230009 Weld Co. Twr. 76.7 69.2 -7.5
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UAA:  2020 Ozone DVFs using 
Old CAMx and CAMx VV (Run 20) 

and July 2006 Results
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Four 2020 Emission Sensitivity Tests

• Control#1:  Max Control of Large NOx Sources in CO

• Control#2:  Max Control of Large NOx Sources in CO 
plus a 20% VOC reduction across-the-board in the NAA

• Control#3:  Max Control of Large NOx Sources in NAA 
plus a 20% VOC reduction across-the-board in the NAA

• Control#6:  Control#2 plus 20% anthropogenic NOx 
control in 36/12 km domain outside of Colorado

– Two additional 2020 control scenarios (Bart & RFP scenarios) 
are awaiting definition
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2020 Sensitivity Test Results

• At RFNO:
– 2020 Base Case = 75.2 ppb
– Control#1:  Max NOx in CO = 73.5 ppb
– Control#2:  Max NOx CO + VOC NAA = 73.4 ppb
– Control#3:  Max NOx NAA + VOC NAA = 73.8 ppb 
– Control#6: Cntl#2 + 20% NOx control outside of CO = 73.1 ppb

CNTRL01 CNTRL02 CNTRL03 CNTRL06
Jul1-Jul30 Jul1-Jul30 Jul1-Jul30 Jul1-Jul30 Jul1-Jul30

080013001 Welby 70.0 63.7 62.3 62.2 62.6 61.9
080050002 Highland 75.3 66.1 64.2 64.2 64.6 63.8
080130011 S. Bldr. Ck. 79.0 70.4 68.6 68.5 68.9 68.2
080310002 CAMP 56.0 49.9 48.6 48.6 48.9 48.3
080310014 Carriage 72.3 64.4 62.8 62.7 63.1 62.3
080350004 Chatfield Park 82.3 72.5 70.5 70.4 70.9 70.0
080590002 Arvada 77.3 69.9 68.3 68.2 68.7 67.9
080590005 Welch 74.0 66.0 64.6 64.5 64.9 64.1
080590006 R. Flats-N 83.7 75.2 73.5 73.4 73.8 73.1
080590011 NREL 80.3 72.1 70.3 70.3 70.7 69.9
080690007 RMNP 75.3 65.6 63.8 63.7 63.9 63.4
080690011 Ft. Coll. West 82.0 72.0 70.6 70.5 70.8 70.2
080691004 Ft. Collins 72.3 63.5 62.1 62.0 62.4 61.8
081230009 Weld Co. Twr. 76.7 69.1 67.9 67.8 68.3 67.5

DVF

DVC
R20-CAMxVV

ID County
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Implications of 2020 Sensitivity Tests

• NOx control and VOC control both reduce 
ozone concentrations in Denver NAA
– NOx control in NAA most effective (-1.1 to -1.5 ppb 

reduction)
– NOx control in Colorado outside of NAA and 

outside of Colorado equally effective (-0.3 to -0.5 
ppb reduction)

– VOC control in NAA reduces ozone (-0.1 ppb)

• Rocky Flats North still most limiting monitoring 
site (73-75 ppb)
– CHAT, NREL and FTCW also above 60-70 ppb



28

Source Apportionment vs. 
Sensitivity Test Modeling

• CAMx includes several “Probing Tools” that can extract 
additional information from the model simulation:
– Ozone Source Apportionment Technology (OSAT and APCA)
– Higher Order Decoupled Direct Method (HDDM) sensitivity 

method
– Process Analysis

• Source Apportionment assigns ozone formed to NOx 
and VOC precursor emissions for a given emissions 
scenario
– Ozone source apportionment can only be positive or zero
– Sum of all source apportionment equals the total ozone
– Estimates whether ozone formed under more VOC-limited or 

NOx-limited conditions and assigns to limiting precursor
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Source Apportionment vs. 
Sensitivity Test Modeling

• Sensitivity methods estimate the responsiveness of 
ozone concentrations to VOC and NOx emissions
– Sensitivities can be positive, negative or zero
– The sum of all sensitivities may not equal total ozone 

concentration
– Can project the response of the model to emissions 

controls

• Source Apportionment � Sensitivity
• Both methods very useful for assisting in defining 

efficient and effective ozone reduction VOC/NOx 
controls
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Example of Ozone 
Source Apportionment

• 2020 @ RFNO
• July 29, 2006
� APCA w/ BC
• 73.5 ppb ozone 
• BCs (~70%) by far largest 

contributor
• DMA (~18 ppb) largest Source 

Region
– Non-Road
– EGU
– On-Road

� APCA w/o BC
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Motor Vehicle Emissions Simulator (MOVES) & 
Consolidated Community Emissions 

Processing Tool (CONCEPT)

• MOVES replaces MOBILE6.2 as the EPA required 
mobile emissions model for use in
– SIP preparation effective March 2, 2010
– Conformity determination after two year grace period

• MOVES requires additional data 
collection/aggregation effort for full implementation

• Revision to current MOVES is anticipated 
• The Consolidated Community Emissions 

Processing Tool (CONCEPT) is a link-based 
mobile emissions modeling system used to 
generate photochemical model ready on-road 
mobile source emissions from travel demand 
model, MOVES and meteorological data.



Example MOVES versus MOBILE6 – NOx Emissions

32
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Example MOVES versus MOBILE6 – VOC Emissions
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CONCEPT MV MOVES
Moving Forward

• CONCEPT MV MOVES uses MOVES emission factors and 
existing DRCOG TDM activity data to provide model ready 
MOVES on-road mobile emissions
– Will need to use default estimates of vehicle parameters needed by 

CONCEPT MV MOVES not present in CONCEPT MV MOBILE6
– Used for screening analysis

• CONCEPT MV MOVES for the SIP will require additional 
data collection beyond that used for CONCEPT MV 
MOBILE6 that includes:
– County level vehicle population by MOVES source and fuel type
– Estimate of % population covered by TDM network by county
– County level annual VMT by 6 MOVES vehicle types
– Transportation Analysis Zone (TAZ) origin/destination trip data for 

same 11 time periods in DRCOG TDM
– Off-network emissions by MOVES vehicle types (SMOKE MOVES)
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Next Steps Denver/NFR 
Ozone Modeling Improvements

• Ongoing Model Improvements
A. Model-Emissions-Ambient Data Reconciliation

� Revisit VOC, NOx and CO model performance and try 
to identify any weakness in emissions inventory

B. Meteorological Model (WRF/MM5) Improvements
� Perform WRF meteorological modeling Jun-Jul 2006 

and see how it affects ozone and precursor performance

C. WRAP Phase III Oil and Gas EI Updates
D. Final 2006/2020 Modeling w/ Improvements

� CONCEPT MV MOVES for mobile sources
� 2020 source apportionment/sensitivity modeling
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Next Steps of Future SIP Modeling 
(2011-2012)

• Modeling Protocol
– Episode Selection

• Base Year

– Model Selection
– Modeling Domains

• Coupled 36/12/4 km

– Model Evaluation
– Future Year (FY)

• NAA classification
• Growth & Controls

– Control Measures
• Achieve 60-70 ppb NAAQS

• Emissions
– From CDPHE/APCD for 

Colorado
– 2008 National Emissions 

Inventory (NEI)
– Must use MOVES for 

mobile sources
• SMOKE-MOVES
• CONCEPT MV MOVES

– w/ link based data from 
DRCOG/NFRCOG

– Biogenics & Fires



37

Next Steps of SIP Modeling
(2011-2012)

• Meteorology
– MM5 vs. WRF
– Physics (e.g., 

PBL/LSM)
– Data Assimilation
– Model Evaluation

• Boundary Conditions
– Global Chemistry Model

• GEOS-CHEM, MOZART

• Base Year Base Case
– Model Evaluation
– Diagnostic Tests

• Future Year Base Case
– Ozone projections
– Sensitivity Tests
– Source Apportionment
– Control Strategies 

• EPA Modeling Guidance
– Being revised
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Discussion


