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Content

ÅPreliminary assessment of Phase 2 CAMx 2022v2 12/4 km base case model performance

ÅEvaluation using AQS ozone and NO X measurements in Permian Basin

ÅEvaluation using 2021 CarCavAQS and 2023 HEI Loving, NM field study VOC and NO X data

ÅRelationship between ozone and temperature

ÅTROPOMI Satellite NO 2 and HCHO comparisons

ÅSelection of 20 -day period for 2022 Sensitivity tests

ÅInitial CAMx 2022v2 12/4 km sensitivity tests

o Vertical Mixing Sensitivities

o Permian Basin O&G Emissions Sensitivities

ÅNext Steps:

o Task E: Local Source Ozone Source Apportionment Modeling

o Task F: State and International Ozone Source Apportionment Modeling
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Phase Modeling Platform Identifier (short name)

Phase 2 2022v2 12/4 km with 4 km met & emissions NMED_4km2022v2

Phase 1 2022v1 12/4 km with flexinest emissions NMED_4kmflxNest

Phase 1 2022v1 12 km EPA Platform 12US2_4kmNMED
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Base Case Ozone 
Evaluation
Phase I (4 km 2022v1 Flexinest)  vs.  Phase II (4 km 2022v2)

Phase II: May ï September 2022 (5 months)
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Preliminary MPE focus on Ozone and NOx in NM Permian 
Basin
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Site ID County Location

350150010 Eddy Carlsbad Caverns

350151005 Eddy Carlsbad (City)

350250008 Lea Hobbs Jefferson

Å Ozone nonattainment area 
designations based on 2014 -2026 
Design Values that were below 70 
ppb 2015 ozone NAAQS

Å Since 2018, ozone Design Values 
in Permian Basin have been 
exceeding the 2015 NAAQS
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MDA8 O3 Normalized Mean Bias (NMB) 

Phase I 4kmflexinest 2022v1                  Phase II  4km2022v2
4 km Met / 12 km Emissions                    4 km Met & Emissions
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4kmflxnest: 12km Interpolated to 4 km
(flexinest) 

4km2022v2: Native 4 km 

Goal:        NMBÒ± 5%
Criterion: NMBÒ± 15% 
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MDA8 O3 NMB May - Oct 2022: Carlsbad City
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NMB = - 5.9%

NME = 10.4%

NMB = - 14.6%

NME = 16.5%

Phase I: 4kmflxnest2022v1 Phase II 4km2022v2
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Hourly O3 May - Oct 2022: Carlsbad City
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NMB = - 2.9%

NME = 20.2%

NMB = - 5.8%

NME = 22.8%

4kmflxnest 2022v1 4km2022v2
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MDA8 O3 NMB May - Oct 2022: Hobbs
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NMB = - 3.4%

NME = 11.3%

NMB = - 9.5%

NME = 14.8%

4kmflxnest 2022v1 4km2022v2
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Hourly O3 May - Oct 2022: Hobbs
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NMB = 2.5%

NME = 15.6%

NMB = - 4.8%

NME = 17.3%

4kmflxnest 2022v1 4km2022v2
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July 13 - 15, 2022: Carlsbad City: Ozone (top) and NO 2  (bottom)
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Modeled O3  stalls in early 
afternoon while observed O 3 
keeps rising.

Modeled NO 2  is nearly 
depleted in early afternoon 
limiting photochemistry 
while observed NO 2 stays 
higher.

4km2022v2
4km2022v1_flexinest
12km2022v1
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July 13 - 15, 2022: Hobbs ï Ozone (top) and NO 2  (bottom)?
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Preliminary Ozone and NOx MPE of Initial Phase 2 
CAMx 12/4 km Simulation

ÅWhy did Phase I CAMx 2022v1 4 km flexinest obtain better ozone model performance than Phase 
II CAMx 4 km 2022v2?  2022v2 4 km emissions degrade ozone model performance relative to the 2022v1 
flexinest platform, particularly in the Permian Basin.

o Carlsbad City MDA8 ozone NMB underprediction degrades from -6% to -15%

Å2022v2 New Mexico O&G non -point NO  emissions are 40% lower than 2022v1, excerpt from the 

2022v2 EITSD , which may explain the weaker ozone performance

ÅThis implies a 74% reduction in drilling and fracing engine NO X emissions reduced Non -Point O&G NO X 
emissions by 40%, which seems reasonable. The higher O&G NO X emissions in 2022v1 explains the better 
ozone performance than obtained using the 2022v2 emission inventory
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https://www.epa.gov/system/files/documents/2025-12/2022v2_emismod_tsd_base_december2025.pdf
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Preliminary Ozone and NOx MPE of Initial Phase 2 
CAMx 12/4 km Simulation

What we learned from hourly timeseries: Observed O 3 continues rising into the afternoon, while modeled 
O3 stalls. During these hours, observed NO 2 remains elevated, but modeled NO 2 drops to near zero, shutting 
down NO 2 photolysis and halting ozone production. 

Outstanding Questions: 

ÁAre Permian Basin O&G NO X and/or VOC emissions understated?

ÁCould observed NO 2 be higher than modeled simply due to the minimum detection level for NO 2 monitors, 
especially at Hobbs?

ÁCan there be NO 2 measurement interference with other species (e.g., PAN, PNA, HNO3) resulting in higher 
measured ñNO2ò?

Next Steps: While developing 2032 emissions, investigate CAMx ozone model performance using additional 
performance approaches and conduct sensitivity tests for a selected episode in May -October 2022:

ÁVertical mixing sensitivity tests: to check for NO 2 over -dilution

ÁEmissions sensitivity tests: because Permian Basin O&G emissions might be understated

13
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CarCavAQS 
Evaluation
2022 modeling VS. 2021 Measured VOC and NOx
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Evaluation Against 2021 CarCavAQS Data

ÅCSU, NPS and others collected ozone, NOx and VOC samples during 2019 and 2021 summer periods at 
Carlsbad Caverns NP

ÅAlthough not concurrent with our summer 2022 modeling episode, comparing the distributions of 
concentrations provide indication of model performance for ozone precursors

15
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CarCavAQS 2019 and 2021 Monitoring Sites
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VOC Evaluation (MPE) using 2021 CarCavAQS

The Challenge to Compare VOCs

ÅCAMx 2022v2 12/4 km uses the CB7r1 chemical mechanism.

ÅCB7r1 ñlumpsò thousands of individual VOCs into ~100 reactivity-based groups, limiting one - to -one 
comparison with observations.

ÅOnly a handful of VOCs are treated explicitly, so evaluation must rely on these few species to infer broader 
model performance. 

CAMx VOCs Evaluation Process

The CAMx 2022v2 12/4 base case was evaluated for 8 explicit VOC species in the CB7r1 chemical mechanism 
using 2021 CarCavAQS measurement data

17

MODEL 

(CAMX 2022 12/4KM)

OBSERVATIONS 

(C ar Cav AQS 2021)
COMPARISON METHOD DIAGNOSTIC INSIGHT

Explicit VOC outputs (8 
species)

Field VOC measurements  
(July 17  -  August 19, 2021)

Box -and -whisker plots
Distribution bias 
(under/over -prediction)

Hourly modeled 
concentrations

Hourly and integrated 
observations

Diurnal cycle analysis

Evaluates mixing and 
chemistry differences. 
Avoids time -alignment 
issues between model 
and observations
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Evaluation for 8 Explicit VOC Species in CB6r5
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Example Box and Whisker Plot for Ethane (ETHA) 

Box and Whisker Plots

ÅThe Box is the Interquartile 
Range (IQR) representing the 
25 th  and 75 th  Percentiles of the 
distribution

ÅThe Whiskers are highest (top) 
or lowest (bottom) value within 
1.5*IQR

ÅSymbols above and below the 
Whiskers are ñoutliersò

ÅThe line in the Box is the Median
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Ethane (ETHA) and Propane (PRPA) --  Oil and Gas Tracers
Results suggests 2022 oil and gas VOC emissions inventory may be understated in the Permian Basin
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Ethane

ÅMedian Underprediction: 5.3  times (10 vs 2 ppb)

ÅMean Underprediction: 5.2  times (13 vs 3 ppb)

Propane

ÅMedian Underprediction: 4.4  times (8 vs 2 ppb)

ÅMean Underprediction: 5.2  times (12 vs 2 ppb)
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Ethane and Propane Average Diurnal Variation (O&G)

ÅObserved >> modeled concentrations

ÅAfternoon decrease in both datasets

ÅObserved Ḑ30% drop > modeled drop

21

Ethane Propane



Ramboll

Acetone ï Solvent used in O&G production

ÅAcetone is greatly underestimated by the model by factor of  5 - 6 on average (3.7 vs. 0.7 ppb) with the 75 th  
percentile modeled value below the 25 th  percentile observed value

22
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Benzene (Gasoline Combustion) and Ethyne (Combustion)
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Benzene

ÅMedian Underprediction: 2.2  times 

ÅMean Underprediction: 2.4  times

Ethyne

ÅGood agreement: median and mean within 10 to 15%

ÅGood match in IQR: 25% to 75%
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Benzene (Gasoline Combustion) and Ethyne (Combustion)

ÅMorning and afternoon commute periods evident in both species

ÅModeled afternoon Ethyne lower than observed 

24

Benzene Ethyne
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Isoprene (Biogenic)
ÅObserved and modeled isoprene are generally comparable , both remaining at very low concentrations 

(<0.02 ppb). Observations show more outliers.

ÅAverage observed (0.009 ppb) and modeled (0.007 ppb) values are similar , though the median 
observed (0.002 ppb) is lower than modeled (0.007 ppb), likely due to detection limits

25
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Ethene/Ethylene (ETH)
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Ethene

ÅMedian Underprediction: 2.4  times (0.31 vs 0.13 ppb) 

ÅMean Underprediction: 2.4  times (0.36 vs 0.15 ppb)

Similar diurnal profiles. Observed concentrations 
are 50 to 100% higher than modeled
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Acetaldehyde (ALD2)
ÅALD2 is underestimated by approximately a factor of 2  (2.1 median and 2.3 mean)

ÅApproximately 50% of ALD2 is secondarily formed much of it from Alkanes so this underestimation may be 
related to understated O&G VOC emissions

27
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NO & NO 2

ÅNO shows a wide 
range of 
concentrations due to 
its primarily emitted 
nature

ÅNO is underestimated 
by ~ 4.1 ×  (median) 
and ~ 2.5 ×  (mean)

ÅUnderestimation of 
primary emitted 
species is common in 
grid models

ÅNO2 is 
underestimated by 
~ 1.5 ×  (median) and 
~ 1.8 ×  (mean).
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NO X & NO Y

ÅNOX follows NO 2 
performance: 
underestimated by 
factors of 1.6  (median) 
and 1.9  (mean)

ÅNOY performance 
similar to NO X 
underestimated by 
factors of 1.8  (median) 
and 1.9  (mean)

29

NOX = NO + NO 2

NOY = NO X + PAN + 
PPN + HNO 3 + etc.
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ÅO&G VOC tracers (Ethane and Propane) are 
underestimated by a factor of ~5 at the 
Carlsbad Caverns site

o Suggests 2022v2 O&G VOC emissions are 
understated

ÅCombustion tracers underestimated by factor of 
~2 (Benzene) to good agreement on average 
(Ethyne) ï could be related to 4 km grid cell 
averaging in model

ÅIsoprene (Biogenic) concentrations are very low 
and model has good agreement with 
observations

ÅAcetone has large underestimation (5x) ï used 
in O&G production

ÅNO2, NO X and NO Y show slight underestimation 
-  May be due to grid cell dilution

NO X/NO Y Ratios ï measure of aging of NO X 
emissions with good agreement (within 10% on 
average between observations and model ~0.4)

30

Conclusions CarCavAQS VOC/NO X Model Evaluation
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Ozone vs Daily 
Temperature Evaluation
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MDA8 O 3  vs. Max Daily Temperature ï Carlsbad Caverns

ÅModeled O 3 rarely achieves 70 ppb; observed O 3 has many exceedances (Top Whisker at ~80 ppb)

ÅObserved exceedances mostly occur under temperatures of 27 -35 C (81 -95 F)

ÅModel shows higher maximum daily temperatures (40 C = 104 F)
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MDA8 O 3  vs. Max Daily Temperature ï Carlsbad City

ÅModeled O 3 rarely achieves 70 ppb; observed O 3 has many exceedances (Top Whisker of ~84 ppb)

ÅObserved exceedances mostly occur under temperatures of 27 -37 C (81 -98 F)

ÅModel shows higher maximum daily temperatures
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MDA8 O 3  vs. Max Daily Temperature ï Hobbs

ÅModeled O 3 rarely achieves 70 ppb; observed O 3 also not as many exceedances as Carlsbad

ÅObserved 75 th  percentile O3 (~60 ppb) higher than modeled (~53 ppb)

ÅModel shows higher maximum daily temperatures
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Boulder Air
Evaluation
2022 modeling VS. 2023 -2024 Measured VOC and NOx at Loving, NM
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Loving, NM (LNM) VOC and NO X: May 2023 ï June 2024

ÅYellow Circle = Loving, NM site

ÅGreen Star = Carlsbad City Site

ÅOrange Star = CarCavAQS Site (further west)

ÅCyan Dots = Active Wells

ÅRed Dots = Satellite Flare Detection

36
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LNM Ethane and Propane --  Oil and Gas Tracers
Results suggests 2022 oil and gas VOC emissions inventory may be understated in the Permian Basin

37

Ethane

ÅMedian Underprediction: 4.0  times (39 vs 10 ppb)

ÅMean Underprediction: 5.4  times (79 vs 15 ppb)

Propane

ÅMedian Underprediction: 4.4  times (8 vs 2 ppb)

ÅMean Underprediction: 5.2  times (12 vs 2 ppb)
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LNM Benzene (Gasoline Combustion) and Ethene

38

Benzene

ÅMedian Within 10% ( 1.1  times) 

ÅMean Within 20% ( 1.2  times)

Ethene

ÅMedian Understated ( 0.6  times) 

ÅMean Understated ( 0.7  times)
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LNM Isoprene (Biogenic) and Nitric Oxide (NO)

39

Isoprene

ÅMedian Obs & Model Low (0.008 vs. 0.006 ppb) 

ÅMean Low and Identical (0.0096 vs. 0.0095 ppb)

Nitric Oxide

ÅMedian Underprediction: 2.9  times (0.5 vs 0.2 ppb)

ÅMean Underprediction: 5.9  times (11.7 vs 8.2 ppb)
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LNM NO 2  and NO X

40

NO 2

ÅMedian Underprediction: 1.2  times (6.0 vs 5.1 ppb)

ÅMean Underprediction: 1.1  times (8.5 vs 7.6 ppb)

NO X

ÅMedian Underprediction: 1.2  times (7 vs 6 ppb)

ÅMean Underprediction: 1.4  times (12 vs 8 ppb)
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Conclusions: Loving, NM VOC/NO X Evaluation 

Key Takeaway: Both special field study monitoring datasets indicate that 
Permian Basin O&G VOC emissions in the 2022v2 platform are understated. 
O&G NO X emissions may also be understated

LNM much closer to O&G activities than CarCavAQS so measures higher concentrations

41

Species/O&G Tracer
Observed LNM 
vs CarCavAQS

Model LNM
vs CarCavAQS

Model Bias (against Obs)

Ethane 4ï6×  higher 5ï6×  higher ~4 -5×  too low

Propane 3-4×  higher 4-5×  higher ~4 -5×  too low

Benzene 3x Higher 6-7x Higher 2×  low @ CarCavAQS

NOx 8x Higher 10x Higher ~1.5 -2×  too low
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TROPOMI Satellite  
Evaluation

42
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TROPOMI Satellite Evaluation NO 2  & Formaldehyde (HCHO)

ÅTropospheric Monitoring Instrument (TROPOMI) satellite measures vertical column density (VCD) 
of NO2  and HCHO  (formaldehyde) one time per day at a ~7 x ~3.5 km 2 resolution

ÅTROPOMI was launched in October 2017 so was available during summer 2022 modeling period

o Newer TEMPO satellite launched late 2023 satellite provides higher horizontal and temporal resolution

ÅCAMx 2022v2 12/4 km base case (4km2022v2) obtained 3 -D concentration output that were 
processed to obtain modeled VCD of NO2 and HCHO for comparison with TROPOMI

ÅComparing TROPOMI VCD NO2 provides an evaluation of the NO X emission inventory

o Satellite observations have high uncertainties and can have interference (e.g., clouds) 

ÅHCHO originates from direct primary sources and, more significantly, formed secondarily in the 
atmosphere from VOC oxidation (e.g., isoprene and methane)

ÅComparing the HCHO to NO2 ratios (FNR) provides an indication of whether ozone formation is 
more NO X-sensitive or VOC -sensitive. 
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CAMx - TROPOMI VCD HCHO May 14 ï Sep 30, 2022

44

ÅCAMx HCHO mostly higher than TROPOMI in Eddy and Lea Counties
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CAMx - TROPOMI VCD NO2 May 14 ï Sep 30, 2022
ÅCAMx NO2 sometimes higher and sometimes lower than TROPOMI

ÅO&G area in southern Eddy County CAMx tends to be higher than TROPOMI but lower next door in TX
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