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Executive Summary 

Background Information about Uinta Basin Air Quality 

Ozone negatively impacts respiratory health, especially for those with lung diseases.  During wintertime 
temperature inversion episodes, ozone in the Uinta Basin sometimes increases to levels that exceed the 
standard of 70 ppb set by the U.S. Environmental Protection Agency (EPA).  Because of this, on 3 August 
2018, portions of Uintah and Duchesne Counties below 6,250 feet in elevation were declared an ozone 
nonattainment area by EPA.   

The Uinta Basin is one of only two places in the world that are known to experience wintertime ozone in 
excess of EPA standards (Wyoming’s Upper Green River Basin is the other).  Ozone forms in the 
atmosphere from reactions involving oxides of nitrogen (NOx) and volatile organic compounds, and the 
majority of NOx and organic compound emissions in the Uinta Basin are from oil and gas development. 
Inversion conditions trap these pollutants near ground level, increasing their concentrations and 
allowing them to generate ozone.  The mix of pollutants during inversion episodes in the Uinta Basin is 
very different from those on Utah’s urban Wasatch Front, leading to the formation of ozone rather than 
fine particulate matter (PM2.5). 

The number of ozone exceedance days and concentrations of ozone that occur each year are closely tied 
to meteorology.  Years with persistent snow cover and high barometric pressure tend to have more days 
with strong winter inversions and high ozone.  During inversion episodes, ozone concentrations tend to 
be higher at lower elevations, where inversion conditions are stronger and last longer.  In the absence of 
snow cover and winter inversions, ozone concentrations in the Basin are similar to those in other rural, 
high-elevation locations around the western United States. 

Purpose of Uinta Basin Air Quality Research 

Because wintertime ozone is relatively new to science, many aspects of the meteorology, chemistry, and 
emissions that allow ozone to form during winter are still poorly understood.  Federal and state agencies 
are required by law to promulgate regulations that reduce ozone-forming emissions in the Uinta Basin.  
These regulations will mostly target the local oil and gas industry, which is the basis for the majority of 
the Basin’s economy. Scientific research to better elucidate the causes and characteristics of winter 
ozone can help industry and regulators craft emissions reductions that maximize effectiveness and 
minimize costs to the local industry and economy.  Since 2010, we (scientists at Utah State University’s 
Bingham Research Center) have conducted research to improve understanding of winter ozone in the 
Uinta Basin.  This research includes the following: 

 Collection and analysis of ambient air measurements of meteorology and chemistry, 
 Improvement of air quality computer models that are used by industry and regulators to 

develop emissions control strategies, and 
 Characterization of emission sources through measurements and analysis. 

We have produced a summary of all the air quality research that has been conducted in the Uinta Basin 
to date.  This summary is available at https://binghamresearch.usu.edu/cumulativeresearchsummary.  
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Highlights from This Document 

This document reports on Uinta Basin air quality research we carried out during the past year, as well as 
our research plans and performance.  The majority of the work presented here was funded by the Utah 
legislature and the Uintah Impact Mitigation Special Service District, but some projects were also 
supported by the Utah Division of Air Quality, the Bureau of Land Management, and the Utah Clean Air 
Partnership.  Here we provide some highlights and key findings: 

 No exceedances of the EPA ozone standard last winter, in spite of snow cover and inversion 
conditions: Likely reasons include: (1) most inversion episodes during the winter were short, (2) 
cloud cover prevailed through most of the winter, limiting the sunlight needed to make ozone, 
and (3) ozone precursor concentrations have been decreasing over time.  Read more in Sections 
2 and 4. 
 

 Two summertime ozone exceedances were likely caused by wildfires in California: Read more in 
Section 3.  
 

 The choice of chemical mechanism in photochemical models appears to have a large impact on 
modeled ozone production: Chemical mechanisms are lists of reactions and reaction rates used 
by models to simulate atmospheric chemistry.  The Carbon Bond family of mechanisms has been 
used almost exclusively for wintertime ozone modeling, but our results show that the RACM 
mechanism performs much better.  More work is needed, but this result may be a big step 
forward in modeling winter ozone chemistry.  Read more in Section 5. 
 

 Updates are improving models of wintertime ozone: Updates include testing different chemical 
mechanisms, testing the impacts of online meteorology-chemistry coupling, incorporation of the 
2017 Utah oil and gas emissions inventory into a photochemical model, use of satellite data to 
more accurately simulate wintertime conditions, and more.  Read more in Sections 5, 6, 7, 8, 
and 9. 
 

 New methods are allowing for more accurate forecasts of wintertime ozone: This will allow our 
2020-21 Ozone Alert program to be more effective than ever.  Read more in Sections 14 and 15. 
 

 Research priorities, performance, and plans: Sections 16 through 19 provide information about 
our performance over the past year, what we’ve done to engage stakeholders, research 
priorities, and plans for the coming year.  We developed the priorities and plans with help from 
a stakeholder committee, which includes representatives from the oil and gas industry, public 
health agencies, local government representatives, and regulators. 
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1. Background and Introduction 

Ozone has been measured continuously in Utah’s Uinta Basin since summer 2009 when air quality 
monitoring stations were established in Ouray and Red Wash.  During winter 2009-10, and during the 
majority of the winters since then, ozone concentrations measured at Ouray and Red Wash, as well as 
other locations, have exceeded U.S. Environmental Protection Agency (EPA) standards.  Ozone in excess 
of EPA standards is more typically found in urban areas during summer and has only been observed 
during winter months in two places in the world: the Uinta Basin and Wyoming’s Upper Green River 
Basin.  In 2010, Uintah and Duchesne Counties (through the Uintah Impact Mitigation Special Service 
District) engaged our team at Utah State University to investigate the extent and causes of wintertime 
air pollution in the Uinta Basin, and we have carried out a wide variety of air quality research projects 
since that time.  The results of most of these studies can be found in reports and peer-reviewed papers 
available at http://binghamresearch.usu.edu/reports.   

In general, wintertime air quality in the Uinta Basin becomes impaired when strong, multi-day inversion 
events occur.  Strong, multi-day inversions only occur when (1) stagnant, high-pressure meteorological 
conditions exist, and (2) sufficient snow cover exists to reflect incoming sunlight, which keeps the 
ground from absorbing sunlight and warming.  Snow also increases the amount of sunlight available to 
provide energy for the chemical reactions that form ozone.  Numerous exceedances of EPA’s ozone 
standard have occurred during winters with adequate snow cover and sustained high-pressure 
conditions, and no wintertime exceedances have ever been observed without snow cover.   

Ozone forms in the atmosphere from reactions involving oxides of nitrogen (NOx) and organic 
compounds, and the majority of NOx and organic compound emissions in the Uinta Basin are due to oil 
and gas development.  Inversion conditions trap these pollutants near ground level, increasing their 
concentrations and their ability to generate ozone.  During strong, multi-day inversion episodes, high 
ozone first forms in the low-elevation center of the basin and builds day-upon-day in concentration 
while expanding towards the basin’s margins.  The highest ozone occurs primarily in areas at the lowest 
elevation and secondarily in areas with the most oil and gas development.  Longer episodes and 
episodes that occur late in the winter season (because of increased sunlight) tend to lead to higher 
ozone.   

On 3 August 2018, portions of Uintah and Duchesne Counties below 6,250 feet in elevation were 
officially designated an ozone nonattainment area by EPA.  This designation formalizes a process already 
begun by the Utah Division of Air Quality, the Ute Indian Tribe, EPA, the oil and gas industry, and other 
stakeholders to mitigate the winter ozone problem by reducing NOx and organic compound emissions in 
the Uinta Basin.  Efforts by USU and many other entities have improved understanding of the causes and 
impacts of elevated ozone during Uinta Basin winters, allowing industry and regulators to make more 
efficient and effective decisions relating to air quality.  Much about this issue remains poorly 
understood, however, and additional research is needed to provide information that will allow industry 
and regulators to continue to develop sound, cost-effective air emissions reduction strategies.   

This annual report provides information about Uinta Basin air quality research conducted by Utah State 
University over the past 12 months.  Sections 2 and 3 report on the status of Uinta Basin air quality 
during 2019-, while the remaining sections provide the results of specific air quality research projects in 
which our team engaged during the past year.  Sections 16, 17, and 0 present a report of our 
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performance for the past year, our research priorities, and our project objectives for the coming year, 
respectively.   

As part of our annual reporting process, we have revised our management plan for our group’s 
operations.  It is available here: https://usu.box.com/s/877z4o8nwynu3uwcze8uxj8jaant7auw.   
Additionally, we have updated our cumulative summary of all significant research findings that relate to 
Uinta Basin air quality from 2010 through the present.  It is available here: 
http://binghamresearch.usu.edu/cumulativeresearchsummary.  

Authorship is indicated at the beginning of each section.   
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2. Winter 2018-19 Air Quality and Meteorology 

Author: Seth Lyman 

2.1. Introduction 

This section provides an analysis of air quality and meteorology data from monitoring sites that 
operated around the Uinta Basin during winter 2019-20, as well as an analysis of all years of available 
ozone and particulate matter data.  In this section, “winter 2019-20,” “winter,” “winter season,” or 
other similar phrases refer to the period from 15 November through 15 March. 

2.2. Methods 

Quality assurance results for the methods described here are available in Section 16.5.2. 

2.2.1. Ozone 

During winter 2019-20, fourteen monitoring stations that measured ozone operated in the Uinta Basin.  
Table 2-1 contains a list of all monitoring stations, including locations, elevations, and operators.  We 
obtained data for stations operated by organizations other than USU from the U.S. Environmental 
Protection Agency (EPA)’s AQS database (https://aqs.epa.gov/api) or, when data had not yet been 
entered into the AQS database, from EPA’s airnow real-time database (https://www.airnowtech.org).  
We utilized an Ecotech Model 9810 ozone analyzer at the Horsepool site and 2B Technology Model 205 
ozone monitors at all other stations operated by USU.  We performed calibration checks at all USU 
stations at least every other week using NIST-traceable ozone standards.  Calibration checks passed if 
monitors reported in the range of ±5 ppb when exposed to 0 ppb ozone and if monitors were within 
±7% deviation from expected values when exposed to higher concentrations of ozone.  We only 
included data bracketed by successful calibration checks in the final dataset. 
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Table 2-1. Air quality monitoring stations that operated during winter 2019-20.  All stations measured ozone and 
basic meteorological parameters.  Stations that measured organic compounds, NOx, and/or PM2.5 are indicated.  
NOx* signifies NO2 measured with a photolytic NO2 (rather than molybdenum) converter. NPS is the National 
Park Service.  UDAQ is the Utah Division of Air Quality.  BLM is the Bureau of Land Management.  AQS is the EPA 
AQS air quality database (https://aqs.epa.gov/api).   

Operator Latitude Longitude Elev. (m) Organics NOx, PM2.5 Data Source 

Seven Sisters USU 39.981 -109.345 1618 N/A N/A USU 
Castle Peak USU 40.051 -110.020 1605 N/A NOx* USU 
Willow Creek USU 39.836 -109.579 1799 N/A N/A USU 
Dinosaur N.M. NPS 40.437 -109.305 1463 N/A N/A AQS 
Red Wash Ute Tribe 40.204 -109.352 1689 N/A NOx AQS 
Vernal UDAQ 40.453 -109.510 1606 N/A NOx, PM2.5 AQS 
Whiterocks Ute Tribe 40.484 -109.906 1893 N/A NOx AQS 
Ouray Ute Tribe 40.055 -109.688 1464 N/A NOx AQS 
Roosevelt DAQ/USU 40.294 -110.009 1587 Yes NOx*, PM2.5 AQS/USU 
Myton Ute Tribe 40.217 -110.182 1610 N/A NOx AQS 
Fruitland USU 40.209 -110.840 2021 N/A N/A USU 
Horsepool USU 40.144 -109.467 1569 Yes NOx*, PM2.5 USU 
Rangely NPS/BLM 40.087 -108.762 1648 N/A NOx, PM2.5 AQS 

2.2.2. Reactive Nitrogen 

We measured NO, true NO2 (via a photolytic converter), and NOy (sum of NO, NO2, and other reactive 
nitrogen compounds) at Roosevelt with a Teledyne-API NOx analyzer.  We measured NO and true NO2 
with a Thermo 42i with a photolytic converter at Castle Peak and Horsepool, and we measured NOy with 
an Ecotech analyzer at Horsepool.  All three photolytic converters were manufactured by Air Quality 
Design, Inc.  NOx is the sum of NO and NO2. NOy is the sum of NOx and other reactive nitrogen 
compounds in the gas and fine particulate phases.  We calibrated the systems weekly with NO standards 
and for NO2 via gas-phase titration using a dilution calibrator.  Once during the season, we calibrated 
NOy instrumentation with nitric acid and n-butyl nitrate permeation tubes.  All sites operated by other 
organizations measured NO and NO2 via a molybdenum converter-based system, a method known to 
bias NO2 and NOx results high due to NOy interference (Jung et al., 2017).   

2.2.3. Methane and Total Non-methane Hydrocarbons 

We measured methane and total non-methane hydrocarbons (NMHC) at Horsepool and Roosevelt with 
a Chromatotec ChromaTHC and a Thermo 55i, respectively.  We calibrated these systems every week 
with certified gas standards (containing methane and propane) and a dilution calibrator.  

2.2.4. Speciated Non-methane Hydrocarbons and Alcohols 

To measure speciated C2-C10 NMHC and C1-C3 alcohols, we collected whole-air samples with silonite-
coated 6 L stainless steel canisters at Horsepool, Roosevelt, and Castle Peak.  We collected at most one 
can per day via an automated sampling manifold (We filled some cans from 0:00 to 3:00 local standard 
time, and the others from 12:00 to 15:00).  We used silonite-coated critical orifice-based flow regulators 
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to regulate flow into the canisters, and we controlled sample collection with a nickel-plated brass 
manifold with solenoid valves (Clippard part number O-ET-2M-12).  Tubing and fittings were all either 
PFA Teflon or stainless steel.  A PTFE filter upstream of the sample line filtered particles (5 µm pore size). 

We analyzed the canisters for 54 NMHC, methanol, ethanol, and isopropanol using a method similar to 
guidance provided by EPA for Photochemical Assessment Monitoring Stations (EPA, 1998).  We used 
cold trap dehydration (Wang and Austin, 2006) with an Entech 7200 preconcentrator and a 7016D 
autosampler to preconcentrate samples.  We analyzed samples with two Shimadzu GC-2010 gas 
chromatographs (GCs), a flame ionization detector (for C2 and C3 NMHC), and a mass spectrometer (for 
all other compounds).  We used a Restek rtx1-ms column (all compounds; 60 m, 0.32 mm ID), a Restek 
Alumina BOND/Na2SO4  column (C2 and C3 NMHC; 50 m,0.32 mm ID), and another Restek rtx1-ms 
column (all other compounds; 30 m, 0.25 mm ID) to separate compounds in the GCs.   

We used a 5-point curve to calibrate the flame ionization detector and mass spectrometer before each 
analyzed batch of samples.  We also analyzed a duplicate sample, at least one blank, and at least one 
calibration check during each batch.  We accepted data if calibration curves had r2 values greater than 
0.99, if all values for blanks were less than 1 ppb, if duplicate values for each compound were within 
10% of each other, and if calibration checks for each compound were within 20% of expected values. We 
used blank values to correct sample results.  We collected field spikes at Horsepool and Roosevelt by 
adding calibration gas to the sampling manifold from a certified compressed gas standard, and we 
collected blanks by adding air scrubbed of organics to the manifold.  

2.2.5. Carbonyls 

We collected carbonyls at Horsepool and Castle Peak on 2,4-dinitrophenylhydrazine (DNPH)-coated silica 
bead Waters Sep-Pak cartridges (P/N WAT037500) with Sep-Pak KI ozone scrubbers (P/N WAT054420).  
We used a pump to pull air through the cartridges at 1 L min-1.  The sample path upstream of the 
cartridges was composed entirely of PFA Teflon, with a PTFE filter upstream of the sample line to filter 
particles (5 µm pore size).  Sample collection times were the same as those for the canisters described 
above (3 hours).   

We analyzed DNPH cartridges following Uchiyama et al. (2009).  We kept used and unused cartridges 
refrigerated or on ice, except when installed for sampling.  We analyzed cartridges within 14 days of 
sampling. To prepare samples for analysis, we flushed cartridges with a 5 mL solution of 75% acetonitrile 
and 25% dimethyl sulfoxide to release DNPH-carbonyls into solution.  We collected the solution into 5 
mL volumetric flasks and brought the flasks to a volume of 5 mL using 0.5-1 mL of the 
acetonitrile/dimethyl sulfoxide solution. Finally, we pipetted a 1 mL aliquot from the 5 mL flask into a 
1.5 mL autosampler vial for analysis by High-Performance Liquid Chromatography (HPLC).  We analyzed 
samples using a Hewlett Packard series 1050 HPLC with a Restek Ultra AQ C18 column and a diode array 
detector. We used a mixture of acetonitrile and water as the eluent. We prepared standards by diluting 
commercially available carbonyl-DNPH standards, and we calibrated the instrument on each analysis day 
with a five-point calibration curve. 

2.2.6. Particulate Matter Measurements 

We measured particulate matter with a diameter smaller than 2.5 micrometers (PM2.5) at Horsepool 
with a BAM 1020 monitor.  We operated the instrument according to manufacturer protocols, with leak 
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checks, flow and mass calibrations, detector calibrations, and cleanings performed at regular intervals.  
We obtained particulate matter values for other sites from the EPA AQS database 
(https://aqs.epa.gov/api) or, when data had not yet been entered into the AQS database, from EPA’s 
airnow real-time database (https://www.airnowtech.org). 

2.2.7. Meteorological Measurements 

We deployed solar radiation sensors at Horsepool (incoming and outgoing shortwave and longwave with 
a Kipp and Zonen CNR-4 and UV-A and UV-B with Kipp and Zonen UV radiometers), Roosevelt (incoming 
and outgoing shortwave with a Kipp and Zonen CNR-4) and Castle Peak (CS320 shortwave radiometer).  
We have these sensors calibrated at the factory or check them against a recently-calibrated sensor every 
three years. 

We operated a suite of comprehensive, research-grade meteorological instruments at all sites operated 
by USU.  We checked wind speed and direction, temperature, humidity, and barometric pressure against 
a NIST-traceable standard once annually.  We checked snow depth sensors against a height standard 
annually.  We also obtained meteorological data from the EPA AQS database or, when data had not yet 
been entered into the AQS database, from EPA’s airnow real-time database.   

2.3. Results and Discussion 

2.3.1. Ozone 

Even with adequate emissions of NOx and organic compounds (ozone precursors), significant ozone 
production only occurs when adequate snow cover and multi-day temperature inversions exist (a 
temperature inversion occurs when the air temperature aloft is warmer than the temperature at the 
surface).  Sunlight is the energy that fuels ozone production and, since snow reflects sunlight, snow 
cover increases the amount of energy available to produce ozone.  By the same process, snow limits the 
amount of energy absorbed by the earth’s surface, keeping the surface and the air immediately above it 
cooler than the air aloft, which promotes inversion formation and persistence.  Inversions trap NOx and 
organic compounds near their emission sources, allowing them to build up to concentrations that allow 
for rapid ozone production. 

Plentiful snow cover existed in the Uinta Basin during most of winter 2019-20 (Figure 2-1).  Snow cover 
increased available radiation and allowed for several multi-day inversion episodes.  These conditions did 
not, however, lead to ozone in exceedance of EPA standards at any sites in the Uinta Basin (Figure 2-2).  
Three factors likely led to the lack of ozone in the Basin, in spite of snow cover and inversions: 

1. Ozone precursor concentrations in the Uinta Basin atmosphere are decreasing (see Section 4), 
which means that equivalent meteorological conditions are able to produce less ozone than 
would have occurred in previous years. 

2. Cloud cover was prevalent during winter 2019-20, decreasing sunlight and the photochemistry 
required to produce ozone.  Daytime average UV radiation (Figure 2-1) was less than during the 
previous winter, which had cloud-free winter inversions that resulted in ozone formation 
(Lyman et al., 2019). 

3. Except for early in the winter, inversion episodes that occurred during winter 2019-20 were 
short, leaving little time for ozone to build day-upon-day.  Inversion episodes that occur earlier 
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in the winter season, like the early January episode shown in Figure 2-1, have less sunlight 
because of the sun’s lower angle, so it takes longer for ozone to form. 

 
Figure 2-1. Horsepool daily maximum ozone, average snow depth, and daytime average total UV radiation 
(incoming + reflected) during winter 2019-20.  Inversion periods are shown as light blue boxes.  
 

 
Figure 2-2. 8-hr average ozone from all sites listed in Table 2-1 during winter 2019-20. 

Table 2-2 provides information about ozone observed at all monitoring stations in the Uinta Basin during 
winter 2019-20.  No stations experienced exceedances of the EPA standard during the winter.   An 
exceedance occurs when the daily maximum 8-hr average ozone value at a station is greater than the 
EPA standard.  The average of the fourth-highest daily maximum 8-hr average ozone value over three 
consecutive calendar years is used to determine compliance with the standard. 

Table 2-2. Eight-hr average ozone concentrations around the Uinta Basin, winter 2019-20.  

 Mean Maximum Minimum 
4th Highest Daily 

Maximum 
Number of 

Exceedances 
Willow Creek 36.5 56.5 12.4 52.0 0 
Seven Sisters 36.9 67.9 10.2 61.8 0 
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Castle Peak 38.3 63.7 12.8 61.3 0 
Dinosaur N.M. 32.0 56.3 5.5 50.5 0 
Red Wash 36.8 56.0 11.3 52.9 0 
Vernal 29.6 46.9 4.8 44.5 0 
Whiterocks 38.1 52.9 14.0 50.9 0 
Ouray 33.6 62.5 7.1 59.9 0 
Roosevelt 31.1 58.4 3.0 53.1 0 
Myton 32.2 55.9 4.3 50.5 0 
Fruitland 38.2 53.6 11.5 51.8 0 
Horsepool 37.3 61.2 11.8 60.1 0 
Rangely 30.3 53.1 5.1 49.3 0 

Figure 2-3 shows the spatial distribution of the 4th highest 8-hr average daily maximum ozone 
concentration around the Uinta Basin during winter 2019-20.  Even though no site exceeded the EPA 
standard, some local ozone production did occur during inversion episodes, and locations with more oil 
and gas development nearby (Castle Peak, Ouray, Horsepool, Seven Sisters) still had higher 4th-high 
ozone than other sites.  Vernal had the lowest 4th-high ozone, probably because NOx in Vernal is 
relatively high.  In the absence of local photochemical production of ozone, NOx can destroy ozone in 
the atmosphere. 

 
Figure 2-3. Fourth-highest daily maximum 8-hr average ozone in the Uinta Basin during winter 2019-20. The 
background color indicates ozone concentration and was interpolated using ArcGIS software.    

Figure 2-4 shows a time series of ozone concentrations at several sites in the Uinta Basin from July 2009 
(when continuous measurements began) through March 2020.  As Figure 2-4 shows, exceedances of the 
standard have occurred during seven of the eleven winters (64%) in the Uinta Basin for which 
continuous ozone monitoring data are available.  Utah DAQ also measured ozone in Vernal during 2006 
and 2007, but those data are not publicly available and are not included here.  No wintertime 
exceedances of the ozone standard were measured in Vernal during that period.  Summertime 
exceedances are considered in Section 3 of this document.  
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Figure 2-4.  Time series of daily maximum 8-hr average ozone concentration at five sites in the Uinta Basin from 
July 2009 through March 2020.   The red dashed line shows 70 ppb, the EPA standard for ozone. 

Ozone statistics from the five sites shown in Figure 2-4 are summarized in Table 2-3.  The three-year 
average of annual 4th-highest 8-hr averages for a given site (using calendar years) is referred to as a 
design value.  The design value is the value EPA uses to determine whether an airshed is in attainment 
of the 70 ppb ozone standard (design values of 71 and above are out of attainment).  EPA used the 
2014-16 period in their recent decision to designate the Uinta Basin as a nonattainment area for ozone.  
Table 2-4 shows the ozone design value for 2013-15, 2014-16, 2015-17, 2016-18, 2017-19, and 2018-20 
for the same monitoring stations shown in Figure 2-4, as well as for the Whiterocks station.  The design 
value for 2019-20 shown in Table 2-4 only includes 2019 data through March.     
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Table 2-3.  Ozone summary statistics for five sites in the Uinta Basin over twelve calendar years.  All values were 
calculated from daily maximum 8-hr average concentrations.  For 2020, only data through 31 March are shown.

Year Site Mean Median Max Min 
4th High Daily 
Max 

Exceedance Days 
(>70 ppb) 

2009 
(July-
Dec) 

Ouray 46 47 101 23 67 1 
Fruitland -- -- -- -- -- -- 
Vernal -- -- -- -- -- -- 
Roosevelt -- -- -- -- -- -- 
Rangely -- -- -- -- -- -- 

2010 Ouray 56 54 123 20 117 45 
Fruitland -- -- -- -- -- -- 
Vernal -- -- -- -- -- -- 
Roosevelt -- -- -- -- -- -- 
Rangely 41 42 67 11 58 -- 

2011 Ouray 53 52 138 18 119 28 
Fruitland 48 50 71 24 65 1 
Vernal 55 55 95 33 84 12 
Roosevelt 55 54 116 29 103 21 
Rangely 48 50 88 21 73 4 

2012 Ouray 48 50 76 18 67 1 
Fruitland 49 49 71 26 70 3 
Vernal 45 46 68 14 64 0 
Roosevelt 49 51 70 14 67 0 
Rangely 46 47 71 15 69 2 

2013 Ouray 57 54 141 24 132 52 
Fruitland 49 50 75 18 69 2 
Vernal 52 52 114 20 102 32 
Roosevelt 56 54 110 25 104 35 
Rangely 50 50 106 22 91 13 

2014 Ouray 48 50 91 17 79 8 
Fruitland 47 49 65 16 64 0 
Vernal 43 45 64 12 62 0 
Roosevelt 46 49 63 16 62 0 
Rangely 44 46 66 14 62 0 

2015 Ouray 45 47 71 21 68 2 
Fruitland 46 46 77 23 69 3 
Vernal 43 43 67 10 64 0 
Roosevelt 42 42 66 14 60 0 
Rangely 43 45 70 15 66 0 

2016 Ouray 49 48 120 20 96 11 
Fruitland 47 47 67 30 62 0 
Vernal 47 46 78 20 73 5 
Roosevelt 47 47 96 20 81 5 
Rangely 45 45 67 18 61 0 
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Table 6-3 Continued. 

Year Site Mean Median Max Min 
4th High Daily 
Max 

Exceedance Days 
(>70 ppb) 

2017 Ouray 50 50 111 20 103 11 
Fruitland 41 42 57 26 53 0 
Vernal 48 49 69 25 68 0 
Roosevelt 48 48 86 24 78 8 
Rangely 47 48 69 25 64 0 

2018  Ouray 48 48 72 18 67 1 
Fruitland 47 46 68 22 64 0 
Vernal 48 50 81 20 69 2 
Roosevelt 49 49 79 18 71 8 
Rangely 47 48 73 17 68 2 

2019 Ouray 50 51 110 21 98 16 
Fruitland 48 49 68 24 64 0 
Vernal 46 48 76 16 65 1 
Roosevelt 50 51 96 19 87 10 
Rangely 45 47 70 12 64 0 

2020 
(Jan-
Mar) 

Ouray 48 47 62 37 59 0 
Fruitland 46 46 53 36 51 0 
Vernal 39 39 46 30 44 0 
Roosevelt 45 46 58 35 53 0 
Rangely 41 41 53 30 49 0 

 
Table 2-4.  Average of the 4th-highest 8-hr daily maximum ozone values during three consecutive calendar years 
for several monitoring stations in the Uinta Basin (a.k.a., ozone design values).  Only 2020 data collected 
through 15 March are used. Values in exceedance of the EPA standard are in bold font.

Station 2013-15 2014-16 2015-17 2016-18 2017-19 2018-20 
Ouray 93 81 89 88 89 74 
Fruitland 67 65 61 59 60 59 
Vernal 76 66 68 70 67 59 
Roosevelt 75 67 73 76 78 70 
Rangely 73 63 62 64 63 60 
Whiterocks 66 71 71 72 67 62 

Figure 2-5 and Figure 2-6 show the number of annual ozone exceedances and the annual 4th-highest 8-
hr average ozone, respectively, at the same monitoring stations shown in the previous tables and 
figures.  These figures show that air quality is extremely variable from year to year and across 
measurement stations in the Uinta Basin.  Ouray experienced more than 40 exceedance days in 2010 
and 2013 but had only one in 2012 and 2018 and two in 2015.  Exceedance days in 2012, 2015, and 2018 
occurred during summer, not winter, and were due to intrusions of ozone-rich stratospheric air and/or 
wildfires (see Section 3). 



 

 
12 

 
Figure 2-5. Number of annual ozone exceedances at five sites from 2010 through March 2020. 

Figure 2-6 shows that the 4th-highest 8-hr average ozone at the five sites shown is always around 60 ppb 
or higher (except 2020, which only has data through 31 March).  Between 60 and 70 ppb is the natural 
summertime background ozone level in the Uinta Basin region.  During years with no winter inversions 
and low wintertime ozone (2012, 2015, and 2018), the highest ozone is observed during summer and is 
usually in the range of 60-70 ppb. 

 
Figure 2-6. Annual 4th-highest 8-hr average ozone at five sites from 2010 through March 2020.  The red dashed 
line indicates 70 ppb, the current EPA standard for ozone. 

The portion of the Uinta Basin that lies below 6,250 ft in elevation above sea level is currently a marginal 
nonattainment area for ozone.  Clean Air Act regulations stipulate that if the design value is 71 ppb or 
higher, the area will become a moderate nonattainment area.  If the design value is 94 ppb or higher, 
the area will become a serious nonattainment area.  Ozone was relatively low during 2018 and winter 
2020, but ozone exceedances during winter 2018-19 mean that the most recent design value for Ouray 
is still above the EPA standard (Figure 2-6 and Table 2-4).  Figure 2-6 shows that the lowest annual 4th-
highest 8-hr average ozone values for sites in the Uinta Basin, even in the absence of winter inversions, 
is about 60 ppb (with the exception of 2020, since the 2020 data in Figure 2-6 don’t include summer).  
Section 3 provides more information about summertime ozone. 
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2.3.2. Particulate Matter 

PM2.5 concentrations stayed below the EPA standard of 35 µg m-3 during winter 2019-20, though PM2.5 
increased at the Roosevelt and Vernal stations during stagnant and inverted conditions (Figure 2-7). 

 
Figure 2-7.  24-hr average PM2.5 at monitoring stations around the Uinta Basin during winter 2019-20.  The red 
dashed line indicates the EPA PM2.5 standard. 

Figure 2-8 shows box and whisker plots of PM2.5 at monitoring stations around the Uinta Basin.  As has 
been observed in previous years, higher PM2.5 occurred in the urban areas of the Basin than in the oil 
and gas-dominated area of Horsepool, likely because emissions from traffic and home heating enhance 
PM2.5 in urban areas. 

 
Figure 2-8. Box-and-whisker plot of 24-hr average PM2.5 at four monitoring stations during winter 2019-20. X’s 
indicate average values.  Lines in the middle of boxes indicate medians.  Tops and bottoms of boxes indicate the 
third and first quartiles.  Top and bottom whiskers indicate maximum and minimum values.  Circles indicate 
outliers.   
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Figure 2-9 shows a time series of all PM2.5 measurements that have ever been collected in the Uinta 
Basin.  Exceedances of the EPA PM2.5 standard have occurred most often during winter.  However, 
summertime PM2.5 exceedances occurred in the Uinta Basin during summers 2012 and 2018, and spikes 
in PM2.5 have occurred during every summer.  These summertime spikes in PM2.5 concentrations are 
typically caused by wildfire smoke.   

 
Figure 2-9.  Time series of daily 24-hr average PM2.5 concentrations at nine sites in the Uinta Basin, October 
2009-March 2020.  The red dashed line shows 35 μg m-3, the EPA standard for PM2.5.  

Table 2-5 is a summary of PM2.5 values at sites around the Uinta Basin from 2010 through March 2020.  
PM2.5 values in Vernal and Roosevelt have exceeded EPA standards more than other sites.  To determine 
compliance with its 35 µg m-3 PM2.5 standard, EPA uses the three-year average of annual 98th percentile 
values.  The Uinta Basin has only had two years wherein the 98th percentile of annual PM2.5 data 
exceeded the EPA standard (Myton in 2011 and Roosevelt in 2013).  The highest 3-year average of 
annual 98th percentile data was 31.5 µg m-3 in Vernal for years 2012 through 2014.   
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Table 2-5.  PM2.5 summary statistics for the Uinta Basin from 2010 through March 2020.   All values shown were 
calculated from daily 24-hr average concentrations.

  
 Year Site 

Winter 
Mean 

Winter 
Max 

Winter 
Min 

Annual # of 
Exceedance 
Days 

Annual 98th 
Percentile 
Value 

2010 Roosevelt -- -- -- -- -- 
Vernal -- -- -- -- -- 
Ouray 8.8 22.5 1.0 0 19.0 
Red Wash 7.2 22.7 0.0 0 16.0 
Myton -- -- -- -- -- 
Rabbit Mtn -- -- -- -- -- 
Horsepool -- -- -- -- -- 

2011 Roosevelt -- -- -- -- -- 
Vernal -- -- -- -- -- 
Ouray 9.9 30.0 1.1 0 22.5 
Red Wash 7.8 23.7 1.0 0 17.8 
Myton 11.8 48.2 1.0 8 36.7 
Rabbit Mtn -- -- -- -- -- 
Horsepool -- -- -- -- -- 

2012 Roosevelt 5.7 22.2 0.0 3 28.2 
Vernal 7.9 25.6 1.2 0 22.0 
Ouray 6.1 14.0 1.3 3 27.4 
Red Wash 4.9 10.6 1.0 0 16.0 
Myton -- -- -- -- -- 
Rabbit Mtn 2.7 10.7 0.4 4 20.3 
Horsepool 4.0 10.7 0.0 0 10.4 

2013 Roosevelt 18.7 41.7 1.3 5 35.1 
Vernal 20.0 55.7 2.6 18 42.1 
Ouray 13.4 32.0 2.3 0 26.5 
Red Wash 10.9 26.7 3.0 0 26.0 
Myton -- -- -- -- -- 
Rabbit Mtn 5.0 13.9 1.4 0 18.0 
Horsepool 13.7 28.3 0.7 0 27.8 

2014 
 

Roosevelt 7.1 35.3 1.7 1 29.8 
Vernal 9.6 32.1 2.2 0 30.3 
Ouray 9.2 34.4 2.4 0 31.6 
Red Wash 6.0 26.8 3.2 0 15.1 
Myton -- -- 0.2 -- -- 
Rabbit Mtn 2.0 5.0 0.0 0 5.1 
Horsepool 5.5 22.3 1.5 0 21.6 
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Table 2-5 Continued. 

 
 Year Site 

Winter 
Mean 

Winter 
Max 

Winter 
Min 

Annual # of 
Exceedance 
Days 

Annual 98th 
Percentile 
Value 

2015 
 

Roosevelt 8.7 46.7 2.7 1 21.2 
Vernal -- -- -- -- -- 
Myton 6.7 25.5 0.1 0 19.8 
Rabbit Mtn 1.7 3.8 0.0 0 3.7 
Horsepool 7.0 15.2 3.0 0 14.4 
Ft Duchesne 7.6 18.5 1.7 0 18.0 
Randlett 9.4 34.6 1.4 0 21.3 
Rangely 7.3 15.3 3.1 0 17.5 

2016  Roosevelt 8.1 30.2 1.1 0 23.5 
Vernal 8.1 30.0 1.2 0 25.0 
Myton 8.9 31.9 1.1 0 22.5 
Horsepool 6.8 21.9 0.4 0 21.8 
Ft Duchesne 9.5 25.0 1.5 0 25.0 
Randlett 10.1 26.1 1.3 0 26.1 
Rangely 6.7 16.9 2.8 0 12.2 

2017 Roosevelt 6.9 40.6 0.5 1 28.3 
Vernal 6.5 23.8 2.1 0 20.7 
Horsepool 3.4 22.1 0.0 0 21.6 
Rangely 6.4 14.3 2.0 0 14.8 

2018 Roosevelt 5.4 19.4 0.6 3 23.9 
Vernal 4.9 16.1 1.1 0 19.2 
Horsepool 2.5 13.0 0.0 0 9.6 
Rangely 6.2 13.3 4.0 0 20.8 

2019 Roosevelt 6.2 26.4 0.4 0 22.4 
Vernal 5.2 21.7 0.4 0 16.1 
Horsepool 4.8 17.2 0.3 0 13.7 
Rangely 7.9 14.1 3.6 0 12.0 

2020 
(thru 
Mar) 

Roosevelt 8.2 23.2 0.8 0 22.2 
Vernal 7.4 21.7 0.9 0 20.7 
Horsepool 3.8 7.9 0.3 0 7.8 
Rangely 7.2 11.3 4.6 0 11.0 

2.3.3. Comparison of Roosevelt, Horsepool, and Castle Peak Data 

The Horsepool and Roosevelt monitoring stations began operating in winter 2011-12 and were designed 
to contain a nearly identical suite of instrumentation.  At both stations, we measure NOx with 
instrumentation that doesn’t bias NO2 during winter inversion episodes, whereas all regulatory 
monitoring stations in the Uinta Basin use alternative, biased instrumentation.  The areas surrounding 
the Horsepool and Roosevelt stations are very different from one another.  The Horsepool station is on 
the northern edge of an area of dense oil and gas development (mostly gas), whereas the Roosevelt 
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station is within a small city.  Some oil and gas development exists within and near the city of Roosevelt 
(mostly oil).  The two stations are at very similar elevations (Table 2-1).   

In 2017 Utah DAQ donated a NOx analyzer that we upgraded with a photolytic converter and installed at 
our Castle Peak monitoring station.  Castle Peak is in an area of dense oil development, and its elevation 
is less than 100 meters higher than the Roosevelt and Horsepool stations. 

Figure 2-10 shows NOx measured at Roosevelt, Horsepool, and Castle Peak during winter 2019-20, and 
Figure 2-11 shows NOz at Roosevelt and Horsepool.  NOx is the sum of NO and NO2, which are important 
precursors to ozone production.  NOy (not shown in the figures) is the sum of NOx and all other reactive 
nitrogen compounds (i.e., nitric and nitrous acids, organic nitrates, and particulate-bound nitrogen 
compounds).  NOz is the sum of all reactive nitrogen compounds except NOx (in other words, it is NOy 
minus NOx).  While NOx is an ozone precursor, the compounds that comprise NOz are mostly generated 
along with ozone as a result of photochemical reactions and are byproducts and indicators of ozone 
production.   

 
Figure 2-10. Hourly average NOx measured at Roosevelt, Horsepool, and Castle Peak during winter 2019-20. 
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Figure 2-11. Hourly average NOz measured at Roosevelt and Horsepool during winter 2019-20. 

During winter 2019-20, as in previous winters, NOx was higher in Roosevelt than at Horsepool and Castle 
Peak (Figure 2-10) and was 4.3 times higher than Horsepool on average (a statistically significant 
difference, p <0.01).  NOx in Roosevelt is likely emitted from urban sources like cars and home heating, 
as well as from oil and gas sources, while NOx in the vicinity of Horsepool and Castle Peak originates 
almost entirely from oil and gas activity.  Castle Peak NOx was 43% higher than Horsepool (also 
statistically significant, p = 0.02), perhaps because of the prevalence of NOx-emitting artificial lift engines 
in the Castle Peak area. 

The difference between daytime and nighttime ozone was greater in Roosevelt than at Horsepool and 
Castle Peak during winter 2018-19 (Figure 2-12 and Figure 2-13), as has been observed in previous 
winters, likely because high NOx reacted with and destroyed ozone at night.  In other words, the air at 
the Roosevelt site has more NOx than is needed for ozone production, and this excess NOx reacts with 
ozone at night, suppressing ozone concentrations.   

 
Figure 2-12. Hourly average ozone measured at Roosevelt, Horsepool, and Castle Peak during winter 2019-20. 
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Figure 2-13. Average ozone at Roosevelt, Horsepool, and Castle Peak during each hour of the day during 
inversion episodes that occurred during winter 2019-20.  Whiskers represent 95% confidence intervals. 

NOx at Roosevelt exhibited a pronounced peak in the morning and a lesser peak in the late afternoon 
and early evening, probably due to morning and afternoon peaks in local traffic (Figure 2-14).  Horsepool 
and Castle Peak did not show a pronounced peak.  Instead, NOx at these sites built up slowly during the 
night (which tend to be stagnant, with little atmospheric mixing and dilution) and had a maximum in 
mid-morning (before daytime atmospheric mixing began), probably because the majority of NOx 
emissions at the sites were due to stationary, continuous sources, rather than traffic-related sources.   

 
Figure 2-14. Average NOx at Roosevelt, Horsepool, and Castle Peak during each hour of the day during inversion 
episodes that occurred during winter 2019-20.  Whiskers represent 95% confidence intervals. 

In contrast with NOx, methane was 20% higher at Horsepool than in Roosevelt (Figure 2-15; p < 0.01), 
which is likely because more oil and gas sources, which emit methane, were near the Horsepool site.  
Total NMHC, by contrast, was 14% higher Roosevelt (Figure 2-16; p < 0.01).  
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Figure 2-15. Hourly average methane measured at Roosevelt and Horsepool during winter 2019-20. 

 
Figure 2-16. Hourly average total NMHC measured at Roosevelt and Horsepool during winter 2019-20.  ppmC is 
parts-per-billion of carbon atoms.  Total NMHC in this figure was measured without speciation by methane/total 
NMHC analyzers, and the total in this figure does not necessarily match the total of speciated compounds 
reported in Section 2.3.4. 

2.3.4. Speciated Volatile Organic Compounds 

As in previous years, organic compounds in the atmosphere at field sites were dominated by alkanes, 
especially lighter alkanes (Figure 2-17 and Figure 2-18).  Benzene, toluene, and xylenes were low, and C8 
and larger aromatics were rarely observed.  The organic compound speciation at all sites was similar, 
indicating that the locations were all influenced by the same general source type (oil and natural gas 
production).  We didn’t measure carbonyls (which include formaldehyde, acetaldehyde, acetone, and 
other similar compounds) at Roosevelt, but carbonyls comprised a larger percentage of total organics at 
Castle Peak than at Horsepool, and the percentage of alkenes was higher at Castle Peak than at 
Horsepool and Roosevelt.  Carbonyls and alkenes are both emitted from combustion processes, and 
these differences may be due to a higher density of natural gas-fueled artificial lift engines in the Castle 
Peak area (see Section 10 for more information). 
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Figure 2-17. Percent by volume of measured organics at Horsepool and Roosevelt during winter 2019-20 
comprised of alkanes, alkenes, aromatics, alcohols, and carbonyls.  Carbonyls were not measured at the 
Roosevelt site. 

 

 
Figure 2-18. Percent by volume of measured NMHC at Horsepool and Roosevelt during winter 2019-20 
comprised of compounds containing 2-9 carbon atoms (i.e., C2-C9; excluding alcohols and carbonyls). 

Hydrocarbon concentrations at Roosevelt, Horsepool, and Castle Peak generally tracked each other, 
with higher concentrations earlier in the season when inversion conditions were stronger (Figure 2-19).  
Total NMHC (measured as the sum of individual compounds) was 52% higher at Roosevelt than 
Horsepool, a statistically significant difference, but only 3% higher at Castle Peak than at Horsepool, an 
insignificant difference.  Concentrations of pollutants at Horsepool have been decreasing year-upon-
year, while pollution levels at Roosevelt have either stayed the same or increased.  Inter-annual trends 
at the two stations are discussed in detail in Section 4. 
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Figure 2-19. Time series of total NMHC (measured as the sum of individual NMHC) at Roosevelt, Horsepool, and 
Castle Peak during winter 2019-20.  Only daytime samples are shown.  

Compared to Horsepool, NMHC at Roosevelt and Castle Peak tended to include a slightly larger 
proportion of C5-C8 alkanes.  While the differences were small (see Figure 2-20), they were meaningful 
and are due to a higher prevalence of C5-C8 hydrocarbons in emissions from oil wells relative to gas 
wells (Wilson et al., 2020).  

 
Figure 2-20. Heptane versus toluene at Horsepool, Roosevelt, and Castle Peak.   
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3. Summertime Air Quality 

Authors: Seth Lyman and Huy Tran 

Ozone exceeded the U.S. Environmental Protection Agency (EPA) standard of 70 ppb at some Uinta 
Basin monitoring stations on 21 and 22 August 2020.  Figure 3-1 shows a time series of all sites that 
operated in the Basin during summer 2020, and Table 3-1 shows a list of daily maximum 8-hour average 
ozone at those stations on 21 and 22 August.  A few stations exceeded the ozone standard on 21 
August, and every station except Vernal exceeded on 22 August.   

 
Figure 3-1. 8-hour moving average ozone at all monitoring stations that operated in the Uinta Basin during 
summer 2020.  The red dashed line shows the EPA ozone standard of 70 ppb.  The two days during which some 
sites exceeded the standard are labeled. 
 
Table 3-1. Daily maximum 8-hour average ozone on 21 and 22 August 2020 at all monitoring stations that were 
operating in the Uinta Basin.  Values above the 70 ppb standard are shown in bold.  

21 Aug 22 Aug 

Dinosaur N.M. 65.1 72.0 
Red Wash 76.3 74.3 
Vernal 61.5 67.0 
Whiterocks 67.5 73.6 
Ouray 66.3 74.3 
Roosevelt 60.9 71.1 
Myton 61.5 71.6 
Horsepool 74.2 75.1 
Rangely 75.1 75.3 

The exceedances of the EPA ozone standard on 21 and 22 August were likely caused by wildfires, which 
were active throughout the western U.S. during late summer and early fall 2020.  Figure 3-2 shows a 
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time series of basin-wide 8-hr maximum ozone along with basin-average PM2.5 and carbon monoxide 
measured at the Horsepool monitoring station. Smoke emitted from fires is rich in PM2.5 (visible smoke 
is mostly PM2.5), and carbon monoxide, a product of incomplete combustion, is also emitted from 
wildfires.  Figure 3-2 shows that both PM2.5 and carbon monoxide were elevated on 21-22 August, when 
ozone exceeding the EPA standard occurred.  This provides some preliminary evidence that these ozone 
exceedances were indeed caused by wildfires.   

 
Figure 3-2. Maximum ozone measured at any site in the Uinta Basin, Basin-average PM2.5 (average of Vernal, 
Roosevelt, and Rangely), and carbon monoxide measured at Horsepool.   All values are 8-hour moving averages.  
The EPA ozone standard of 70 ppb is also shown. 

Figure 3-3 and Figure 3-4 show satellite imagery of the Western U.S. on 21 and 22 August, respectively, 
along with the locations of active fires.  These figures show little upwind wildfire activity near the Uinta 
Basin on either day that could explain the high PM2.5, ozone, and carbon monoxide.  The East Fork Fire, 
which burned throughout fall 2020 in the western Uinta Mountains, did not begin until 21 August, and it 
shows up as a fire in Figure 3-4.  Figure 3-4 does not show any visible smoke coming from the East Fork 
Fire, however, probably because it was still too small on 22 August to produce enough smoke to be 
visible with satellite imagery.  Rather, it appears from the satellite imagery that impaired air quality on 
21 and 22 August was caused, not by local wildfire activity, but by large wildfires burning hundreds of 
miles away in central and northern California.  A more detailed analysis would be required to confirm 
this. 
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Figure 3-3. NASA EOSDIS Worldview image of the western U.S. on 21 August 2020.  Active wildfires are shown as 
red dots (MODIS Terra fire and thermal anomaly data product). The Uinta Basin is highlighted within a blue box. 
Image created at https://worldview.earthdata.nasa.gov.  
 

 
Figure 3-4. NASA EOSDIS Worldview image of the western U.S. on 22 August 2020.  Active wildfires are shown as 
red dots (MODIS Terra fire and thermal anomaly data product). The Uinta Basin is highlighted within a blue box.  
Image created at https://worldview.earthdata.nasa.gov.  
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Figure 3-2 shows that the highest PM2.5 and carbon monoxide of the non-winter season occurred on 6 
and 7 September.  In spite of high concentrations of these pollutants, ozone stayed relatively low on 
these days.  Figure 3-5 and Figure 3-6 show a smoke plume originating from the East Fork Fire in the 
western Uinta Mountains on these days (the East Fork fire is the cluster of red dots in the upper left 
corner of the blue box in the figures), with less influence from fires on the U.S. West Coast.  Thus, it 
appears that smoke from the East Fork Fire produced little or no local ozone, while smoke from 
California fires was able to produce ozone exceeding EPA standards.  While some pollutants, like PM2.5 
and carbon monoxide, are emitted directly from wildfires, others, like ozone, are formed 
photochemically as the plume ages during transport (Jaffe et al., 2013).  This means that aged smoke 
plumes are more likely to contain high ozone than new plumes from nearby fires such as the East Fork 
Fire plume on 6 and 7 September.  

 
Figure 3-5. NASA EOSDIS Worldview image of the western U.S. on 6 September 2020.  Active wildfires are shown 
as red dots (MODIS Terra fire and thermal anomaly data product). The Uinta Basin is highlighted within a blue 
box.  Image created at https://worldview.earthdata.nasa.gov.  
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Figure 3-6. NASA EOSDIS Worldview image of the western U.S. on 7 September 2020.  Active wildfires are shown 
as red dots (MODIS Terra fire and thermal anomaly data product). The Uinta Basin is highlighted within a blue 
box.  Image created at https://worldview.earthdata.nasa.gov.  

If caused by pollution from wildfires, days with ozone in excess of 70 ppb can be officially classified by 
regulatory agencies as exceptional events, which means that ozone data on those days are not used in 
the official determination of attainment of the ozone standard.  Unless inversion conditions and snow 
cover lead to wintertime ozone in December 2020 (which is unlikely), 21 and 22 August will be the 
highest ozone days in 2020, so their designation as exceptional events will be important. 
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4. Interannual Trends in Wintertime Air Chemistry 

Author: Marc Mansfield 

4.1. Introduction 

Data on the concentrations of ozone and ozone precursors are now available at many sites throughout 
the Uinta Basin, going back in some cases to 2010.  We have analyzed these data and found statistically 
significant evidence for a decline in ozone, oxides of nitrogen (NOx), and ozone-reactive organic 
compounds over the previous decade.  Daily exceedances of the National Ambient Air Quality Standard 
for ozone have been trending down at the rate of nearly four per year and ozone concentrations at the 
rate of about 3 ppb per year, excluding years without snow cover.  NOx concentrations have been 
trending down at the rate of about 0.3 ppb per year.  Concentrations of organics in 2018 were at about 
40% of their values in 2012 or 2013.  Several pollution indicators, namely, ozone exceedance counts, 
median ozone concentrations, median NOx concentrations, and average concentrations of reactive 
organics, were at their largest values in the period 2010 to 2013 and have never recovered. 

We attribute the decline to two factors, both of which have occurred over the previous decade: 

 Weakening global demand for oil and natural gas, and 
 More stringent pollution regulations and controls. 

We are unable to quantify the relative contributions of these two effects.  Therefore, although 
encouraged by these results, we cannot say to what degree ozone will rebound if oil and gas activity 
returns to previous levels. 

We have submitted a complete description of this analysis for peer-reviewed publication (Mansfield and 
Lyman, 2020).  The manuscript is available at 
https://usu.box.com/s/qewbscl736krveu6ym22e3gamrig3pn0.  

4.2. Data Sources 

Ozone concentration data were obtained from both the EPA Air Quality System (AQS) website 
[https://aqs.epa.gov/aqsweb/documents/data_api.html] and from our own archived data collections.  
We have coverage for all years since 2010 and from 38 different sites.  For many sites, we only have 
coverage for a year or two, but 11 sites contributed data for nine consecutive years or more.  NOx 
concentration data were also obtained from EPA-AQS or from our own archives, covering most of the 
decade and from seven sites.  Organic compound concentrations have also been measured through 
much of the decade, but at only two sites, and were also obtained from our archive. 
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4.3. Results 

4.3.1. Ozone 

Figure 4-1 shows the decline in the number of daily exceedances of the National Ambient Air Quality 
Standard for ozone (70 ppb).  Three winter seasons had no snow and no high ozone and were excluded 
from the analysis.  Ozone exceedances are trending downward at the rate of about four per year. 

 
Figure 4-1. Number of daily exceedances of the National Ambient Air Quality Standard for ozone.  Seasons with 
and without snow cover are blue and red.  The trend line for seasons with snow is also shown and has the 
indicated slope and correlation coefficient. 

Another analysis showing the downward ozone trend is based on our estimate of typical ozone 
concentrations when the lapse rate  indicates a moderate thermal inversion,  =  –15 K km–1, 
determined by interpolation or extrapolation at any given site and in any given season.  We call this 
estimate 〈[O ]〉 .  When we assemble all 〈[O ]〉  values for a given season, we obtain the box-
whisker plot in Figure 4-2.  Two trend lines, one for seasons with snow and one for seasons without, 
were drawn through the medians of each distribution.  The downward trend in seasons with snow is 
statistically significant:  (1). The odds that the eight medians, if arranged in random order, would have a 
slope at least as steep as –3.0 ppb/season are about 1.5%.  (2)  The odds that the three largest medians 
would also occur in the first three snowy seasons are 1.8%.  The seasons without snow show an upward 
trend line, but its significance cannot be judged because of lack of statistical power.  If statistically 
significant, it indicates that agents responsible for titrating ozone, primarily NOx, are also diminishing 
over time.   

R2 = 0.77, slope = -3.8
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Figure 4-2.  Box-whisker plots of the distribution of 〈[𝐎𝟑]〉 𝟏𝟓 over all sites in any given season.  Whiskers extend 
from the minimum to the maximum, and boxes extend from the 25th to the 75th percentile, with medians also 
shown.  Each box is labeled with the number of sites in any given season.  Only two data points are available in 
2010, so a box-whisker construction is not possible.  Blue and red designate seasons with and without snow, 
respectively.  The upper dashed line (slope = –3.0 ppb/season, R2 = 0.61) represents the trend line drawn 
through the medians of seasons with snow.  The lower dashed line (slope = +1.8 ppb/season, R2 = 0.65) is the 
trend line for seasons without snow. 

4.3.2. NOx 

Figure 4-3 displays seasonal-average NOx concentrations at each of the seven sites for which data are 
available.  The median over all sites is also shown, with a trend line drawn through the medians.  This 
downward trend is also statistically significant:  (1)  The odds that a random arrangement of the 11 
medians would have a downward trend line at least as steep as –0.325 ppb/season are 0.03%.  (2). The 
odds that the four highest medians would occur in the first four seasons are 0.6%. 
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Figure 4-3.  Winter season average NOx from Uinta Basin monitoring stations.  Data shown are the average at 
each site.  The medians taken over all sites in each season, and the trend line through these medians are also 
shown.  The trace for Vernal is broken because the monitoring site moved in 2015 to a site more distant from 
possible NOx sources.  

4.3.3. Total Non-methane Hydrocarbons 

Total non-methane hydrocarbon (TNMHC) concentration includes all hydrocarbons except methane.  
(Methane is excluded because of its low ozone reactivity.)  Figure 4-4 shows box-whisker plots of 
TNMHC concentrations at two sites, Roosevelt and Horsepool.  Depending on proximity to sources, 
temporal variability of sources, and prevailing meteorology, organic concentrations can vary over 
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several orders of magnitude, so at the risk of underemphasizing the magnitude of the trends, we have 
displayed concentrations on a log scale.  At both sites, the first year of measurement (2012 or 2013) saw 
the largest average TNMHC concentration, between 200 and 300 ppb.  The average in 2018 was 37% 
and 43%, respectively, of the first year’s measurement, or about 100 ppb.   

We are unable to explain the more recent rise in TNMHC concentration.  A new source or sources may 
have come online in recent years.  However, the averages have not returned to the 2012 or 2013 highs. 

 
Figure 4-4.  Box-whisker plots of TNMHC concentrations over each season.  Whiskers extend from the minimum 
to the maximum, boxes extend from the 25th to the 75th percentile, with medians also shown.  Red circles are 
the means.  Mean concentrations (red traces) always decline from the initial season, 2012 or 2013, and reach 
lows in 2018 or 2019, with the blue bands drawn to span the two values.  The value of the low relative to the 
initial value is also shown. 

4.4. Discussion 

Ozone and ozone precursor concentrations have shown a statistically significant decrease over the last 
decade.  Ozone and NOx concentrations at all sites have been trending down at the rate of about 3 and 
0.3 ppb per year, respectively.  Ozone exceedance counts have been trending down at the rate of almost 
4 per year.  The average concentration of non-methane hydrocarbons fell by about 40% between 2012-
2013 and 2018-2019, although it has rebounded somewhat since.  The trend line for ozone (Figure 4-2) 
is rapidly reaching background levels.  The trend line for the annual exceedance count extrapolates to 
zero in 2021 (Figure 4-1).   

We believe that there are two causes for the downward trends.  First, declines in the global demand for 
oil and natural gas have led to a decrease in oil and gas extraction activity.  For example, in 2020, the 
rate of drilling new wells was only about 20% of the 2010-2014 average.  Second, government-
mandated and voluntary pollution controls have come online since 2010.  We are encouraged by these 
trends, but we should recognize that winter ozone may return to earlier levels if oil and gas activity 
increases. 
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5. Investigation of Meteorology-Chemistry Coupling and Chemical 
Mechanisms in Photochemical Models 

Authors: Trang Tran and Huy Tran 

5.1. Introduction 

Recent photochemical modeling studies in the Uinta Basin have indicated that conventional regulatory 
models still struggle to capture elevated ozone concentrations during wintertime inversion episodes 
(Lyman et al., 2018; Lyman et al., 2019; Matichuk et al., 2017) (also see Section 6). Emission 
uncertainties and meteorological errors have been labeled as the two major reasons for the inability of 
photochemical models to simulate winter ozone exceedances, and these areas have thus been the focus 
of model performance improvement efforts.  The impacts of chemical mechanisms and meteorology-
chemistry (met-chem) coupling frequencies on model performance in simulating winter ozone chemistry 
in the Uinta Basin have not been investigated.  

The commonly used chemical mechanism in regulatory models for the Uinta Basin has been the carbon-
bond (CB) mechanism, which was originally developed for summer ozone chemistry in urban 
environments (Gery et al., 1989; Yarwood et al., 2010; Yarwood et al., 2005). Winter weather conditions 
and the Uinta Basin’s rural environment with high oil and gas emissions are different from the 
environment for which CB-mechanism was optimized, and it is not clear whether this mechanism and/or 
other available mechanisms adequately reflect the reality of winter ozone chemistry.  

Meteorology-chemistry (met-chem) coupling frequencies could also affect photochemical model 
performance (Ahmadov et al., 2015). Met-chem coupling is the ability of models to apply the impacts of 
chemistry to meteorological conditions, as well as the impact of meteorology to chemical conditions. In 
the Uinta Basin, observational data during inversion periods often show sharp changes in temperature, 
humidity, wind fields, and chemical fields on relatively short time scales (i.e., hourly or less). To simulate 
such complexity between weather and chemistry, the standard hourly met-chem coupling in regulatory 
models might be inadequate. Sensitivity tests by Ahmadov et al. on met-chem coupling frequencies at 1-
hr, 10-min, 1-min, and 0.5-min intervals resulted in noticeable differences in simulated carbon monoxide 
and ozone concentrations.  

Ahmadov et al. (2015) reproduced winter ozone exceedances in the Uinta Basin with the Weather 
Research and Forecasting coupled with chemistry (WRF-CHEM) model. The major differences in model 
setups and input data in their study, compared to other modeling studies in the Basin, are as follows: 

i) They used a top-down emission inventory for oil and gas activities in Uinta Basin instead of a 
bottom-up regulatory emission inventory (a bottom-up inventory is constructed by counting 
all facilities, equipment, etc., and then using available source information to estimate 
emissions from all the sources, whereas a top-down inventory takes a basin-wide estimate 
of emissions and divides the emissions up among the different sources); 

ii) They used WRF-CHEM, which simulates chemistry at the same calculation iteration as it 
simulates meteorology, which means that interactions between meteorology and chemistry 
are considered by the model on the scale of seconds, rather than hourly; 
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iii) They used the Regional Atmospheric Chemistry Mechanism (RACM) rather than a CB 
mechanism. 

Our Comprehensive Air Quality Model with Extensions (CAMx) simulations using the same top-down 
emission inputs as Ahmadov et al. with the most updated version of CB mechanism (CB6r4) in the 
standard 1-hour met-chem coupling mode have consistently failed to reproduce elevated ozone 
concentrations (Figure 5-1). Therefore, we designed the study reported in this section to examine the 
impacts of met-chem coupling frequency and chemical mechanisms on simulated ozone concentrations. 
Our goal was to identify the chemical mechanism that best reflects winter chemistry conditions for 
ozone in Uinta Basin and the optimum met-chem coupling frequency for photochemical models. Our 
study objectives included: 

1. Identify  reasons for different performance in WRF-CHEM versus WRF-CAMx; 
2. Optimizing WRF-CAMx coupling frequency based on lessons learned in WRF-Chem.  

This section presents our test design, data input preparation, model configuration, results, and plans for 
future work. The results presented here should be considered preliminary, as this study is still ongoing.  

 
Figure 5-1. WRF-CAMx simulated ozone concentrations at Ouray with the Air Resource Modeling Study (ARMS 
2013) bottom-up emission inventory (green), the Ahmadov et al. (2015) top-down emission inventory (red), and 
observed concentrations (black).  

5.2. Model Design 

5.2.1. Domains and Configurations 

We carried out all photochemical simulations on a single domain at 1.33-km resolution covering the 
entire Uinta Basin. This is the same domain used in Neemann et al. (2015) and Tran et al. (2018) (Figure 
5-2). Details of domain setup and physics/chemistry options shared by all sensitivity simulations are 
shown in Table 5-1 and Table 5-2. 

For CAMx runs, chemical reactions utilized WRF-derived meteorological fields on a 1-hour-updated 
basis. We used WRF-CAMx preprocessor version 4.7 to prepare meteorological inputs for CAMx 
simulations with a boundary trim of five grid cells.  
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For WRF-CHEM runs, we simulated photochemical reactions in on-line coupling mode, so meteorological 
and chemical fields—and interactions among them—were calculated every few tens of seconds.  

In this preliminary stage, we chose one high ozone event from 31 January to 4 February 2013 for our 
study episode. Our future sensitivity tests will expand the study period to cover several ozone events. 

Table 5-1. WRF model grid configurations and topographical, land use, and initial/boundary conditions. 
Parameters Description 
Grid size (x,y) 298x322 
Vertical levels 42 
Vertical coordinates Terrain-following Eta (non-hybrid) 
Vertical grid spacing 12-16 m in the boundary-layer 
Horizontal resolution (km) 1.33 
Model time step (s) 3.33 
Topographic dataset USGS GTOPO30 
Land use data set USGS33a 
Initial and boundary conditions Continuous updates nested from the 4 km domain 

Top and bottom boundary conditions - Top: Rayleigh dampening for the vertical velocity 
- Bottom: physical, non-free-slip option 

Veg parm table variables modified for 
winter simulations SNUP, MAXALB 

Snow cover initialization 
- SNODAS 
- Linear obs. analysis for Uinta and Great Salt Lake 
Basin (Neemann et al., 2015; Foster et al., 2017) 

aUSGS33 modified from USGS24 by Neemann et al. (2015). 

Table 5-2. Physics and chemistry options. 
WRF Treatment Option Selected 
Longwave radiation RRTMG 
Shortwave radiation RRTMG 
Land surface model (LSM) NOAH 
Planetary boundary layer (PBL) 
scheme 

MYJ 

Cumulus parameterization Kain-Fritsch in the 12 km domains. None in the 4 and 1.3 km 
domain. 

Analysis nudging None 
Observational Nudging - Surface nudging applied to wind and temperature  

- Sounding nudging applied to temperature and moisture with 
NOAA Tethersonde data at Ouray. 

Initial and boundary condition for 
chemistry 

MOZART 
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Figure 5-2. WRF-Chem and CAMx domain (CAMx_BTRIM=5 from WRF domain; indicated by the red box).  Black 
dots indicate MADIS sites used for observational surface nudging. The purple diamond indicates the Ouray site, 
which was used for observational vertical nudging.  

5.2.2. Emissions Input and Processing 

Figure 5-3 shows the flowchart of emission processing steps for different emission inputs, mechanisms, 
and formats. Descriptions of input data and processors are presented in Figure 5-3.  
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Figure 5-3. Flowchart presenting emission inputs, processors, and outputs for WRF-CAMx and WRF-CHEM 
simulations with CB and RACM mechanisms.  Inputs for Uinta Basin oil and gas emissions were from UDAQ’s 
2014 inventory, whereas emissions from other sources were from the 2014 National Emission Inventory (NEI). 

5.2.2.1. Emissions Preparation for CAMx Simulations 

We used both bottom-up and top-down emission inventories (EI) available for Uinta Basin oil and gas 
activities in CAMx. For the bottom-up case, we used the SMOKE emissions model version 4.5 to process 
the bottom-up 2014 UDAQ oil and gas emissions inventory (UDAQ, 2018) into emissions output for use 
by CAMx with the Carbon-bond (CB) mechanism. We scaled oil and gas emissions estimated for 2014 to 
2013 using factors derived from well counts and the oil and gas production growth rate. 

For the top-down inventory, we adopted oil and gas NOx and organic compound emissions for 2013 
from Ahmadov et al. (2015). Ahmadov developed this inventory from estimates of methane emissions 
derived from in situ aircraft measurements (Karion et al., 2013) and regression analysis of NOy (88% NO, 
10% NO2, and 2% HONO) and multiple organics against methane measured at Horsepool. We used the 
speciate database developed by Carter (2015) to map the derived emissions to CB05 model species as 
shown in Table 5-3. We calculated emission ratios of CB05-lumped structure species (e.g., PAR, OLE, 
etc.) from emission ratios of measured compounds (e.g., butane, pentane, butadiene, etc.) assuming 
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mole-wise fractional contribution as in the example below (for background information on lumped 
chemical species in the CB chemical mechanism, see Yarwood et al. (2005) and (2010)): 

E.g.: n-butane -> 4 x PAR 
given emission ratio of n-butane = 0.008902; then  
emission ratio of PAR_butane = 4 x 0.008902  

Table 5-4 shows aggregated emission ratios (relative to methane) of individual CB05 model species as 
the sum of all ratios from corresponding species in Table 5-3 (e.g., PAR in Table 5-4 was the sum of all 
PAR listed in Table 5-3: PAR=PAR_butane + PAR_pentane + PAR_hexane + …..). This table also presents the 
calculation approach for emissions. To incorporate these emissions into photochemical models, we 
wrote an NCL script to modify SMOKE-derived netcdf emission files by substituting the standard bottom-
up emission fluxes with top-down emissions for Uinta Basin grid cells.  

Emissions inputs for all other sources were taken from version 1 of the U.S. EPA National Emissions 
Inventory.  We assumed emission differences between these two years for non-oil and gas sources were 
not important.  

5.2.2.2. Emissions Preparation for WRF-CHEM Simulations 

We used the EPA anthro_emis processor (available at https://www2.acom.ucar.edu/wrf-chem/wrf-
chem-tools-community) to convert CAMx emissions to WRF-CHEM emissions. This tool was developed 
by Pfister et al. (2019) to create WRF-CHEM-compatible hourly anthropogenic emissions inputs from 
EPA-SMOKE netcdf outputs prepared for CMAQ or CAMx simulations. EPA anthro_emis was originally 
designed to convert CB6 to MOZART emissions. We customized the conversion script to convert 
CB05/CB6 to RACM emissions. Conversion factors for CAMx-CB05 to WRF-CHEM-CB05 (top-down) 
emissions were 1 for all species. Conversion factors for CAMx-CB05 to WRF-CHEM-RACM (top-down) 
emissions were derived from emission ratios relative to methane, with the species mapping shown in 
Table 5-5. The aggregated emission ratio of individual RACM species was lumped from ratios of 
corresponding species in Table 5-3 (e.g., HC3 in Table 5-5 was the sum of all HC3 in Table 5-3). 
Conversion factors for CAMx-CB6 to WRF-CHEM-RACM (bottom-up) emissions followed species mapping 
rules between the two mechanisms.  

Table 5-3. Linear regression slope (ppb/ppb) between the indicated compounds and methane, along with 
species mapping to RACM (Ahmadov et al. (2015) supplemental) and CB05 chemical mechanisms for volatile 
organic compounds (VOC).  

Compound 
Emission ratio 

relative to 
methane (Slope) 

RACM VOC 
assignment 

CB05 VOC 
assignment 

NOy 0.003026 - - 
Ethane 0.057870 ETH ETHA 
Propane 0.026470 0.519*HC3 1.5*PAR+1.5*UNR 
methanol 0.009152 0.402*HC3 MEOH 
n-butane 0.008902 1.11*HC3 4*PAR 
i-butane 0.005861 1.11*HC3 4*PAR 
i-pentane 0.003897 0.964*HC5 5*PAR 
n-pentane 0.003532 0.964*HC5 5*PAR 
2- and 3-methylpentane 0.002942 HC5 2*6*PAR 
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Compound 
Emission ratio 

relative to 
methane (Slope) 

RACM VOC 
assignment 

CB05 VOC 
assignment 

1-methylcyclohexane 0.002091 HC8 7*PAR 
n-hexane 0.001613 0.17*HC5+0.83*HC8 6*PAR 
acetone 0.001541 0.253*KET 3*PAR 
cyclohexane 0.001178 HC8 6*PAR 
1-methylcyclopentane 0.000966 0.956*HC5 6*PAR 
2,2-dimethylbutane 0.000863 0.964*HC3 5*PAR+UNR 
acetaldehyde 0.000861 ALD ALD2 
n-heptane 0.000807 HC5 7*PAR 
toluene 0.000758 TOL TOL 
formaldehyde 0.000638 HCHO FORM 
benzene 0.000593 0.293*TOL PAR+5*UNR  
methylethylketone 0.000568 KET 4*PAR 
n-octane 0.000548 0.945*HC8 8*PAR 
1,3-dimetylcyclohexane 0.000386 HC8 7*PAR+UNR 
ethylene 0.000353 ETE ETH 
C8 aromatics 0.000349 XYL PAR+TOL 
n-nonane 0.000216 HC8 9*PAR 
ethanol 0.000161 1.198*HC3 ETOH 
acetylene 0.000146 0.343*HC3 PAR+UNR 
1,1,3 trimethylhexane 0.000086 HC8 7*PAR+UNR 
2,2-dimethylpropane 0.000085 0.44*HC3 4*PAR+UNR 
1,2-dimethylcyclohexane 0.000078 HC8 8*PAR 
n-decane 0.000075 HC8 10*PAR 
C9 aromatics 0.000071 0.0879*TOL+0.9121XYL PAR+XYL 
2,2-dimethylbutane 0.000059 0.964*HC8 5*PAR+UNR 
propanal 0.000057 ALD PAR+ALDX 
ethylbenzene 0.000051 TOL PAR+TOL 
ethylcyclohexane 0.000049 HC8 8*PAR 
n-undecane 0.000046 HC8 11*PAR 
1,3-dimethylcyclohexane 0.000043 HC8 8*PAR 
1,2,4-trimethylbenzene 0.000040 XYL PAR+XYL 
furan 0.000035 XYL 2*OLE 
1,3,5-trimethylbenzene 0.000030 XYL PAR+XYL 
naphthalene 0.000030 XYL 2PAR+XYL 
propylene 0.000028 OLT PAR+OLE 
1-ethyl-3,4-methylbenzene 0.000023 XYL 3*PAR+XYL 
C10 aromatics 0.000014 0.061*TOL+.939*XY 2*PAR+XYL 
hexanal 0.000013 ALD 4*PAR+ALDX 
1,2,3-trimethylbenzene 0.000012 XYL PAR+XYL 
butanal 0.000009 ALD 2*PAR+ALDX 
n-propylbenzene 0.000007 TOL 2*PAR+TOL 
C11 aromatics 0.000006 .0246*TOL+.939*XY 3PAR+XYL 
i-propylbenzene 0.000005 TOL 2*PAR+TOL 
1-ethyl-2-methylbenzene 0.000005 XYL PAR+XYL 
benzaldehyde 0.000004 ALD TOL 
methacrolein 0.000004 MACR PAR+0.5*OLE+ALDX 
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Compound 
Emission ratio 

relative to 
methane (Slope) 

RACM VOC 
assignment 

CB05 VOC 
assignment 

methylvinylketone 0.000004 0.5*KET+0.5*OLT 2*PAR+OLE 
C12 aromatics 0.000003 XYL 4PAR+XYL 
1,3-butadiene 0.000002 OLI 2*OLE 
vinylbenzene 0.000002 TOL 0.5*OLE+TOL 
Isoprene 0.000000 ISO ISOP 

 
Table 5-4. Aggregated emission ratio for CB05 individual model species relative to methane, along with the top-
down emission calculation approach for oil and gas wells in the Uinta Basin.  

CB05 VOC model 
species 

Slope (ppb/ppb) 
Top-down emission calculation equation  

(for Uinta Basin oil and gas emission only) 
HONO 0.003026 x 2% 

At each domain grid cell within the Uinta Basin, emissions of 
individual species were calculated as: 
 
Emissions (mole/s) = CH4_emission per well x Slope x N_well 
 
Where, 
 CH4_emission per well = 3437500 / (19357 x 3600) (mole/s) 

(Ahmadov et al., 2015) 
 Total CH4 emission flux over Uinta Basin = 3437500 

(mole/hr) (Karion et al., 2013) 
 Total number of oil and gas wells = 19357 
 N_well: number of wells mapped in each grid cell (Stu 

Mckeen, 2014; pers. comm.) 
 

NO 0.003026 x 88% 
NO2 0.003026 x 10% 
ALD2 0.000861 
ALDX 0.000083 
BENZENE 0.000593 
ETH 0.000353 
ETHA 0.057870 
ETOH 0.000161 
FORM 0.000638 
IOLE 0 
ISOP 0 
TERP 0 
MEOH 0.009152 
OLE 0.000108 
TOL 0.001176 
XYL 0.000195 
PAR 0.239964 
UNR 0.041360 

 

Table 5-5. Aggregated emission ratio for RACM individual model species relative to methane, along with the EPA 
ANTHRO_EMIS conversion factor to convert CAMx-CB05 emissions into CHEM-RACM emissions. 

RACM model 
species 

Slope (ppb/ppb) 
Corresponding 
species in CB05 

EPA ANTHRO_EMIS 
conversion factor 

HONO 0.003026 x 2% HONO 1.000000 x HONO 
NO 0.003026 x 88% NO 1.000000 x NO 
NO2 0.003026 x 10% NO2 1.000000 x NO2 
ETH 0.057870 ETHA 1.000000 x ETHA 
HC3 0.034916 PAR (0.034916/0.239964) x PAR 
HC5 0.003679 PAR (0.003679/0.239964) x PAR 
HC8 0.004984 PAR (0.004984/0.239964) x PAR 
KET 0.000958 PAR (0.000958/0.239964) x PAR 
ALD 0.000944 ALD2+ALDX 1.000000 x ALD2 + 1.000000 x ALDX 
TOL 0.001004 TOL (0.001004/0.001176) x TOL 
HCHO 0.000638 FORM 1.000000 x FORM 
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RACM model 
species 

Slope (ppb/ppb) 
Corresponding 
species in CB05 

EPA ANTHRO_EMIS 
conversion factor 

ETE 0.000353 ETH 1.000000 x ETH 
XYL 0.000611 XYL (0.000611/0.000195) x XYL 
OLT 0.000028 OLE (0.000028/0.000108) x OLE 

MACR 0.000004 PAR+0.5*OLE+ALDX 
(0.000004/0.239964) x PAR 
+ (0.000004/0.5*0.000108) x OLE 
+ (0.000004/0.000083) x ALDX 

OLI 0.000002 OLE (0.000002/0.000108) x OLE 

5.3. Sensitivity Study Design and Preliminary Results 

5.3.1. Test 1: Comparison of Offline Met-Chem Coupling in WRF-CAMx Against Online Coupling 
in WRF-CHEM 

5.3.1.1. Study Design 

This test was designed to examine whether using the CB mechanism in the WRF-CHEM model with 
online coupling could produce high ozone concentrations. Our hypothesis was that WRF-CHEM with 
CB05 could simulate wintertime ozone exceedances more accurately than WRF-CAMx because of WRF-
CHEM’s online met-chem coupling effects, which were limited in WRF-CAMx simulations. Online 
coupling in WRF-CHEM allows the air quality component of the model to be fully consistent with the 
meteorological component in that both components use the same i) transport scheme (mass and scalar 
preserving); ii) grid (horizontal and vertical components); iii) physics schemes for subgrid-scale 
transport; and iv) timestep, hence no temporal interpolation is needed (Grell et al., 2005). 

For WRF-CHEM simulations (referred to as WRFCHEM_CB5), we used CB mechanism version 5 (CB05; 
Yarwood et al. (2005)) (e.g., namelist option “chem_opt  = 131”) because this is the most updated CB 
mechanism in WRF-CHEM by default.  

For CAMx simulations (referred as WRFCAMX_CB6), we used CB mechanism version 6 (CB6; Yarwood et 
al. (2010)) (e.g., namelist option “Chemistry_Parameters = CB6r4_CF_SOAP_EQSAM”). The relevant 
updates for ozone chemistry from CB05 to CB6 include i) new scientific information for some reactions 
and ii) adding explicitly some long-lived organics that form ozone at regional scales, such as propane, 
benzene, acetone, and ketones (Yarwood et al., 2010).  

Both simulations performed in Test 1 used the top-down emissions inventory processed for each 
mechanism, as described in Section 5.2.2. 

Table 5-6 describes configuration differences in WRFCAMX_CB6 versus WRFCHEM_CB5 runs that are 
due to the way the models were built. The exact same top-down emissions (just different in format) 
were used for both WRFCAMX_CB5 and WRFCHEM_CB6.  

Table 5-6. WRFCAMx_CB6 and WRFCHEM_CB5 model configurations. 
Config. option WRFCAMX_CB6 WRFCHEM_CB5 Notes 
Model and version WRF v3.9.1/CAMx v6.5 WRF-CHEM v3.9.1  
Met-chem coupling  offline  online  - 
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Config. option WRFCAMX_CB6 WRFCHEM_CB5 Notes 
Model and version WRF v3.9.1/CAMx v6.5 WRF-CHEM v3.9.1  
Coupling frequency 1 hour 10-60 seconds - 
Vertical 25 collapsing layers 42 layers - 

Surface albedo 
varying from 0.04 to 
0.9 (with TUV 
photolysis) 

constant 0.85 for Uinta 
Basin (with TUV 
photolysis) 

0.85: observed albedo in 
the Uinta Basin during 
the study period 

Chemistry CB6 (gas + aqueous) CB05 (gas + aqueous)  
CB6 mechanism was not 
available for WRF-CHEM 
by default 

Microphysics Thompson scheme Lin scheme 

WRF-CHEM CB05 
chemistry option is NOT 
compatible with 
Thompson microphysics 

5.3.1.2. Preliminary Results 

Both WRFCAMx_CB6 and WRFCHEM_CB5 strongly underestimated ozone concentrations during the 
study period (Figure 5-4), although WRFCAMx_CB6 outperformed WRFCHEM_CB5 by producing higher 
peaks of ozone during daytime. While the differences in configuration between the WRF-CAMx and 
WRF-CHEM simulations made it impossible to carry out a perfect comparison between the two models, 
we believe the higher ozone concentrations simulated by WRFCAMx_CB6 likely resulted from the 
aforementioned updates in CB6 compared to CB05, given that configuration of WRFCHEM_CB5 was 
generally more sophisticated than WRFCAMX_CB6, with the exception of the chemical mechanism. The 
CB6 mechanism has been shown to reduce model errors in comparison with CB05 when applied in 
CAMx (Yarwood et al., 2010). Future work should consider incorporating CB6 into WRF-Chem to account 
for these updates.  

The large underestimation of ozone concentrations as simulated by WRFCHEM_CB5 disprove our 
hypothesis that using the CB05 mechanism in WRF-CHEM online coupling mode could reproduce ozone 
exceedances in Uinta Basin due to the benefits of tight met-chem coupling. Because the CB6 mechanism 
was not available in WRF-CHEM when this test was performed, it is hard to draw quantitative 
conclusions about the impact of online-coupling in comparison with off-line coupling when comparing 
the WRF-CHEM-CB05 run with the CAMx-CB6 run. However, this test did show that both models, when 
using the CB mechanism, failed to capture elevated ozone concentrations in the Uinta Basin during 
inversions, which steered our investigation focus away from met-chem coupling and toward the impacts 
of chemical mechanisms on modeled ozone chemistry under winter conditions.  
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Figure 5-4. Simulated ozone concentrations at Ouray by the WRF-CAMx model with the CB6 chemical 
mechanism (WRFCAMx_CB6; blue), WRF-CHEM with the CB05 mechanism (WRFCHEM_CB5; red), and observed 
ozone concentrations (black). 

5.3.2. Test 2: Comparison of the CB05 and RACM Chemical Mechanisms using WRF-CHEM 

5.3.2.1. Study Design 

In this test, we compared WRF-CHEM simulations using the RACM and CB05 chemical mechanisms to 
determine how they impacted simulated ozone concentrations in the Uinta Basin during winter 
conditions. This is an on-going effort, and this report describes work conducted thus far. In the future, 
we may conduct sensitivity tests with other mechanisms, including RACM2, MOZART, RADM, and 
SAPRC.  

We performed WRF-CHEM simulations with the RACM mechanism (referred to as WRFCHEM_RACM) 
using the same chemistry options as Ahmadov et al. (2015; shared namelist, pers. comm.). The 
WRFCHEM_RACM simulated ozone concentrations were compared against WRFCHEM_CB5 model 
results from Test 1. Both of these runs used the top-down emissions inventory processed for each 
mechanism as described in Section 5.2.2. Table 5-7 summarizes WRFCHEM_RACM and WRFCHEM_CB5 
model configurations.  

 Table 5-7. WRFCHEM_CB5 and WRFCHEM_RACM model configurations. 
Config. option WRFCHEM_CB5 WRFCHEM_RACM Note 
Model and version WRF-CHEM v3.9.1 WRF-CHEM v3.9.1  
Met-chem coupling  online  online  - 
Coupling frequency 10-60 seconds 10-60 seconds - 
Vertical 42 layers 42 layers - 

Surface albedo 
constant 0.85 for Uinta 
Basin (with TUV 
photolysis) 

constant 0.85 for Uinta 
Basin (with TUV 
photolysis) 

0.85: observed albedo in 
the Uinta Basin during 
the study period 

Chemistry CB05 (gas + aqueous)  RACM (gas only) 
RACM gas-only followed 
Ahmadov et al.’s (2015) 
configuration 
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Config. option WRFCHEM_CB5 WRFCHEM_RACM Note 

Microphysics Lin scheme WRF Single-Moment 5-
class scheme 

WRF-CHEM CB05 
chemistry option is NOT 
compatible with Single-
Moment 5-class scheme, 
which followed Ahmadov 
et al.’s (2015) setup 

5.3.2.2. Preliminary results 

WRFCHEM_RACM produced significantly higher ozone concentrations than WRFCHEM_CB5 and agreed 
better with observations (Figure 5-5). Our hypotheses were that the large differences in ozone 
concentrations were likely due to (H#1) discrepancies in organic compound species mechanism mapping 
used for emission processing; and/or (H#2) differences in ozone-forming chemical reactions between 
the two mechanisms.      

 
Figure 5-5. Simulated ozone concentrations at Ouray by WRF-CHEM with the CB05 mechanism (WRFCHEM_CB5; 
blue), WRF-CHEM with the RACM mechanism (WRFCHEM_RACM; red), and observed ozone concentrations 
(black). 

Figure 5-6 shows the comparison of methane-normalized emission fluxes of ozone-reactive compounds 
processed for the CB05 and RACM mechanisms. While the two runs shared the same emissions for 
compounds that were treated in both mechanisms (e.g., NOx, formaldehyde, ethylene, and other 
aldehydes), CB05 emissions included slightly higher alkenes and toluene but largely lower xylene than 
RACM emissions. These differences are due to differences in how emissions are processed for the two 
mechanisms (see Section 5.2.2). CB05 emissions also omitted ketones and methacrolein emissions, 
which are explicitly treated in RACM but aren’t used by CB05. These emission differences led us to Test 3 
(below) to examine our hypothesis H#1.  
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Figure 5-6. Relative emission comparison of ozone precursors (normalized by methane emission flux) used in the 
WRFCHEM_CB5 and WRFCHEM_RACM simulations. 

5.3.3. Test 3: Comparison of the CB05 and RACM Mechanisms with Normalized Emissions for 
Ozone-Reactive Compounds 

5.3.3.1. Study Design 

In Test 3, we kept everything identical with Test 2, except that we made adjustments to normalize CB05 
emissions for ozone reactive compounds to the same values as RACM-emissions. The adjustments we 
made were as follows: 

 Making CB05 toluene emissions equal to RACM 
 Making CB05 xylene emissions equal to RACM 
 Increasing acetaldehyde emissions for CB05 by the value of RACM ketone emissions. We did this 

because CB05 does not treat ketones explicitly, and because ketones and acetaldehyde have 
similar maximum incremental reactivity for ozone formation (Carter, 2009). 

 Increasing other aldehyde emissions for CB05 by the value of RACM methacrolein emissions 
(with the same reasoning as in the previous bullet). 

We performed WRF-CHEM simulations with the normalized emissions and the CB05 mechanism 
(referred to as WRFCHEM_CB5_normRACM) to compare with Test 2 WRFCHEM_RACM model results. 
This test was designed to eliminate model performance differences between CB05 and RACM 
mechanisms due to emission discrepancies for highly reactive compounds. 

5.3.3.2. Preliminary results 

Despite significant increases in emissions of reactive organics (e.g., double and triple for acetaldehyde 
(ALD2) and xylene (XYL) emissions, respectively), WRFCHEM_CB5_normRACM produced just slightly 
higher ozone concentrations than the WRF-CHEM CB05 run with original emissions (Figure 5-7). 
WRFCHEM_RACM-simulated ozone concentrations were still consistently higher at all sites in the Uinta 
Basin for the entire study period.  
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Figure 5-7. Ozone concentrations simulated by WRF-CHEM with the CB05 mechanism with original emissions 
(blue) and normalized emissions (green), by WRF-CHEM with the RACM mechanism (red), and observed ozone 
concentrations (black). Ozone at Ouray, Horsepool, and Vernal are shown in the top, middle, and bottom panels, 
respectively. 
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Figure 5-8 shows the surface ozone distribution over the Uinta Basin as simulated by 
WRFCHEM_CB5_normRACM (top) and WRFCHEM_RACM (bottom) at 15:00 local time for 1-4 February 
2013. The two runs had almost identical wind patterns, but the RACM run yielded much higher ozone 
than CB05 over the entire basin. 

 
Figure 5-8. Surface ozone at 15:00 local time simulated by WRF-CHEM with the CB05 mechanism (normalized 
emissions; top panels) and with the RACM mechanism (bottom panels) during 1-4 February 2013. The leftmost 
panels show 1 February, the next panels show 2 February, and so on. The red contour indicates an elevation of 
2200 m above sea level. Yellow arrows indicate wind direction, and larger arrows indicate higher wind speeds.   

We compared the compound concentrations in ambient air simulated with the RACM and CB05 
mechanisms. Our goal was to identify groups of compounds that were simulated differently by RACM 
and CB05, which could serve as screening evidence to narrow down the individual reactions involving 
those species for further analysis. Figure 5-9 and Figure 5-10 present the comparison of concentrations 
of select compounds in ambient air, as simulated with the RACM and CB05 chemical mechanisms. We 
include observational data in these figures as reference values.  

Figure 5-9 indicates that RACM and CB05 produced very similar NOx concentrations, which was within 
the range of observations. Note that this test utilized the top-down emission inventory of Ahmadov et 
al., which had a relatively good NOx emission estimation for Uinta Basin oil and gas 2013 (Ahmadov et 
al., 2015). This similarity between the two mechanisms may indicate that they share very similar NOx-
related reactions. Work is needed to review all NOx-involved reactions and their rate constants in the 
two mechanisms.  

Figure 5-10 indicates that the two mechanisms agreed well in simulating xylene and toluene when 
equivalent emissions were used. Simulated xylene concentrations were well within the observed ranges. 
The two runs strongly underestimated toluene but agree well with each other. This indicates that RACM 
and CB05 might also share similar reactions involving xylene and toluene.  
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Unlike NOx, toluene, and xylene, the simulation with the RACM mechanism yielded significantly higher 
formaldehyde and total aldehydes than CB05, despite the two runs sharing the same formaldehyde 
emissions and despite the fact that the CB05 simulation included even higher aldehyde emissions than 
the RACM simulation (Figure 5-10).  The additional aldehydes in the RACM simulations were thus 
photochemically formed in the simulated atmosphere.  Since aldehydes are extremely important for 
winter ozone production (Edwards et al., 2014), this could explain why the RACM mechanism performed 
better for ozone than CB05. We will next review carefully all reactions and rate constants related to 
these species to better understand the mechanistic reasons for the observed differences and to design 
further sensitivity studies.  

 
Figure 5-9. Simulated NOx (NO+NO2) concentrations at Horsepool by WRF-CHEM with the CB05 mechanism 
(green; normalized emissions) and RACM (red) WRF-CHEM simulations. Observed NOx is also shown. 
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Figure 5-10. Simulated ozone-reactive organic compounds at Horsepool by WRF-CHEM with the CB05 
mechanism (green; normalized emissions) and WRF-CHEM with the RACM mechanism (red).  Observational data 
(black) are also presented where applicable.  

5.3.4. Test 4: Comparison of WRF-CHEM RACM and WRF-CAMx CB6r4 Simulations Using the 
Regulatory, Bottom-up Inventory 

5.3.4.1. Study Design 

As shown in the previous tests, the RACM mechanism in WRF-CHEM produced relatively high ozone 
concentrations when the top-down emission inventory was used. In Test 4, we performed WRF-CHEM 
simulations with the RACM mechanism and WRF-CAMx simulations with the CB6r4 mechanism using the 
2014 bottom-up regulatory emissions inventory described previously. We did this to differentiate the 
effects of the chemical mechanism used from the effects of the inventory used. We processed the 
bottom-up inventory in SMOKE to create CAMx-CB6 emissions inputs for the WRF-CAMx simulations 
(referred to as WRFCAMX_CB6_BU_EI2014). WRFCAMX_CB6_BU_EI2014 was driven by the same 
meteorological inputs prepared for WRFCAMX_CB5 in Test 1. 

We used the EPA anthro_emis tool to convert CAMx-CB6 emissions into WRF-CHEM-RACM emissions. 
WRF-CAMx and WRF-CHEM simulations shared the same emissions for NOx, formaldehyde, other 
aldehydes, toluene, xylene, and ketone (which is treated explicitly in the CB6 mechanism).  
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5.3.4.2. Preliminary Results 

The WRF-CAMx simulation with the CB6r4 mechanism and the 2014 bottom-up emissions inventory 
strongly underestimated ozone concentrations, despite the inclusion of significant updates in CB6 
relative to CB05 and despite snow albedo modifications (Figure 5-11). 

WRF-CHEM simulation with the RACM mechanism, on the other hand, produced noticeably higher 
ozone concentrations than WRF-CAMx CB6r4 simulation. More model performance evaluation of 
WRFCHEM_RACM_BU_EI2014 should be considered for future study, but this suggests that under-
prediction of ozone by WRF-CAMx could be due to problems with the chemical mechanism, rather than 
(or in addition to) problems with the bottom-up regulatory emissions inventory.  

 
Figure 5-11. Simulated ozone concentrations at Ouray using the 2014 bottom-up emissions inventory in WRF-
CHEM with the RACM mechanism (green) and WRF-CAMx with the CB6r4 mechanism (blue), in comparison with 
WRF-CHEM with RACM using 2013 bottom-up inventory (red).  Observed ozone is also shown in black. 

5.4. Next Steps 

Our next steps for this work will include: 
 Incorporation of the CB6 mechanism into WRF-CHEM to compare it against RACM.   
 Review of individual chemical reactions coded in the RACM and CB6 mechanisms to identify 

differences between them. 
 Use of a box model to conduct sensitivity tests for some individual reactions to quantify 

their importance for winter ozone chemistry. 
 Comparison of the RACM mechanism against other mechanisms in WRF-CHEM 
 Incorporation of RACM into CAMx, then compare the RACM, CB6r4, and SAPRC mechanisms 

in CAMx 
 Carrying out of additional sensitivity tests to determine the impacts of met-chem coupling 

frequencies on simulated ozone concentrations. 
In all these tests, we will compare model outputs against measured values of a number of different 
chemical species, and we will use process analysis tools to determine the causes of observed differences 
between simulations. 
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6. 2017 Utah Air Resource Management Strategy Modeling Study 

The Bureau of Land Management Utah State Office (BLM) completed the Air Resource Management 
Strategy (2013 ARMS) photochemical modeling analysis to inform and support their air management 
strategy.  The 2013 ARMS included air quality simulations for base year 2010 and future year 2021 to 
evaluate the impacts of BLM oil and gas development activities in the Uinta Basin on air quality (AQ) and 
air quality-related values (AQRV)  (AECOM and STI, 2014). However, the assumptions for future forecasts 
of oil and gas production in Utah differ significantly from the assumptions used to estimate 2021 oil and 
gas emissions in the 2013 ARMS. In a settlement agreement with the Southern Utah Wilderness Alliance 
et al. on January 13, 2017 (SUWA, 2017), BLM committed to updating the 2013 ARMS photochemical 
modeling analysis with a newer oil and gas emission inventory and future emission projection approach. 
Additionally, the SUWA agreement suggested that BLM should leverage the modeling results from the 
Western Air Quality Study (Adelman et al. (2016), referred to hereafter as WAQS 2011b) that is hosted 
by the Intermountain West Data Warehouse (IWDW, https://views.cira.colostate.edu/iwdw/).  

The Bingham Research Center at USU had an agreement in place with BLM since 2014 to assist in 
conducting photochemical air quality modeling analyses for oil and gas development on Utah BLM land 
(Grant L14AC00231). Under this agreement, we assisted BLM in updating the 2013 ARMS with the latest 
model software (e.g., updates for meteorological and photochemical models), oil and gas emission 
inventories, and future oil and gas development scenarios (referred to hereafter as the 2017 ARMS 
modeling study).  

The 2017 ARMS study performed photochemical simulations for the 2011 Base Year and the projected 
2025 Future Year using the Comprehensive Air Quality Model with Extensions (CAMx) version 6.5 with 
updates to the photolysis parameterization that account for more accurate snow albedo in Utah. 
Emissions for the 2011 Base Year were prepared base on IWDW’s emissions database in combination 
with the 2014 Utah Department of Air Quality (UDAQ)’s oil and gas emissions (UDAQ (2018); scaled back 
to 2011). The 2025 projected emissions for High and Low Development Scenarios of oil and gas activities 
on BLM lands were calculated by the Uinta Basin Oil and Gas Emission Model that was developed by the 
Institute for Clean and Secure Energy at the University of Utah for UDAQ. Both Base Year and Future 
Year photochemical simulations were driven by Base Year meteorological fields, which were simulated 
by Weather Research and Forecasting (WRF) model version 3.9.1 with substantial updates developed 
specifically for Uinta Basin inversion conditions in previous studies.  

The project performance period was from October 2017 to April 2020. We have delivered the following 
reports to BLM as outcomes of the project. These reports will be publicly available at 
https://binghamresearch.usu.edu/reports after final approval from BLM.  

 Weather Research Forecast 2011 Meteorological Model Evaluation:  This report presented model 
performance evaluation results for WRF simulations using the Atmospheric Model Evaluation Tool 
(AMET) developed for U.S. EPA to calculate conventional statistic scores for monthly summaries of 
2-m temperature, 2-m water mixing ratio, and 10-m wind speed/direction over four boreal seasons 
of year 2011. The performance evaluation results showed that 2017 ARMS-WRF yielded results that 
ranged from acceptable to very good in simulating weather conditions over the entire state of Utah 
in general and over the Uinta Basin in particular. Especially for winter, when high ozone 
concentrations in the Uinta Basin are of concern, 2017 ARMS-WRF performed well in simulating 
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surface meteorological parameters and the timing of formation and breakup of inversion events. 
However, the model underestimated shortwave radiation at Redwash and Ouray for one and two 
inversion events, respectively, in early January due to excess cloud simulated by the model. After 
mid-January, this issue diminished significantly at both sites.   

 Preparation of the 2011 Base Year Emissions Inventory: This report documented our technical 
approach for developing 2011 Base Year emissions for the 2017 ARMS photochemical simulations. 
The base year inventory was developed based on the combination of best available data from the 
Three-State Air Quality Modeling Study Emission Model for base year 2011 and the 2014 U.S. EPA 
National Emissions Inventory. For the oil and gas sector in the Uinta Basin, we applied the 2014 Utah 
air agencies inventory (UDAQ, 2018), which contains facility-specific emission estimations. Emission 
rates for 2014 were scaled back to emission rates for year 2011 using a scaling factor based on 
production data. 

 Photochemical Grid Model Performance Evaluation for Base Year 2011: This report presented a 
performance evaluation for base year 2011 CAMx simulations using quantitative analysis - an 
evaluation approach used in WAQS studies that followed EPA’s photochemical modeling guidance 
documents. AMET calculated conventional statistical scores for monthly/seasonal/annual 
summaries of gas-phase species and particulate matter over four boreal seasons of 2011. The CAMx 
4-km simulations met performance goals for annual average and summer ozone averaged across all 
monitoring locations in Utah. Although significant emission changes were incorporated into the 
2017 ARMS-CAMx Base Year compared to WAQS 2011b, the model still showed the same trend of 
strongly underestimating winter ozone concentrations above 60 ppb. CAMx at 1.3-km resolution 
captured the spatial distribution and temporal evolution of ozone in the Uinta Basin during January 
and February but was still unable to reproduce ozone exceedances, as was observed in previous 
modeling studies in the Uinta Basin. Our analysis indicated that unrealistic organic compound 
speciation profiles for oil and gas emissions are the most probable reason leading to the inability of 
CAMx to simulate ozone exceedances in the Uinta Basin during the 2011 inversions; whereas 
uncertainties in the meteorological model results and in NOx and total organics emissions play a 
small role. Underestimates of ozone exceedances in the cumulative analysis of future emissions 
from BLM lands will be suppressed by zeroing out concentration differences between future and 
base case simulations. 

 Future Year Emission Impact Assessment: This report presented the air quality and air quality-
related values impact assessment of emissions for 2025 projected oil and gas development activities 
under BLM jurisdiction in Uinta and Duchesne Counties. The 2017 ARMS impact analysis results 
indicated that air quality impacts of emissions from 2025 projected BLM-related oil and gas 
development for both High and Low Development Scenarios were strongly confined to the Uinta 
Basin and not subject to long-range transport from outside the Basin. This conclusion holds true for 
all pollutants studied. Emissions predicted to occur from BLM-related oil and gas development were 
not responsible for any violations of EPA air quality standards or EPA visibility and deposition 
thresholds of concern. The contributions of BLM-related oil and gas emissions to all air quality 
values were minor in comparison to other emission sectors.  BLM-related emissions contributed 
8.88% and 4.22% respectively to the total 2025 High and Low simulated daily maximum 8-hr average 
ozone concentrations in the Uinta Basin and contributed zero percent to simulated maxima outside 
the Uinta Basin.  The maximum contribution of BLM-related emissions to total PM2.5 concentrations 
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was less than 1% and was four times less than contributions from other oil and gas development 
activities that are not on BLM lands. 2025 projected emissions (both High and Low Scenarios) 
resulted in improvements of AQ and AQRVs at Class I, Class II, and sensitive lakes in Utah compared 
to 2011 Base Year emissions. 2017 ARMS Base Year simulated sulfur and nitrogen depositions at 
sensitive areas were significantly less than those simulated by 2013 ARMS Base Year because of 
more updated emission inventories.  
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7. Assimilation of Satellite Data to Improve Photochemical Model 
Performance 

Author: Huy Tran 

Since the first attempts were made to model winter ozone in the Uinta Basin, most modelers have found 
that the Weather Research and Forecasting (WRF) model, in its default configuration, is unable to 
capture the observed level of surface albedo (i.e., reflection of sunlight from the earth’s surface). The 
maximum albedo able to be simulated by WRF is less than 0.7, whereas albedo above 0.8 has been 
observed at several locations in the Basin when snow cover is present. Underestimation of albedo, 
obviously, leads to underestimation of photolysis rates and, therefore, ozone formation. Because of this 
problem, most of the modeling studies for the Uinta Basin have implemented snow-related corrections 
to the WRF model, mostly manually, to increase the surface albedo outcome. Neemann et al. (2015), for 
example, lowered the snow water equivalent threshold for certain vegetation types in a model grid cell 
so that the grid cell is allowed by the model to be fully covered by snow at lower snow depths.  With 
such treatment, albedo higher than 0.8 was obtained over the entire Basin.  The resultant modeled 
albedo, however, was unrealistically uniform. Most photochemical modelers subsequent to Neemann et 
al. have used this same approach (Matichuk et al., 2017; Tran et al., 2018). 

As we have performed model simulations for other winter episodes, we have encountered many 
difficulties in replicating high albedo values.  Often, the albedo correction has been limited by a lack of 
observational data and lack of knowledge on surface conditions during the simulated episode. Overall, 
we have recognized that surface albedo corrections are: (1) performed on a case by case basis, and 
there is no standard method to perform the correction; (2) heavily reliant on knowledge and 
observations of the actual surface conditions during the simulated episode, and (3) Unrealistic in terms 
of the albedo distribution over the model domain. 

These findings led us to the idea of utilizing satellite observational data to correct the model. Our 
objective in this work is to improve WRF performance with respect to surface albedo, snow cover, and 
vegetation fraction, so we used the MODIS data products listed in Table 7-1. Most MODIS datasets are in 
500 m or 1 km in horizontal resolution, which is adequate for regional-scale modeling. 

Table 7-1. List of MODIS satellite data products used for improving WRF model performance. 
MODIS Product Description 
MCD43A1 
 

MODIS/Terra+Aqua BRDF/Albedo Model Parameters Daily L3 Global - 500m V006 

MCD19A1  MODIS/Terra+Aqua Land Surface BRF Daily L2G Global 500m, 1km and 10km SIN 
Grid V006 
 

MCD19A2 MODIS/Terra+Aqua Land Aerosol Optical Thickness Daily L2G Global 1km SIN Grid 
V006 

MOD10A1 MODIS (Terra) Snow Cover Daily L3 Global 500m Grid 
MCD15A3H MODIS/Terra+Aqua Leaf Area Index/FPAR 4-Day L4 Global 500 m (4 days 

composite) 
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Figure 7-1 illustrates our method for assimilating MODIS data into the WRF and CAMx models. All 
MODIS data was re-gridded from their original horizontal resolution (either 500m or 1 km) to the model 
resolution of 1.3 km, using the Earth System Modeling Framework. The Second Simulation of a Satellite 
Signal in the Solar Spectrum vector code (6SV) was utilized to construct a lookup table for diffuse 
radiation fraction, which was then used with the Bidirectional Reflectance Distribution Function (BRDF) 
albedo determination to determine diurnal values of snow and spectrum shortwave albedo.  

Except for the MODIS leaf area index, which replaced the original leaf area index variable in WRF’s input 
file, all other MODIS-derived quantities were incorporated into the WRF surface nudging module before 
entering the WRF core model. Finally, we used the wrfcamx module to processes WRF outputs and 
prepare meteorology inputs in binary format for CAMx. 

Certain WRF and CAMx model source codes had to be modified to allow for MODIS data assimilation.  
One highlight in our data assimilation approach was that, by assimilating MODIS data through the WRF 
surface nudging module (wrfsfdda), we were able to utilize all standard options provided by this module 
to control the data assimilation, such as turning the data assimilation on and off, determining how 
frequently WRF estimates were replaced with MODIS data, applying a weighting factor, using a ramping 
time, etc.  

 
Figure 7-1. Diagram of the process for MODIS data assimilation into the WRF model. 

Figure 7-2 compares surface albedo simulated in the WRF default configuration (referred as REF 
hereafter) to WRF simulations that included MODIS data assimilation (referred as MODIS hereafter) as 
an average across 1 through 28 February 2011. In comparison to REF, MODIS not only gives higher 
albedo in the Uinta Basin, but the spatial distribution of albedo is more realistic, as one may expect 
when observed from space. Comparison of snow cover fraction in Figure 7-3 shows that, while snow 
cover in the Uinta Basin is somewhat lower in MODIS than in REF, its distribution is more realistic. In 
REF, snow cover is fairly consistent and at a high value at many locations in the model. Initialization of 
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the model with the SNODAS data product (NOHRSC, 2004) could be one of the reasons for this snow 
cover distribution in REF. 

 
Figure 7-2. Comparison of surface albedo obtained in simulations using the WRF default configuration (left) and 
using MODIS data assimilation (right). 

 
Figure 7-3. Comparison of snow cover fraction (SNOWC) obtained in simulations using the WRF default 
configuration (left) and using MODIS data assimilation (right). 

Figure 7-4 compares the time evolution of WRF estimates of snow depth, snow water equivalent, and 
snow cover between REF and MODIS, as an average over 6 locations in the Uinta Basin. As seen in this 
figure, every time WRF was re-initialized with SNODAS data (indicated by green bars), snow depth, snow 
water equivalent, and snow cover sharply increased. This behavior was observed in both REF and 
MODIS, as they were both periodically re-initialized with SNODAS data. All the three parameters tended 
to decay faster in REF than in MODIS. Also, from 11 February onward, there were several storms that 
brought extra snow to the Basin, and WRF consistently estimated more snow in REF than in MODIS. The 
zigzag-like pattern of snow cover in MODIS in Figure 7-4 is the effect of data assimilation as snow cover 
fraction was directly taken from the MODIS dataset. Snow cover was typically higher in REF than in 
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MODIS, which was likely caused by SNOWDAS data reinitialization. Our conclusion is that, for extended 
simulations and without reinitialization, snow-related characteristics were retained longer in MODIS 
than in REF.  

 
Figure 7-4. Comparison of snow cover fraction, snow water equivalent, and snow depth using the WRF default 
configuration (REF) and using MODIS data assimilation (MODIS). Green bars show periods where WRF 
reinitialized snow characteristics using the SNOWDAS dataset.  

Planetary boundary layer height is the height of the mixed layer of the atmosphere that is in direct 
contact with the earth’s surface.  The lapse rate is a measure of inversion strength.  We found no 
meaningful differences in the planetary boundary layer height and lapse rate between REF and MODIS 
at Ouray (Figure 7-5). Boundary layer height tended to be slightly shallower in MODIS compared to REF, 
but the lapse rate was slightly weaker in MODIS. 
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Figure 7-5. Comparison of planetary boundary layer height (PBLH) and lapse rate using the WRF default 
configuration (REF) and using MODIS data assimilation (MODIS).  

The MODIS data assimilation technique, overall, does not result in better WRF performance, as 
illustrated in Figure 7-6. Skill scores for WRF output from the REF and MODIS simulation are presented 
in the figure, including mean absolute error (MAE), bias (BIAS), and index of agreement (IOA). Lower 
values of MAE and BIAS and higher IOA indicate better performance. Overall, the MODIS simulation 
tended to have lower skill scores than REF for some quantities. One exception was the simulation of 
wind speed. On some days when storm fronts passed through the Basin (indicated in the figure by green 
rectangles), the REF simulation estimated unrealistically high wind speed, whereas wind speeds were 
lower and closer to observed values in the MODIS simulation. This shows that assimilating MODIS 
albedo and snow cover data improved simulations of wind speed, though we don’t have a clear 
explanation for this behavior.   
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Figure 7-6. Comparison of overall performance of WRF using the WRF default configuration (REF) and using 
MODIS data assimilation (MODIS). Observed values are also shown.  The panels show water vapor mixing ratio, 
temperature at 2 m above ground, wind speed at 10 m, and wind direction at 10 m (in descending order). Skill 
scores are shown at the bottom of each box-plot (REF/MODIS; see text for explanation of scores).  The green 
boxes indicate days during which storm fronts passed through the Basin. 
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Since the CAMx photochemical model takes meteorological inputs from WRF, we would expect that 
improvements in WRF would be carried over into CAMx simulations, but the model configuration is not 
that simple. In its standard configuration, CAMx does not read in albedo from WRF, but it instead 
determines its own albedo and snow cover as functions of snow water equivalent, snow depth, and land 
use type. CAMx also considers snow age, which is the time elapsed since the last increase of snow 
depth, in the determination of albedo. In order to have CAMx to read in albedo from WRF directly, we 
had to modify the CAMx code. 

Figure 7-7 compares the photolysis rate of ozone at Ouray in REF and MODIS. From 1 to 10 February, no 
new snow was simulated in the model, and since snow tends to decay quicker in the REF simulations 
than in the MODIS simulations, the photolysis rate in the MODIS simulations eventually exceeds that in 
REF. However, on 11 February and afterward (indicated as the part of the figure to the right of the green 
vertical bar), as new snow was estimated in WRF, and because of the fresh-snow effect in CAMx, the 
photolysis rate in REF was consistently higher than in MODIS. Overall, we found that the higher albedo 
we obtained in WRF with the MODIS satellite data assimilation technique did not necessarily translate to 
a higher photolysis rate in the CAMx model. A positive effect of MODIS data assimilation on the CAMx 
photolysis rate could be expected if the simulation included an extended period of time where no new 
snow was simulated. Additionally, an on-line coupling meteorology-and-chemistry model such as WRF-
Chem (see Section 5) may benefit more from MODIS data assimilation than a decoupled model platform 
such as WRF-CAMx. 

 
Figure 7-7. Comparison of photolysis rates simulated by CAMx using the default configuration (REF) and using 
MODIS data assimilation (MODIS). The green bar represents a new snow event. 

As expected, we found no significant difference in ozone between the REF and MODIS simulations. 
Simulated ozone, as shown in Figure 7-8 for Ouray, behaved in agreement with the photolysis rate 
shown in Figure 7-7. Neither of the two scenarios was able to simulate ozone at levels that were actually 
observed during this episode, probably because of challenges with model emissions and chemistry, 
which also impact winter ozone (Section 5). 
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Figure 7-8. Comparison of ozone at Ouray as simulated by CAMx using the default configuration (REF) and using 
MODIS data assimilation (MODIS). The U.S. EPA National Ambient Air Quality Standard (NAAQS) for ozone is 
also shown. 
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8. Evaluation of Emissions Composition Data in a Photochemical 
Model  

Author: Huy Tran 

Emissions inventories typically only report total emissions of volatile organic compounds (the official 
U.S. EPA definition of volatile organic compounds, or VOC, does not include methane or ethane, and 
most inventories developed for air quality purposes thus exclude these compounds).  When used in a 
photochemical model, total organic compound emissions from individual source types must be allocated 
out as individual organic compound species. Datasets of the composition of emissions from various 
source types are called speciation profiles.  Since different compounds have very different abilities to 
produce wintertime ozone, the use of accurate speciation profiles is imperative for accurate 
photochemical simulations.  Recently, the Utah Division of Air Quality led an effort to improve speciation 
profiles for organic compounds emitted from some oil and gas sources.  This effort was called the Uinta 
Basin Composition Study (Wilson et al., 2020). 

We incorporated the speciation profiles developed in the Uinta Basin Composition Study into our 
current emissions modeling platform for ozone modeling for years 2013 and 2019, which we refer to 
here as UBOS2013 and UBOS2019, respectively. Four sets of raw and flash gas profiles for oil and gas 
wells that include only information about hydrocarbons, and two flash gas profiles that include 
information about carbonyls, were developed as part of the Composition Study. The Composition Study 
also recommends how the developed speciation profiles should be applied to oil and gas source 
activities. These speciation profiles have already been incorporated into EPA’s SPECIATE version 5.1 
database (EPA, 2020b), but they are not in every case assigned the source identification codes 
recommended in the Composition Study. Table 8-1 shows speciation profile code assignments for 
organic compound emissions from various oil and gas activities in the Uinta Basin.   

Table 8-1. Speciation profile code assignments for oil and gas activities in the Uinta Basin. ARMS2017 indicates 
assignments used in the 2017 BLM Air Resources Management Study (see Section 6) and other earlier modeling 
activities.  NEI2017 platform includes profile assignments in the 2017 U.S. EPA National Emissions Inventory. 
UBCS indicates assignments from the NEI2017 platform with alterations based on recommendations from the 
Uinta Basin Composition Study. 

Oil and Gas equipment ARMS2017 NEI2017 platform UBCS 
Dehydrators UNT02_R 95420 95420 
Engine / Turbine 0051 1001 1001 
Separator / Heaters 0003, 1011, 1012, 2487 95417 95417, 0003 
Tanks UNT03_R, UNT04_R 95419 UTUBOGE, UTUBOGF 1 

Well completions 0051, 2487 1011 UTUBOGB, UTUBOGE 
Fugitives UNT02_R 95417 UTUBOGD, UTUBOGC 
Pneumatic Controller UNT02_R 95417 UTUBOGD 
Pneumatic Pumps UNT02_R 95417 UTUBOGD, UTUBOGC 
Produced Water PWP11, PWP12, 

PWP13 
 PWP11, PWP12, 

PWP13 
Solid Waste  95417 95417 
Centrifuges  1207 PWP12 
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1 Profiles UTUBOGA, UTUBOGB, UTUBOGC, UTUBOGD, UTUBOGE, UTUBOGF in SPECIATE v5.1 database are the equivalents of 
profiles UNTF_OW, UNTF_GW, UNTR_OW, UNTR_GW, UNTF_OW_C=O and UNTF_GW_C=O in the Uinta Basin Composition 
Study report. 
Chemical mechanisms used in photochemical models don’t include reactions for every individual 
chemical compound.  Instead, to reduce computational costs, they bin some species together based on 
their chemical properties.  In this section, we report on model results using the CB6r4 chemical 
mechanism in the CAMx model.  For background information on lumped chemical species in the CB 
chemistry mechanism, see Yarwood et al. (2005) and (2010). For information about the impacts of 
choosing different chemical mechanisms for models, see Section 5. Table 8-2 shows the speciation of 
emissions prepared for use with the CB6r4 mechanism in CAMx.  These include many of the profiles 
listed in Table 8-1. 

Table 8-2. Commonly-used speciation profiles, prepared for use with the CB6r4 chemical mechanism in CAMx. 
Model 
Species 

0051 

1001 

U
N

T02_R 

95417 

U
TU

BO
G

A
 

U
TU

BO
G

B 

U
TU

BO
G

C 

U
TU

BO
G

D
 

U
TU

BO
G

E 

U
TU

BO
G

F 

CH4 0.2 0.7669 0.7811 0.7549 0.1372 0.4602 0.5236 0.7308 0.1835 0.2978 
ETHA 0.3 0.14 0.0908 0.0902 0.1039 0.1862 0.1141 0.1029 0.1144 0.19160 
FORM 0.2 0.0081       0.000002  
PRPA 0.3 0.0291 0.0557 0.0626 0.1592 0.1641 0.0957 0.0598 0.1385 0.2477 
ALD2  0.0003       0.000002 0.00001 
ALDX  0.0001       0.00001 0.000007 
BENZ  0.0011 0.0006 0.0008 0.0040 0.0011 0.0018 0.0008 0.00443 0.00061 
ETH  0.0063         
ETHY  0.0032         
IOLE  0.0031         
OLE  0.0122       0.000004 0.000002 
PAR  0.0279 0.07 0.0901 0.5861 0.1843 0.2595 0.1014 0.5471 0.2611 
TOL  0.0006 0.0009 0.0008 0.0068 0.0029 0.0036 0.0030 0.0086028 0.00091 
XYL  0.0010 0.0004 0.0002 0.0027 0.0011 0.0017 0.0012 0.0032497 0.00021 
UNR  0.0001 0.0004 0.0003 0.0001 0.00001 0.000002 0.0000 0.000072 0.000007 
MEOH   0.0001        

Figure 8-1 and Figure 8-2 show organic compound emissions calculated with and without speciation 
profiles from the Composition Study. In Figure 8-1, we show emissions for different compound groups, 
using the Utah oil and gas emissions inventory for year 2014 (UDAQ, 2018). This inventory reports VOC 
(excluding methane and ethane) emissions from various oil and gas source types (e.g., engines, 
dehydrators, truck loadings, tanks, etc.).  Each source type is assigned a speciation profile in the U.S. 
EPA’s 2017 National Emissions Inventory (EPA, 2020a). We mapped these profiles to the SPECIATE 
database version 5.1 (EPA, 2020b), which allowed us to convert VOC emissions to total organic gas (TOG, 
which includes methane and ethane) emissions, after which we determined emissions of each specific 
compound based on its ratio to TOG. We grouped speciated emissions into alkenes, alkanes, aldehydes, 
and aromatics using species mapping of the Carbon 6 mechanism (Yarwood et al., 2010). In this way and 
for example, compounds that are attributed to the OLE species in the CB6r4 mechanism are considered 
to be in the alkene group, and if one of those compounds also contributes to generating BENZ in CB6r4, 
it is also considered in aromatics (or BTEX, for benzene, toluene, ethylbenzene, and xylene, the most 
common aromatics) group. Thus, the total emissions from all groups may exceed that of TOG emissions. 
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Figure 8-1. Comparison of alkenes, aldehydes and aromatics emissions from oil and gas production activities in 
the Uinta Basin, speciated using profile assignments from the 2017 Air Resources Management study (ARMS; 
left panels) and using profile assignments from the 2017 National Emissions Inventory, with updates from the 
Uinta Basin Composition Study (UBCS; right panels). 

Figure 8-1 shows noticeable changes in alkene, aldehydes, and aromatics emissions between our 
previous emissions configuration and emissions calculated using Uinta Basin Composition Study data. 
Alkene emissions were more concentrated to low elevations and in the southern part of the Basin when 
Composition Study profiles were used. These changes, however, were caused more by the use of the 
2017 National Emissions Inventory profile assignments than by the Composition Study profiles. The 
emissions incorporating Composition Study profiles had fewer aldehydes and aromatic emissions, which 
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is the combination of effects from both the National Emissions Inventory and the Composition Study 
profiles. 

Figure 8-2 presents emissions of model species in moles s-1, as processed through the SMOKE emission 
model. The figure takes into account that some compounds may contribute to two or more OLE model 
species, which is ignored in Figure 8-1. To prepare Figure 8-2, speciated emissions were first grouped by 
model species and then into compound groups (i.e., alkanes, alkenes or aromatics). Figure 8-2 shows 
how organic compound emissions from oil and gas are simulated in the photochemical model.  It shows 
that emissions simulations that incorporate profiles from the Composition Study have lower aromatics 
emissions over oil and gas fields and higher aldehyde emissions over oil fields. Oil and gas engines 
account for the majority of formaldehyde emissions, and these are taken directly from the 2014 Utah 
inventory, rather than from speciation profiles. Apparent differences in the spatial distribution of 
compound groups between Figure 8-1 and Figure 8-2 are due to different units used in the figures (mass 
units for Figure 8-1 versus moles for Figure 8-2). 

We applied emissions calculated using the Composition Study profiles in WRF-CAMx to model an ozone 
episode that occurred during winter 2013. Figure 8-3 compares the daily highest 8-hour average ozone 
concentrations simulated by CAMx in our earlier work against simulations that incorporate the 
Composition Study profiles. Both simulations largely underestimate observed values (see Section 5 for 
more discussion about the causes of low modeled ozone). Differences are most noticeable in areas of 
the Uinta Basin at low elevation, centered at Ouray (OU in Figure 8-3). While changes in the use of 
speciation profiles could certainly have caused these differences, small changes in simulated 
meteorological quantities between the two simulations may also have contributed. 
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Figure 8-2. Emissions of groups of model species (alkanes, alkenes, aromatics (BTEX) and aldehydes) from oil and 
gas production activities in the Uinta Basin, speciated using profile assignments from the 2017 Air Resources 
Management study (left panels) and using profile assignments from the 2017 National Emissions Inventory, with 
updates from the Uinta Basin Composition Study (right panels). 
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Figure 8-3. Simulated daily maximum 8-hour average ozone concentration, using speciation profile assignments 
from the 2017 Air Resources Management study (ARMS; left panels) and profile assignments from the 2017 
National Emissions Inventory, with updates from the Uinta Basin Composition Study (UBCS; right panels). 
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9. Photochemical Simulations of a Winter Inversion Episode in 2019 

Authors: Huy Tran and Trang Tran 

We received the updated version of the Utah Division of Air Quality oil and gas emissions inventory for 
year 2017 in early 2020 and have adapted it to our modeling platform for studying an inversion episode 
that occurred during winter 2019. Table 9-1 compares NOx and volatile organic compound (VOC; does 
not include methane or ethane) emissions in the 2017 inventory and the 2014 inventory. Basin-wide 
total NOX and VOC emissions from oil and gas slightly decreased in the 2017 inventory, despite several 
new source categories included in 2017 (Table 9-1). 

We used Speciation Tool version 5.0 to process profiles of emissions listed in the SPECIATE version 5.1 
database (EPA, 2020b), which incorporates profiles from the Uinta Basin Composition Study (Wilson et 
al., 2020) for the CB6r4 chemistry mechanism in CAMx. Our model configurations were the same as the 
Utah Division of Air Quality’s configuration for their State Implementation Plan (SIP) model for ozone in 
the Uinta Basin. We developed a new set of spatial surrogates for this new domain to spatially allocate 
emissions to model grid cells. 

Engine stack characteristics changed from the 2014 inventory to the 2017 inventory. Whereas common 
stack characteristics of engines in the 2014 inventory are 2 ft in height, 6 ft in diameter, 650 oF in exit 
temperature, and 77.5 ft sec-1 in exit velocity, the corresponding parameters in the 2017 inventory are 2 
ft, 6 ft, 850 oF, and 137 ft sec-1, respectively. Because of higher gas exit temperature and velocity in the 
2017 inventory, engine emissions were modeled as elevated point sources (i.e., their emissions are 
released to vertical layers above surface layer) whereas they were modeled as low-level point sources 
(i.e., emissions are released within the first layer) in the 2014 inventory. 

Table 9-1. Comparisons of NOX and VOC emissions (tons year-1; excludes methane and ethane) from oil and gas 
production activities in the 2017 and 2014 Utah Division of Air Quality oil and gas emissions inventories. na 
indicates emissions available in one inventory but not the other. DUC is Duchesne County, and UIN is Uintah 
County. 

Oil & Gas Equipment/Activities 2017 Inventory 2014 Inventory 
VOC NOX VOC NOX 

DUC UIN DUC UIN DUC UIN DUC UIN 
Dehydrators 38 4,479 0.5 5 199 3,687 2.0 4.7 
Fugitive 3,159 14,592 - - 3,418 12,923 - - 
Pneumatic controller 935 2,946 - - 1,123 4,063 - - 
Pneumatic pump 53 8,681 - - 228 10,983 - - 
Engine / turbine 904 805 3,414 3,801 699 974 4,179 5,044 
Separator / heaters 73 74 1,332 1,338 59 103 1,067 1,871 
Tanks 2,469 6,567 19 13 4,322 8,470 - - 
Trucks 767 408 - - 928 727 - - 
Well completions 203 323 292 449 284 654 409 933 
Produced water1 595 7,226 - - 2,230 5,977 - - 
Centrifuges 0 10 - - na na - - 
Solid waste disposal 43 244 - - na na - - 
Control effectiveness adjustment 
(condensate tanks)  

0 438 - - na na - - 
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Control effectiveness adjustment 
(oil tanks)  

2,350 721 - - na na - - 

Midstream venting 660 7 395 3 na na na na 
Pipeline leaks 157 9 - - na na - - 
Gas well venting 63 6582 - - na na - - 
Pipeline Blowdowns and Pigging 4 366 - - na na - - 
Associated gas venting 273 173 - - na na - - 
Mud degassing 235 310 - - na na - - 
Compressor venting start up na na - - 170 991 - - 
Compressor venting shut down na na - - 161 939 - - 
Others     1,751 1,490 0.4 0.6 
Total 12,981 54,961 5,453 5,609 15,572 51,981 5,657 7,853 

1 Emissions from produced water ponds shown for 2014 were taken from USU’s estimation (Mansfield et al., 2018) and not from 
the official inventory.  

Figure 9-1 shows daily maximum 8-hour average ozone concentrations simulated by CAMx from 20 
February through 1 March 2019. While observed ozone in winter 2019 was lower than in winter 2013, 
simulated ozone was higher in winter 2019 than in 2013 and was closer to observed 2019 values. Ozone 
was still underestimated, however, during the winter 2019 episode. Simulated ozone was highest on 25 
February and decreased thereafter, despite the fact that observed ozone was still increasing in the 
following days.  

Discrepancies in simulated meteorology contributed to ozone underestimations. WRF consistently 
overestimated wind speed, as shown in Figure 9-2 for some locations. Lack of vertical meteorological 
data in winter 2019 limits our ability to improve WRF performance through data assimilation, as we 
have done for winter 2013 (Lyman et al., 2019; Tran et al., 2018). See Section 5 for more information 
about why models underestimate wintertime ozone. 



 

 
70 

 
Figure 9-1. Comparison of simulated daily maximum 8-hour average ozone to observed values from 20-28 
February 2019. Modeled ozone is shown by the coloration in the background, while observed values are shown 
as the small colored circles.  The two-letter abbreviations in the figure are locations of current and historical 
ozone monitoring stations.  Full names of current stations are given in Table 2-1. 
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Figure 9-2. Simulated surface wind speed, temperature 2 m above ground level, and incoming shortwave solar 
radiation (SWDOWN) simulated by WRF (MOD) and from observations (OBS) from 20 February through 2 March 
2019.  The Ouray station is shown in the left panels, and the Redwash or Dinosaur National Monument station is 
shown in the right panels. 
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10. Distributed Measurements of Organic Compounds in Ambient Air 

Author: Seth Lyman, Makenzie Holmes, Huy Tran, Trang Tran, and Trevor O’Neil 

During winter 2018-19 and 2019-20, we deployed a network of portable stations to collect ambient air 
samples, and we analyzed these samples for a suite of non-methane hydrocarbons, alcohols, and 
carbonyls.  Figure 10-1 shows a photograph of one of these stations. We discussed the first year’s results 
in our 2019 Annual Report (Lyman et al., 2019).  To date, the most important finding from these 
deployments is that the atmosphere in areas of the Uinta Basin that have a high density of oil wells are 
richer in alkenes (e.g., ethylene, propylene) than areas with a high density of gas wells (Figure 10-2).  
This is significant because some alkenes are extremely reactive (i.e., a relatively small amount of these 
compounds is able to produce a relatively large amount of ozone).  We have prepared a manuscript, 
which is under review for publication in the journal Atmosphere, that discusses this finding and provides 
evidence that excess alkenes in oil-producing areas are emitted primarily from lean-burning artificial lift 
engines (Lyman et al., 2020a). 

 
Figure 10-1. Photograph of a portable sampling station. 
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Figure 10-2. Average contribution of organic compound types to total organic compound mass (top) and ability 
of organics to produce ozone (bottom; calculated from maximum incremental reactivity (Carter, 2009)).  Data 
are 10-percentile bins of the number of producing oil wells within a 10 km radius of sampling locations.  From 
Lyman et al. (2020a).  

This project, the majority of the funding for which was provided by the Utah Division of Air Quality, is 
not complete.  We will complete the following additional elements of the project over the next year: 

 Additional deployments of the sampling stations during winter 2019-20 
 Source apportionment analysis of results to better indicate sources of measured organics 
 Comparison of measurement results against three-dimensional photochemical model output 
 Use of measurements to compare the official organic compound emissions inventory against an 

inventory derived via satellite measurements and other methods. 

For more information about this study, please read the funded study proposal.  
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11. Analysis of Emissions from Produced Water Ponds 

Author: Marc Mansfield 

11.1. Introduction 

In previous annual reports, we described measurements and analysis of the emissions of organic 
compounds from produced water ponds in the Uinta Basin, concluding that they probably account for 
approximately 10% of the emissions of reactive organic compounds.  Successful models for analyzing the 
transport of gas molecules across the air-water interface have been developed.  However, as explained 
below, they are inadequate for aldehydes like formaldehyde and acetaldehyde.  This is a significant 
problem because these aldehydes have high ozone reactivity and measurements indicated their 
presence in the pond water and in the atmosphere.  I have now improved these models and published 
the results in a peer-reviewed journal (Mansfield (2020), available here).  The improvements indicate 
that the previous models underestimated formaldehyde and aldehyde emissions by about 2% and 6%, 
respectively. 

11.2. Statement of the Problem 

Models of the transport of gas molecules across the air-water interface become more complicated when 
the gas reacts in the water phase.  For example, gaseous hydrogen chloride (HCl) dissolves readily in 
water (where it is known as hydrochloric acid).  When they dissolve, the HCl molecules react almost 
completely to form hydronium and chloride ions: 

HCl + H O → H O + Cl  

The ionic forms do not exist in the vapor phase.  Therefore, for an HCl molecule to enter the vapor 
phase, it must first be regenerated from the ions.  Models that account for such reactions have already 
been developed.  

Aldehydes such as formaldehyde also react in the water phase.  When gaseous formaldehyde (HCOH) 
dissolves in water, it reacts to form a molecule known as methanediol: 

HCOH + H O → CH (OH)  

(The reaction product for acetaldehyde is ethanediol.)  For many years it was believed that methanediol 
does not exist in the gas phase.  But that is only because no one was ever able to isolate it in pure form.  
However, individual methanediol molecules are stable.  They exist in small concentrations in the vapor 
phase and not at all as a pure liquid because their conversion back to formaldehyde is catalyzed by other 
methanediol molecules and by water molecules.  Therefore, it was believed that formaldehyde passing 
through the air-water interface was completely analogous to hydrogen chloride and that the same 
models would apply.  In actuality, what was needed were models that allow both forms to exist in both 
phases and that allow both forms to cross the air-water interface as intact molecules. 
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11.3. Model Development and Discussion 

Existing models for the transport of gases across the air-water interface were generalized to allow for 
molecules existing in two forms, A and B, interconverting via the reaction  

A + H O ↔ B 

The reaction was assumed to occur both in the air and water phases, and both A and B molecules were 
assumed to cross the air-water interface.  The impact of the added assumptions is always to increase the 
estimated transport rates because an additional pathway for another form of the molecule has been 
opened.  For hypothetical A and B molecules, the increase can be quite substantial.  However, when the 
A and B molecules are assumed to be formaldehyde and methanediol, or acetaldehyde and ethanediol, 
the increase is only a few percent.  

Model predictions were also compared against experiments on formaldehyde.  Measurements of 
formaldehyde transporting from polluted water to clean air were made by Liu et al. (2015).  In this case, 
the model predicts a proportionality between the concentration in the water and the flux into the air, F 
= fCW, where F is the flux in g cm–2 s–1, CW is the concentration of formaldehyde in the water in g cm–3, 
and the proportionality constant f is known as the mass-transfer coefficient.  f depends on the nature of 
the pollutant and on temperature and wind speed.  The case of formaldehyde transporting from 
polluted air to clean water was examined by Seyfioglu and Odabasi (2006).  Then the model predicts the 
proportionality to be F = (f/H) CA, where H is the so-called Henry’s constant for formaldehyde in water 
and CA is the concentration of formaldehyde in the air.  The same mass-transfer coefficient f applies in 
either case.  (The model is also able to predict the direction and magnitude of the transport for any level 
of pollution in either phase, i.e., when CA and CW are both non-zero.)  At room temperature, the 
measurements give f in the vicinity of 5  10–3 cm s–1 at low wind speeds (0.4 to 4 m s–1) and about 15  
10–3 cm s–1 when the wind speed is 8 m s–1.  In comparison, the model predicts f  (5 to 10)  10–3 cm s–1 
at low wind speeds.  The variability in model predictions arises because some input parameters are not 
known exactly.   

The model predicts f  (3 to 9)  10–4 cm s–1 for acetaldehyde, i.e., under identical conditions, 
acetaldehyde is expected to cross the barrier more slowly than formaldehyde.  This is expected because 
formaldehyde is more volatile.  I was unable to find any experimental measurements for acetaldehyde 
under well-controlled conditions.   
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12. Laboratory Investigation of Organic Compound Fluxes at the Air-
Snow Interface 

Authors: Makenzie Holmes, Seth Lyman, Trevor O’Neil 

12.1. Introduction 

Physical and chemical processes occur in snowpacks that have a significant impact on the chemistry of 
the atmosphere (Grannas et al., 2007). Snowpacks act as reservoirs and exchange media, in addition 
to acting as a photochemical reactor. We presented background information about these processes in 
our 2019 Annual Report (Lyman et al., 2019) and showed from field measurements that carbonyls, 
especially acetaldehyde, can be emitted from the snowpack in the presence of sunlight.   

Carbonyl compounds contribute to atmospheric conditions that lead to poor air quality. Carbonyls are 
very active in winter ozone production and appear to be emitted from snow under certain conditions 
(Lyman et al., 2019).  To build on our past field-based work, and to understand carbonyl fluxes at the air-
snow interface, we built a custom freezer apparatus, which allows us to observe reactions of organic 
compounds within snow under controlled conditions.  

12.2. Methods 

We modified a chest freezer (Figure 12-1) by cutting away most of the lid and replacing it with 4 mm 
ultraviolet light (UV)-transparent acrylic sheeting (91% UV transmission).  We used a temperature 
controller and valve to regulate a flow of liquid nitrogen into the freezer’s air space to maintain the 
temperature of the freezer at -20° C.  We placed a PTFE bag inside the freezer (80% UV transmission) 
and filled it with ambient air, snow, and organic compounds (Table 12-1).  We inserted the ends of two 
lengths of 1/8” PFA tubing into the bag and connected the other ends of the tubing to a PTFE-lined 
pump.  The pump pulled air at 2.5 L min-1 from the bag through one length of tubing and returned it 
through the other, allowing for circulation of air within the bag and for collection of air samples.  

 
Figure 12-1. Photographs of the modified chest freezer (left) and the liquid nitrogen temperature control 
apparatus (right). 
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For the freezer tests, we filled the PTFE bag with air and snow and then allowed the snow to remain in 
the bag in the freezer, with air circulating, for a six-hour period.  We collected the snow used in these 
experiments at latitude and longitude 40.565, -109.691 in the Uinta Mountains and stored it in a 
laboratory freezer until use.  We conducted two analyses each under light and dark conditions with 
ambient air, with and without snow in the bag and with and without the addition of organic compounds. 
For analyses in light conditions, we placed the freezer apparatus outdoors during daytime on sunny 
days.   

For experiments in which organic compounds were added, we created a compressed gas standard by 
mixing output from a certified, high concentration compressed gas standard with ultrapure nitrogen gas 
in a 1.1 L (uncompressed volume) aluminum cylinder to achieve the approximate concentrations shown 
in Table 12-1.  We added this gas mixture to the PTFE bag by passing it through a mass flow controller at 
a flow rate of 1 L min-1 for 7 minutes, for a total of 7 L added to the approximate bag volume of 75 L. 

After setting up the freezer apparatus for each experiment, we allowed for 3 hours to pass, and then we 
inserted a 2,4-dinitrophenylhydrazine (DNPH)-coated silica bead cartridge upstream of the PTFE-lined 
pump.  We kept the DNPH cartridge in place to collect carbonyls from sample air for the remaining 3 
hours of each experiment.  The volume of the bag was approximately 75 L, allowing the DNPH cartridge 
to sample about 3.5 bag volumes during the 3 hours.  At the end of the 6-hour period, we attached a 6-
L silonite-coated canister to the tubing to collect an air sample from within the bag. Following 
these collections, we analyzed the canister samples and the DNPH cartridges for a suite of 
hydrocarbons, alcohols, and carbonyls.  Sections 2.2.4 and 2.2.5 provide information about how these 
samples were analyzed in the laboratory, and Section 16.5 provides information about data quality.   

Table 12-1. List of organic compounds added to the PTFE bag during snow experiments, along with the 
approximate concentration of each compound in the gas standard mixture that was added to the bag.  

Compound Concentration (ppb) 
Ethane 1670 
Ethylene 40 
Propane 840 
Propylene 40 
Isobutane 130 
N-butane 170 
Acetylene 40 
Trans-2-butene 40 
1-butene 40 
Cis-2-pentene 40 
isopentane 100 
N-pentane 90 
Trans-2-pentene 40 
1-pentene 40 
Cis-2-butene 40 
2,2,dimethylbutane 40 
Cyclopentane/2,3-dimethylbutane 40 
2-methylpentane 40 
3-methylpentane 40 
Isoprene 40 
hexene 40 
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Compound Concentration (ppb) 
N-hexane 100 
Methylcyclopentane/2,4-
dimethylpentane 40 

Benzene 40 
Cyclohexane 40 
2-methylhexane 40 
2,3-dimethylpentane 40 
3-methylhexane 40 
2,2,4-trimethylpanane 40 
N-heptane 40 
methylcyclohexane 40 
2,3,4-trimethylpentane 40 
Toluene 40 
2-methylheptane 40 
3-methylheptane 40 
Octane 40 
Ethylbenzene 40 
m/p-xylene 40 
Styrene 40 
O-xylene 40 
N-nonane 40 
isopropylbenzene 40 
N-propylbenzene 40 
1-ethyl-3-methylbenzene 40 
1-ethyl-4-methylbenzene 40 
1,3,5-trimethylbenzene 40 
1-ethyl-2-methylbenzene 40 
1,2,4-trimethylbenzene 40 
N-decane 40 
1,2,3-trimethylbenzene 40 
1,3-diethylbenzene 40 
1,4-diethylbenzene 40 
Undecane 40 
Dodecane 40 
Methanol 860 
Ethanol 90 
Isopropanol 90 

 

12.3. Preliminary Results  

We didn’t observe a consistent pattern in overall carbonyl concentrations among the freezer 
experiments in light and dark. We did observe a consistent pattern for acetaldehyde, however.  It was 
detectable in every sample and had higher concentrations in all the experiments in which sunlight was 
added to the freezer than in dark experiments.  The difference was especially pronounced in 
experiments that included snow in the PTFE bag (Figure 12-2).  
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Figure 12-2. Concentrations of acetaldehyde in freezer experiments.  Organics means that organics were added 
to the PTFE bag for the experiment, and zero means that no organics were added (though ambient organics 
were present. 

Concentrations for other, non-carbonyl compounds were inconsistent across experiments (Figure 12-3).  
We used ambient air to fill the bag, and the ambient air concentrations of organic compounds may not 
have been consistent from day to day, possibly causing this discrepancy.   
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 Figure 12-3. Concentrations of select organic compounds measured during the freezer experiments in dark 
(above) and light (below). 

12.4. Implications and Additional Work  

The fact that we saw much more acetaldehyde in the snow experiments conducted in sunlight indicates 
that photochemical processes may be creating acetaldehyde in the snow, or at least driving it out of the 
snow.  This corroborates the findings of our field snow flux study conducted in 2019 (Lyman et al., 
2019).  The freezer experiments conducted thus far are only preliminary, however, and need to be 
repeated with some modifications to confirm and build upon the findings presented above.  We will 
continue this work in the coming year, with the following changes: 

 In the freezer work described here, we filled the PTFE bag with ambient air so it would contain 
ambient levels of common oxidants, like ozone.  The chemical mechanism by which snow 
photochemically produces carbonyls is not known with certainty, and we surmised that oxidants 
in ambient air might be required for that process to occur.  The problem with using ambient air, 



 

 
81 

though, was that concentrations of organics in ambient air varied from experiment to 
experiment, which tended to obscure small changes in concentrations caused by reactions 
within the snow.  We will deal with this shortcoming by: 

o Conducting experiments in which we will fill the bag with purified air (oxidant and 
organic compound-free) rather than ambient air.  We may add artificially-generated 
ozone or other oxidants to the bag for some of these experiments. 

o Conducting experiments where we simultaneously fill two bags with ambient air and 
then place both bags in the freezer at the same time.  In these experiments, one bag will 
be filled with snow and one won’t, or one will be kept in the dark and one in the light, 
for example.  In this way, differences in organics between the two bags can be 
presumed to be due to experimental conditions rather than differences in ambient air 
concentrations of organics. 

Another issue that occurred with these experiments was occlusion of the sample line exiting the PTFE 
bag by ice. We think this was due to moisture from the sample condensing within the line.  We have 
increased the tubing diameter to minimize this problem, and we will heat the exit line if needed to avoid 
condensation for future experiments. 
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13. No Evidence for Glycols in the Uinta Basin Atmosphere 

Author: Seth Lyman 

More than 1,000 glycol dehydrators exist in the Uinta Basin, and glycol compounds are used in well site 
heating systems at thousands of wells.  Furthermore, ethylene glycol is reasonably reactive with respect 
to ozone production (Carter, 2009). Glycol compounds are not very volatile, however, so we were 
unsure whether their use leads to significant concentrations of glycols in the Uinta Basin atmosphere.  
Prior to work described here, no attempt had ever been made to measure their concentrations in the 
Uinta Basin atmosphere. We conducted a measurement study in January and February 2020 to fill this 
data gap.   

13.1. Methods 

We built an automated sampling apparatus to measure atmospheric glycols.  The system consisted of a 
sampling pump, valves, and three sampling trains that allowed us to sequentially collect three samples 
for glycols.  The valves and pump were controlled by a CR1000 data logger.  A pressure sensor attached 
to the sampling line allowed for verification that the pump operated for the intended sampling time.  
We used glass sampling tubes that each contained a glass fiber filter followed by XAD-7 resin material 
(SKC part number 226-57) to collect glycols (following NIOSH Method 5523), and the sampling tubes 
were at the upstream end of the sampling train, directly exposed to ambient air (Figure 13-1).   

 
Figure 13-1. Sampling apparatus for glycols in ambient air.  Sampling tubes are visible at the bottom of the white 
box. 



 

 
83 

We deployed the sampling system at the Seven Sisters monitoring station (Table 2-1).  The Seven Sisters 
station is in an area of dense natural gas production, with many glycol-dependent heating systems and 
glycol dehydrators nearby.   

The pump pulled ambient air through the sampling tubes at 1.66 standard L min-1 (standard 
temperature of 0°C) for 10 hours for each sample.  We collected a total of six samples (four at night, two 
in the day) on 4-6 February and 10-12 February 2020.  For two of the samples, we used a PFA Teflon 
fitting to connect two sampling tubes in series to determine whether breakthrough occurred onto the 
second tube.  The sampling apparatus (data logger, valves, pump, pressure sensor) was housed in a 
weather-proof box, and the sampling tubes protruded from the box (Figure 13-1). 

We kept the sampling tubes refrigerated before and after sampling, and we shipped them overnight on 
ice to ALS (960 W. LeVoy Dr., Salt Lake City, Utah) for analysis by NIOSH Method 5523.  ALS analyzed the 
samples for diethylene glycol, ethylene glycol, propylene glycol, and triethylene glycol.  Detection limits 
provided by ALS for these compounds were 3.8, 3.3, 2.7, and 2.7 ppb, respectively. 

13.2. Results 

None of the samples we collected contained quantities of glycol compounds that were detectible by 
ALS.  We conclude that concentrations of diethylene glycol, ethylene glycol, propylene glycol, and 
triethylene glycol are low enough in the wintertime Uinta Basin atmosphere to be unimportant for 
ozone production. 



 

 
84 

14. Prediction of Wintertime Ozone Events 

Authors: Huy Tran, Marc Mansfield 

14.1. Random Forest Regression 

We developed a random forest algorithm for predicting ozone concentrations in the Uinta Basin during 
winter 2019-20.  Inputs to the algorithm included a training set of historical daily ozone concentrations, 
along with historical daily temperature, snow depth, and solar angle.  The algorithm estimates an ozone 
concentration on any given day from days in the training dataset that had similar meteorological 
conditions.  In this way, the algorithm can perform hindcasts that estimate what the ozone 
concentration would have been on any given day in the past.  It can also perform forecasts that estimate 
what the ozone concentration will be one or two days into the future.   

Instead of processing HRRR weather forecast data, as we have done in previous years (Lyman et al., 
2019), we retrieved 72-hour forecasts of snow depth and surface temperature from the National 
Operational Hydrologic Remote Sensing Center (https://www.nohrsc.noaa.gov/) at a number of “virtual 
stations” in the Uinta Basin, the data for which were derived from WRF simulations carried out by the 
National Oceanic and Atmospheric Administration.  We generated hourly snow depth statistics for this 
group of stations, including mean, maximum, and 25th, 50th, and 75th percentiles.  In comparison with 
observed values, the forecast snow depth showed reasonable agreement. Each one of the five metrics 
was used as the snow depth input to the random forest algorithm.   

Figure 14-1 shows the resulting ozone predictions.  In most cases, the 25th percentile gives the best 
agreement with the observational data, while the mean, the maximum, the 50th percentile, and the 75th 
percentile usually overpredict the ozone.  The observed ozone concentrations show a daytime maximum 
and a nighttime minimum, as expected.  Similar diurnal fluctuations are not seen in the random forest 
predictions, but that is not surprising because the random forest algorithm was designed only to predict 
daily maximum ozone.  Therefore, to compare a random forest result to observational data, we look for 
those traces in Figure Figure 14-1 that agree well with the daily maxima. 

Ozone concentrations were near background throughout winter 2019-20.  Uneven snow distribution 
between the eastern and western regions, as well as persistent cloud cover (Section 2.3.1), may explain 
the low observed ozone.  Persistent, strong inversions are less likely to occur unless snow depth is 
consistently uniform throughout the basin.  Another factor contributing to lower ozone during 2019-20 
is the decline in oil and gas production and drilling that have occurred in more recent years (Section 4). 
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Figure 14-1.  Observed ozone concentrations at Ouray over a 12-week period during winter 2020, displayed 
along with random forest predictions using forecast mean, maximum, and 25th, 50th, and 75th percentile snow 
depth data. 
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Figure 13-1 continued. 

The fact that the 25th percentile data give the best prediction is somewhat surprising because the 
random forest algorithm was trained on actual snow depth averages taken over a number of real 
stations, and so we might expect the snow depth mean taken at the virtual stations to give the best 
agreement.  The explanation of this discrepancy lies in the fact that the random forest snow depth 
distributions included only stations with elevations below 2000 meters above sea level, while the set of 
virtual stations used to make the predictions included contributions from the flanks of the Uinta 
Mountains at higher elevation.  The 25th percentile of a dataset that includes these high-elevation 
stations is probably the best representation of the mean snow depth from a dataset that only includes 
stations below 2000 m. 
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Another surprising result is that ozone predictions derived using the maximum snow depth often lie 
below those for the 50th or 75th percentile.  This occurs because the random forest algorithm cannot 
reliably extrapolate beyond its existing input data.  We obtain unreliable results when we use snow 
depth inputs larger than the snow depths that exist in the training set. 

Because winter 2020 did not have high ozone, it was not the best winter for testing the capacity of the 
random forest ozone forecasts.  Nevertheless, it appears that the random forest algorithm will give 
reasonable forecasts for low-ozone winters if only virtual stations below 2000 above sea level are 
included.   

14.2. Quantitative Ozone Forecast Using Machine Learning 

We also examined the applicability of a machine learning method for forecasting ozone during the 
winter season in the Uinta Basin. Deep artificial learning has become an emerging tool in various 
scientific research areas, including air quality. For our case study, we employed the Long-Short Term 
Memory (LSTM) approach, which is a type of recurrent neural network algorithm.  LSTM is widely used 
in time series forecasting. It can take advantage of the auto-correlation, or “memory,” of time-series 
data. For example, knowing the ozone concentration at 2:00 pm local time, one can reasonably estimate 
that ozone will likely increase by some amount in the next hour and even have some expectation for 
ozone on the following day. Thus, keeping the “memory” of the dataset is critical to forecasting future 
values. In fact, LSTM is able to forecast ozone just by examining the history of ozone itself and without 
relying on forecasts of other parameters such as weather. Regardless, inclusion of other parameters that 
are meaningful in predicting ozone to LSTM will increase its performance. 

As in our random forest ozone forecast study discussed above (and explained in more detail in Section 
12 of Lyman et al. (2019)), we examined the relationship of relevant meteorological parameters, such as 
snow depth, lapse rate, temperature, etc., for their inclusion in an LSTM model. Figure 14-2 presents the 
relationship of 8-hour average ozone at Ouray with meteorological parameters during winter (January 
through March) in a dataset spanning from January 2010 through March 2020. High ozone 
concentrations typically happened under low wind speed and a positive and strong pseudo-lapse rate. 
(Lapse rate is a measure of inversion strength. See Section 12 Lyman et al. (2019) for an explanation of 
pseudo-lapse rate.) Snow depth is better than snow water content at predicting ozone, as high ozone 
often occurs with snow depth greater than just 100 mm. Solar elevation and azimuth angles serve as 
proxies for time; the highest ozone in winter typically occurs when elevation and azimuth angles are 
around 40 and 200 degrees, respectively (i.e., during the afternoon). Solar radiation and sea-level 
pressure have no clear relationship with ozone and therefore are not considered in this LSTM model. 
Furthermore, ozone at Ouray is highly correlated with ozone at other monitoring stations in the Basin 
(not shown), and inclusion of ozone at other stations to LSTM is, therefore, unnecessary. 

The ozone forecasting model can be constructed with LSTM in many ways, and we have not yet arrived 
at the optimum configuration. Regardless, Figure 14-3 and Figure 14-4 compare our best available LSTM 
ozone forecast to observations at Ouray in winter 2019 and winter 2020, respectively. The training 
dataset for the forecasts included data from the Ouray monitoring station from January 2010 through 
December 2018.  It consisted of wind speed, snow depth, temperature, pseudo-lapse rate, solar 
elevation, and solar azimuth angle. All data were screened to remove anomalies prior to use.  The model 
was configured to predict ozone 1-24 hours after the date and time of given observational data. 
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Figure 14-2. 8-hour average ozone concentration at Ouray (January through March from 2010 through 2020) 
versus meteorological conditions.  LASPR_Ckm is the pseudo-lapse rate, SLP is sea level pressure, WSPD is wind 
speed, SRAD is solar radiation,  T is temperature, elevation is solar elevation, azimuth is solar azimuth, SNWD is 
snow depth, and SNOW is snow water equivalent. 
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Figure 14-3. Comparison of observed 8-hour running average ozone in ppb at Ouray (OBS) during winter 2019 
with forecasts calculated 18 (H18) and 23 (H23) hours prior to the observation. 

 
Figure 14-4. Comparison of observed 8-hour running average ozone in ppb at Ouray (OBS) during winter 2020 
with forecasts calculated 18 (H18) and 23 (H23) hours prior to the observation. 

Forecasts are available for each hour of the 24-hour forecast period (i.e., 1-hour, 2-hour,…, 24-hour 
forecasts are available), but only forecasts for 18 hours (H18) and 23 hours (H23) in advance are shown 
in Figure 14-3 and Figure 14-4, as they are more important for our ozone alert program (Section 15). 
Interestingly, the H23 forecast has better accuracy than the H18 forecast. All forecasts captured the 
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sharp increases and decreases in ozone that occurred during winter 2019, but they also produced 
several false ozone exceedances. Forecasts for the first half of winter 2020 were higher than observed, 
but forecasts in the second half predicted ozone relatively accurately. Ozone in winter 2020 was low, 
despite the fact that there were sufficient snow cover and snow depth in the Basin, which could be a 
behavior that the LSTM forecast model has not learned from historical data, and this could explain its 
poor performance in the first half of 2020. 

Since the LSTM forecast model relies on present observations to forecast the future, it is free from 
uncertainties involved with the use of a weather forecast model. The LSTM model will be continuously 
retrained with updated data. As a continuation of this work, we will examine the LSTM ozone forecast 
model for 48- and 72-hour forecasts.  We will post real-time forecasts on our ozone alert website, 
https://ozonealert.usu.edu/. 
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15. Ozone Alert Program 

Authors: Seth Lyman, Huy Tran 

At the request of oil and gas industry representatives, and with input from Utah DAQ, TriCounty Health, 
and several oil and gas companies, we created a program in 2017 to alert oil and gas companies when 
high winter ozone was forecast.  The program includes a sign-up web page, 
http://binghamresearch.usu.edu/OzoneAlert, to describe the program and allow individuals to sign up 
to receive alerts.  When individuals sign up at the web page, we collect their name, company name, and 
email.  We send everyone on the list an email when (a) high ozone is forecast, (b) high ozone was 
forecast but did not materialize, and (c) a high ozone episode ends or is forecasted to end.   

We also created a web app, available at https://ozonealert.usu.edu/, to post communications about 
wintertime air quality and to release quantitative forecasts of winter ozone (including posts to our 
Twitter account, @uairquality).  The email alerts and web app provide users with information that 
allows them to reduce ozone-forming pollution when it matters most. 

No exceedances of the U.S. Environmental Protection Agency (EPA) ozone standard of 70 ppb occurred 
during winter 2020.  We sent emails to subscribers announcing the beginning and end of the ozone 
season on 5 December 2019 and 17 March 2020, respectively.  We also sent an email on 8 January 
alerting subscribers to the possibility of high ozone.  Ozone only reached 62 ppb (maximum 8-hr average 
ozone at any location), and we sent another email on 11 January announcing that the danger of high 
ozone had passed. 

During winter 2019-20, we had 112 subscribers to our email-based ozone alert program, among which 
39% were from the energy industry (mostly oil and gas producers); 26% were affiliated with government 
entities; 17% were members of the local public; 13% were academic researchers; 4% were 
representatives of the media, and 1% were from environmental groups. 

We did not conduct a survey of subscribers to our program this year because we issued so few alerts 
during winter 2019-20.  We will continue the Ozone Alert program during the 2020-21 winter.  

The ozone alert program is operated during winter 2019-20 with funds from the Utah Legislature, the 
Uintah Impact Mitigation Special Service District, and the Utah Clean Air Partnership (UCAIR). 
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16. Report of 2019-20 Performance 

Author: Seth Lyman 

This section contains information about our performance on overall goals for Uinta Basin air quality 
research and performance for annual project objectives for the 2019-20 reporting period.  Our 
management plan, which describes our group’s overall goals and objectives, is available here: 
https://usu.box.com/s/877z4o8nwynu3uwcze8uxj8jaant7auw.  

16.1. Research Output 

The most basic outcomes of our research are publications and presentations that describe our work and 
make it available to the public.  Here we list the publications and presentations we have produced 
during the reporting period.  This list includes some publications and presentations that are not directly 
related to Uinta Basin air quality. 

16.1.1. Peer-reviewed Publications 

Mansfield, M.L., 2020. Mass transport of gases across the air–water interface: Implications for aldehyde 
emissions in the Uinta Basin, Utah, USA. Atmosphere, 11, 1057; doi:10.3390/atmos11101057.  

Mansfield, M.L., Lyman, S.N., 2020. Winter ozone pollution in Utah’s Uinta Basin is Attenuating. 
Atmosphere, submitted. 

Lyman S.N., Holmes M.L., Tran H.N.Q., Tran T., O’Neil, T., 2020. High ethylene and propylene in an area 
dominated by oil production. Atmosphere, under review.  

Dunham-Cheatham S.M., Lyman S.N., Gustin M.S., 2020.  Evaluation of sorption surface materials for 
reactive mercury compounds. Atmospheric Environment, 242, 117836. 

Lyman S.N., Gratz L.E., Dunham-Cheatham S.M., Gustin M.S., Luippold A., 2020. Improvements to the 
accuracy of atmospheric oxidized mercury measurements. Environmental Science and Technology, 
https://doi.org/10.1021/acs.est.0c02747. 

Luippold A., Gustin M.S., Dunham-Cheatham S., Castro M., Luke W., Lyman S., Zhang L., 2020. Use of 
multiple lines of evidence to understand reactive mercury concentrations and chemistry in Hawaii, 
Nevada, Maryland, and Utah, USA. Environmental Science and Technology, 54, 7922-7931. 

Lyman S.N., Tran H.N.Q., Mansfield M.L., Bowers R., Smith A., 2020. Strong temporal variability in 
methane fluxes from natural gas well pad soils. Atmospheric Pollution Research, 11, 1386-1395. 

Gustin M.S., Bank M., Bishop K., Bowman K., Branfireun B., Chetalat J., Hammerschmidt C., Lamborg C., 
Cortizas A.M., Tsui M., Zhang T., 2020. Mercury biogeochemical cycling: a synthesis of recent scientific 
advances. Science of the Total Environment, 737, 139619. 
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Lyman S.N., Cheng I., Gratz L.E., Weiss-Penzias P., Zhang L., 2020. An updated review of atmospheric 
mercury. Science of the Total Environment, 707, 135575. 

16.1.2. Reports and Theses 

Lyman S., Mansfield M.L., Tran H., Tran T., Holmes, M., 2019. 2019 Annual Report: Uinta Basin Air 
Quality Research. Utah State University, Vernal, Utah. 
https://binghamresearch.usu.edu/files/reports/UBAQR_2019_AnnualReport_v3.pdf.   

Allred, J., 2020. Soil health assessment on arid rangeland soils impacted by oil and gas exploration, 
development, and extraction. Master’s Thesis, Utah State University, Logan, Utah. 
https://usu.box.com/s/5vjvoy0drgnzzytj0mfjqesgn1sqqq25.  

Mansfield, M., Tran, H., Tran, T., 2020. Utah Air Resource Management Strategy (ARMS) Modeling 
Study: 2017 ARMS–Phase 2. Prepared for the U.S. Bureau of Land Management.  Utah State University, 
Vernal, Utah.  

Wilson, L., Tran, T., Lyman, S., Pearson, M., McGrath, T., Cubrich, B., 2020. Uinta Basin Composition 
Study. Utah Department of Environmental quality, Salt Lake City, Utah, 
https://documents.deq.utah.gov/air-quality/planning/technical-analysis/DAQ-2020-004826.pdf.  

Mansfield, M., 2019. Oilfield Waste Disposal Pond Model Analysis: Final Report. Prepared for the 
Wyoming Department of Environmental Quality. Utah State University, Vernal, Utah. 
https://usu.box.com/s/bv7rjspheqdu22y1bghqp85zab3bcgxx.  

16.1.3. Presentations 

Lyman, s., November 2019. Uinta Basin air quality research: 2019 annual report. Presentation to the 
Uintah Impact Mitigation Special Service District, Vernal, Utah. 

Tran, T., Tran, H., December 2019. Comparison of met-chem coupled online versus offline models in 
simulating high winter ozone episode in the Uinta Basin – Utah, USA. Presentation at the American 
Geophysical Union Fall Meeting, San Fransisco, California. 

Gratz, L., Lyman, S., Elgiar, T., December 2019. Observations of oxidized mercury in the U.S. 
Intermountain West using a modified dual-channel analyzer and automated calibration system. 
Presentation at the American Geophysical Union Fall Meeting, San Fransisco, California. 

Holmes, M., Lyman, S., Tran H., December 2019. Winter emission sources in the Uinta Basin. 
Presentation given at the Utah Conference on Undergraduate Research, Ogden, Utah. 

Lyman, S., January 2020. Uinta Basin winter Ozone: What we know and what we don’t. Presentation 
given at the Utah Petroleum Association Annual Meeting, Sundance, Utah.  

Holmes, M., Lyman, S., Tran H., February 2020. Winter emission sources in the Uinta Basin. Presentation 
given at the Utah State Capitol, Salt Lake City, Utah. 
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Holmes, M., Lyman, S., Tran H., March 2020. Uinta Basin oil and gas emissions contributing to 
wintertime ozone formation. Presentation to the Uinta Basin Ozone Working Group, Vernal, Utah. 

Tran, T., March 2020. ARMS 2017 CAMx base year 2011 model performance evaluation. Presentation to 
Bureau of Land Management and stakeholders, Vernal, Utah. 

Mansfield, M., Lyman, S., June 2020. Roles of snow in winter ozone formation. Presentation to the Utah 
Petroleum Association, Vernal, Utah. 

Lyman, S., June 2020. Uinta Basin air quality research. Presentation to the Utah Legislature’s Clean Air 
Caucus, Salt Lake City, Utah. 

Lyman, S., Tran, T., Wilson, L., O’Neil, T., June 2020. Composition of organic compound emissions from 
oil and gas wells.  Presentation at the Air Quality: Science for Solutions Conference, Provo, Utah. 

Holmes, M., Lyman, S., Tran H., Tran, T., June 2020. Reactive organic compounds in ambient air across 
the Uinta Basin.  Presentation at the Air Quality: Science for Solutions Conference, Provo, Utah. 

Tran, H., Tran, T., June 2020. Improving WRF/CAMx model performance using a satellite data 
assimilation technique for the Uinta Basin.  Presentation at the Air Quality: Science for Solutions 
Conference, Provo, Utah. 

Lyman, S., Elgiar, T., O’Neil, T., Mansfield, M., June 2020. Evidence against oxidation of elemental 
mercury by ozone.  Presentation at the Air Quality: Science for Solutions Conference, Provo, Utah. 

Mansfield, M., June 2020. Modeling the transport of formaldehyde across the air-water interface.  
Presentation at the Air Quality: Science for Solutions Conference, Provo, Utah. 

Wilson, L., Beeler, C., Tran, T., Lyman, S., Pearson, M., June 2020. Comparing various process simulator 
model output from oil-producing wells in the Uinta Basin. Presentation at the Air Quality: Science for 
Solutions Conference, Provo, Utah. 

Tran, T., Tran, H., June 2020. Meteorological-chemistry coupled: online versus offline models in 
simulating high winter ozone episode in the Uinta Basin. Presentation at the Air Quality: Science for 
Solutions Conference, Provo, Utah. 

Mansfield, M., August 2020. Downward trend in wintertime ozone. Presentation to the Uinta Basin 
Ozone Working Group, Vernal, Utah. 

Tran, T., Tran, H., Mansfield, M., Lyman, S., August 2020. Selection of chemistry mechanism strongly 
affects photochemically-simulated winter ozone concentrations in the Uinta Basin. Presentation to the 
Uinta Basin Ozone Working Group, Vernal, Utah. 

Lyman, S., September 2020. Uinta Basin air quality research: September 2020 update. Presentation to 
the Uintah Impact Mitigation Special Service District Board, Vernal, Utah. 

Mansfield, M., October 2020. Produced water.  Presentation to Utah environmental advocacy 
organizations, Salt Lake City, Utah. 
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Lyman, S., October 2020. Uinta Basin winter time ozone: causes, trends, and outlook.  Presentation at 
the Utah Clean Air Partnership Partners Meeting, Salt Lake City, Utah. 

16.2. Awards 

Our team received the following awards during the past year: 

 Student researcher Makenzie Holmes was one of only six Utah State University undergraduate 
students selected to present her research at the state capitol in 2020.  Read more about this 
honor.  

 Seth Lyman was named the Utah Clean Air Partnership (UCAIR) 2020 Person of the Year. Read 
about the award or watch a video about it. 

 Student researcher Tyler Elgiar was named the 2020 USU-Uintah Basin Undergraduate 
Researcher of the Year. 

16.3. Funding 

We have received $10,980,000 in research funding from 2011 to the present, including $8,792,000 in 
funding for research specific to the wintertime ozone issue.  Figure 16-1 shows the funding we have 
received, organized by year and type of funding source.   

 
Figure 16-1. Funding received by our research group from 2011 to the present, categorized by type of funding 
source.  Each bar shows the amount of funding awarded in the year indicated, even though a portion of those 
funds may have been spent in subsequent years, with one exception.  Anadarko Petroleum Corporation gifted 
Utah State University an endowment of $500,000 in 2009.  The endowment was renegotiated such that, since 
2018, its accrued interest is used to pay wages for student researchers.  In this and subsequent figures, funds 
used from that endowment are represented, but the original endowment amount is not.   

Figure 16-2 shows a breakdown of our team’s total funding by source type.  35% of our funding has 
come from federal government sources, including the Bureau of Land Management, the U.S. 
Department of Energy, the U.S. Department of Defense, the National Science Foundation, and the U.S. 
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Environmental Protection Agency.  33% has come from the state of Utah, including the Utah Legislature, 
the Utah Division of Air Quality, the Utah Science, Technology and Research Initiative, the Utah School 
and Institutional Trust Lands Administration, and TriCounty Health.  25% has come from the Uintah 
Impact Mitigation Special Service District (classified as local government in the figures in this section).  
2% and 3% have come from the Ute Indian Tribe and the State of Wyoming, respectively.  1% has come 
from private companies and foundations, and less than 0.1% has come from foreign entities (Nanjing 
University in China). 

 
Figure 16-2. All funding sources for our research team, from 2011 to the present. 

80% of our funding has been for work specifically for projects related to wintertime ozone.  Figure 16-3 
shows a breakdown of funding sources for this portion of our research.  Compared to our research 
funding as a whole, a greater portion of our winter ozone-specific research has come from the state of 
Utah (42%) and local government (31%), while less has come from federal government agencies (19%). 

 
Figure 16-3. Sources of funding for our research team for wintertime ozone projects, from 2011 to the present. 
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Since our inception, we have received funding from the following entities, ranked in order of the total 
amount of funding received: 

 Uintah Impact Mitigation Special Service District 
 Utah Legislature 
 U.S. Department of Energy 
 U.S. National Science Foundation 
 Utah Science, Technology and Research Initiative (USTAR) 
 U.S. Department of Defense 
 U.S. Bureau of Land Management 
 Utah Division of Air Quality 
 State of Wyoming 
 Ute Indian Tribe 
 USTAR Energy Research Triangle 
 Anadarko Petroleum Corporation 
 School and Institutional Trust Lands Administration 
 Deseret Power 
 Environmental Protection Agency 
 Chevron Salt Lake City Refinery 
 Utah Clean Air Partnership 
 Nanjing University 
 TriCounty Health 

16.4. Student Involvement and Training 

A generous endowment from Anadarko Petroleum Corporation has provided funds for students to 
participate in Uinta Basin air quality research (http://binghamresearch.usu.edu/studentfellowship).  

 Makenzie Holmes has worked with our team as an undergraduate researcher since spring 2018.  
She graduated from Utah State University-Uintah Basin with a Bachelor of Science degree in 
environmental science/biology in spring 2020.  She is now studying nursing and will graduate 
from USU as a Registered Nurse in spring 2021.  Makenzie analyzes samples for concentrations 
of organic compounds in our laboratory and has participated in several field projects.  She has 
attended numerous research conferences to present her work and is a co-author on a peer-
reviewed publication that is currently under review.  Makenzie is a co-author of Sections 10 and 
12 of this report.  She was the USU-Uintah Basin Undergraduate Researcher of the Year in 2019. 
 

 Tyler Elgiar worked with our team as an undergraduate researcher from January 2019 through 
August 2020.  Tyler graduated from Utah State University-Uintah Basin with a Bachelor of 
Science degree in wildlife ecology and management in spring 2020.  He performed maintenance 
and repairs at our field sites and participated in several field campaigns.  He also worked to build 
and test instrumentation to measure mercury in the atmosphere and has presented his research 
at international conferences.  Tyler is now working with our team on an atmospheric mercury 
project while pursuing a Master’s degree in toxicology. He was the USU-Uintah Basin 
Undergraduate Researcher of the Year in 2020. 
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 Adam Allen began work with us in November 2020.  Adam has a Bachelor of Science degree in 

biochemistry and is working towards certification as a medical laboratory technician. He will 
help with laboratory analysis and fieldwork over the coming year. 

16.5. Data Management, Quality, and Dissemination 

16.5.1. Data Management 

As described in our management plan, all measurement data we have generated during the reporting 
period has been stored on a cloud-based data storage server, with regular backups to local, removable 
hard drives.  We have collected field and laboratory notes using a secure, cloud-based electronic note-
taking software that complies with 21 CFR part 11 of the U.S. Federal Code.  We stored all instrument 
maintenance, calibration, and repair information within this management structure.  We used 
established standard operating procedures for our work.  These are publicly available here: 
http://binghamresearch.usu.edu/team_pages/std_operating_proced.     

16.5.2. Data Quality 

Table 16-1 shows a summary of data quality results for ambient air measurements we collected during 
the reporting period.  The maximum uptime possible for most measurements shown in the table is 
approximately 95% due to maintenance and calibration periods. 

Table 16-1.  Data quality summary for ozone, NOx, carbon monoxide (CO), and organic compound data collected 
during 2019-20.  Results are shown as averages ± 95% confidence intervals for all locations at which the 
indicated measurements were collected (confidence intervals are shown if the number of data points is three or 
more).  For a list of measurements collected and sites of collection, see Table 2-1. Percent uptime indicates the 
percent of the measurement period for which valid measurements were obtained.  NMHC indicates non-
methane hydrocarbons. N/A means not applicable. 

Measurement Zero calib. 
(ppb) 

Span calib. 
(% recov.) 

Percent 
uptime 

Ozone  0.1 ± 0.3 102 ± 1 94 ± 4 

NO -0.0 ± 0.0 99 ± 1 87 ± 32 

NOx (NO calib.) 0.1 ± 0.1 100 ± 1 87 ± 32 

NOy (NO calib.) 0.9 ± 0.7 97 ± 1 85 

NOx (GPT calib.) N/A 96 ± 1 87 ± 32 

NOy (GPT calib.) N/A 95 ± 1 85 

CO 44 ± 13 115 ± 5 97 

Methane 49 ± 31 98 ± 1 90 

Total NMHC 57 ± 33 99 ± 0 90 

Speciated NMHC 0.17 ± 0.02 94 ± 2 83 ± 32 

Carbonyls 0.06 ± 0.04 101 ± 1  85 

PM2.5 (BAM) N/A N/A 79 
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16.5.3. Data Dissemination 

We have uploaded the winter 2019-20 ozone dataset (Section 2) and a 2011-2020 air chemistry and 
meteorology dataset for the Roosevelt, Castle Peak, and Horsepool monitoring stations to the data 
access page of our website, http://binghamresearch.usu.edu/data_access. We have also added our 
portable sample station dataset (Section 10) and speciated organic compound data (Section 2.3.4) to the 
same web page.   

During the year, we gave meteorological and chemical datasets we collected to several environmental 
consultants and energy companies for use in their own analyses.  We also posted a dataset of methane 
and carbon dioxide fluxes from well pad soils to the USU Digital Commons public data access site 
(https://digitalcommons.usu.edu/all_datasets/111/).  This dataset is associated with a paper we 
recently published, Lyman et al. (2020b). 

16.6. Outcomes from Annual Project Objectives 

We established project objectives for the current reporting period in Section 15 of our previous annual 
report, which is available here: 
https://binghamresearch.usu.edu/files/reports/UBAQR_2019_AnnualReport_v3.pdf.  In Table 16-2, we 
report on any discrepancies between planned work and actual outcomes for each of the project 
objectives outlined in the previous annual report. 

Table 16-2. Outcomes of annual project objectives for the current reporting period. 

OBJECTIVE OUTCOMES 
Stakeholder and Community Engagement 

Operate ubair.usu.edu 
website to display map-
based, real-time air 
quality information to 
the public 

We completed this objective for the reporting period (see information 
about performance in Section 17.1.3).  We have re-established this 
objective for the coming year. 

Operate the Ozone Alert 
program 

We completed this objective (see information about performance in 
Section 14).  We will continue operation of this program in the coming 
year. 

Uinta Basin Ozone 
Working Group 

We completed this objective.  See the group’s website at 
https://basinozonegroup.usu.edu.  We will continue facilitating this group 
in the coming year. 

Interact More 
Frequently With 
Stakeholders 

One suggestion from stakeholders last year was to organize an annual 
workshop to discuss winter ozone issues.  On further discussion, however, 
stakeholders did not come forward with interest in the workshop, so we 
abandoned the idea.  We did prepare and disseminate quarterly 
newsletters so stakeholders could have more ongoing information about 
our team’s activities.  Our 2020 newsletters are available here: 
https://binghamresearch.usu.edu/newsletters/newsletter-links.  

Make Fact Sheets to We have only prepared two fact sheets, one about wintertime ozone 
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OBJECTIVE OUTCOMES 
Summarize Study 
Results for Lay Readers 

generally (https://binghamresearch.usu.edu/files/2-
pagehandoutUBairquality.pdf), and one about emissions detected by 
optical gas imaging cameras 
(https://usu.box.com/s/kbclyd11crnhafpr5e0u4h53hqv4hcl3).   We will 
continue developing fact sheets in the coming year. 

Ambient Air Monitoring    
Operate air quality 
monitoring stations  

We completed this objective (see information in Section 2 and Section 
16.5).  We will continue operation of these stations in the coming year. 

Continue Investigation 
of Carbonyl Fluxes at 
the Air-snow Interface 

We have made progress on this objective, though it is not complete.  See 
our report in Section 12. 

Drone Deployments to 
Characterize Vertical 
Structure of Inversion 
Episodes 

We did not complete this objective.  Without high winter ozone and with 
limited personnel, we focused our winter measurements in other areas.   
 

Cooperation with BLM 
in Their Measurements 
of Vertical Inversion 
Structure 

We did not complete this objective because BLM did not deploy any 
measurement systems until October 2020. 

Air Quality Model Development 
Online Coupling of 
Meteorology and 
Chemistry in 
Photochemical 
Simulations of Winter 
Ozone 

We made exciting progress on this objective, though there is more work to 
do.  See our results in Section 5. 

Sensitivity Tests of 
Different Organic 
Compound Emissions 
Composition Scenarios 

See our progress on this objective in Section 8. 

Processing of 2017 Utah 
Air Agencies Emissions 
Inventory for 
Photochemical 
Modeling 

We completed this objective.  See our report in Section 9.  

Comparison of the 2017 
Utah Air Agencies 
Inventory against Top-
down Estimations of 
Basin-Wide Emissions 

We have not completed this objective, though we have made some 
progress.  This objective will be completed during the coming year as part 
of a project funded by the Utah Division of Air Quality, which you can read 
about here: https://deq.utah.gov/air-quality/improving-volatile-organic-
compound-emission-estimates-for-the-uintah-basin.  

Development of a Box 
Model for Investigation 
of Emissions and 

We have not completed this objective.  We have re-established it as an 
objective for the coming year. 
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OBJECTIVE OUTCOMES 
Chemistry 
Improving WRF/CAMx 
model Performance 
with Satellite Data 
Assimilation Techniques 

We have completed this objective.  See Section 7. 

  

Emissions Characterization 
Organic Compound 
Measurements from 
Portable Collection 
Stations 

We have made progress on this objective, and we will continue these 
measurements in the coming year.  See our report in Section 10. 
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17. Stakeholder Engagement 

The mission of our research is to generate knowledge and provide information that helps stakeholders 
(industry, regulators, and others) to make better decisions about air quality.  Thus, we strive to engage 
stakeholders in our research process and help them understand and utilize the information we produce.  
In this section, we report on our efforts to accomplish this goal during the reporting period. 

17.1. Stakeholder Activities  

17.1.1. Ozone Alert Program 

Section 14.1 provides information about our ozone alert program, which alerts industry and others 
when high ozone is expected so they can reduce emissions when it matters most. 

17.1.2. Uinta Basin Ozone Working Group 

In 2018 we worked with individuals from government, industry, and environmental advocacy 
organizations to organize the Uinta Basin ozone working group, and this group has continued into the 
present.  The purpose of this group is to determine and promote actions that will reduce wintertime 
ozone in the Uinta Basin.  The group’s website is here: https://basinozonegroup.usu.edu.  Marc 
Mansfield serves as the group’s facilitator and leads its steering committee.  Seth Lyman constructed 
and manages the group’s website and is responsible for group communications.  Our team regularly give 
presentations to the group about the science of wintertime ozone and actively participate in all working 
group meetings. 

17.1.3. Other Stakeholder Activities and Utilization of our Work 

Below we list additional actions undertaken to learn from and provide information to government 
entities, industry, and the public.  This list does not include formal presentations given or reports 
produced since those are already listed in Section 16.1.  

 We received funding from the Utah Division of Air Quality to prepare a meteorological model for 
them to use in their regulatory monitoring efforts.  We have completed that model and 
submitted the model output files to them.  We are currently finishing a report of the model 
results. 

 Our work to measure and model emissions of organic compounds from produced water ponds, 
and an emissions modeling tool we developed for that purpose, WYPEC, have been incorporated 
into permitting guidance issued by the Wyoming Department of Environmental Quality.  WYPEC 
is now Wyoming DEQ’s preferred methodology for estimating emissions from new produced 
water disposal facilities.  The guidance is available here: 
https://content.govdelivery.com/accounts/WYDEQ/bulletins/2ac2ed3.  WYPEC and produced 
water emissions reports are available on our website. 

 Some of our emissions measurement data has been included in the U.S. EPA SPECIATE database, 
which contains emissions composition information for use in air quality photochemical models.  
The database is available here: https://www.epa.gov/sites/production/files/2019-
07/documents/speciate_5.0.pdf. 
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 Our organic compound concentration data, which are the only ongoing dataset of organics in 
ambient air in the Uinta Basin, has been included in EPA’s AQS database, which allows anyone 
from around the world to access and utilize it.  It is available here: 
https://www3.epa.gov/ttn/amtic/toxdat.html#data.  

 ubair.usu.edu, our real-time air quality data website, had 501 unique users who visited the 
website in 2,142 sessions over the last 12 months.  This is 13% more users than the previous 12-
month period.  We know from anecdotal evidence that the site is used by elected officials and 
industry representatives.  Visits to the website increased when air quality worsened during 
winter months and during summer wildfires, as shown in Figure 17-1. 

 
Figure 17-1. Users of the ubair.usu.edu real-time data website per day over the past 12 months. 

 binghamresearch.usu.edu, our team’s main website, had 2,292 unique users who visited the site 
in 3,284 sessions during the past 12 months.  This is 5% more users than the previous 12-month 
period.  Users accessed our homepage, information about our research team, our reports page, 
our ozone alert page, and our data access page. 

 We have given periodic reports to the Uintah Impact Mitigation Special Service District board 
about our ongoing activities. 

 We provided our annual report, specific project reports, report summaries, and datasets to 
members of our stakeholder committee and others in government and industry upon request. 

 We produced two newsletters during 2020 and sent them to a stakeholder group so they could 
stay abreast of our team’s findings and projects.  The newsletters are available here: 
https://binghamresearch.usu.edu/newsletters/newsletter-links.  

17.2. Stakeholder Input 

17.2.1. Stakeholder Guidance Committee 

We engaged our stakeholder guidance committee to review and provide comments on our management 
plan (https://usu.box.com/s/877z4o8nwynu3uwcze8uxj8jaant7auw), our research priorities (Section 
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18), and our research plan for the coming year (Section 19).  We provided committee members with a 
draft plan and our management plan on 8 October and invited them to review these documents and 
provide comments.  We held a meeting on 27 October to discuss the plan with the committee.  
Members of the committee include representatives from: 

 Ute Indian Tribe 
 Utah Petroleum Association 
 Western Energy Alliance 
 Several local oil and gas companies 
 Environmental consulting companies 
 Uintah Impact Mitigation Special Service District 
 Duchesne County 
 Utah Division of Air Quality 
 TriCounty Health 
 Bureau of Land Management 
 Environmental Protection Agency 

We received the following suggestions during this process: 

 Since Ouray tends to have the highest ozone, measurements specific to that location would be 
beneficial. 

 Box models are good, but they aren’t an end-all.  Use them with caution, and don’t let them 
overshadow the all-important work of 3D photochemical model development. 

 What can be done to further investigate produced water and its impacts on air quality?  Perhaps 
an assessment of the air quality impact of removing produced water ponds would be good?   

o As a note, Huy Tran did a modeling study to this end in our 2018 annual report, in 
Section 6.2, but that study had some limitations.  The biggest one is that the model used 
wasn’t able to simulate ozone nearly as high as was observed in reality. 

 Since some lines of evidence point to winter ozone in the UB being NOx-limited, why do we 
focus so much on characterizing organics emissions?   

o We talked about how the model still needs accurate organics emissions to function 
properly and how, even if NOx reductions are more important pound-for-pound, 
organics reductions could be more effective dollar-for-dollar.  But the point is well made 
that our work needs to consider NOx emissions more than it has in the past. 

17.2.2. Stakeholder Survey 

We created a survey to solicit information from stakeholders about how our research products are used 
and how we can improve the effectiveness of our team’s operations.  The survey is available at 
https://forms.gle/ENTYC2uW6BgNwosB9.  We sent the survey to 96 people who work in all levels of 
government, the energy industry, and environmental advocacy organizations. 

We received 17 responses to the survey.  The survey respondents identified as the following: 
 Regulatory or land management agency in state government (3) 
 Regulatory or land management agency in federal government (3) 
 Appointed official in local government (1) 
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 Environmental and recreation concerns (2) 
 Industry (7) 
 Did not identify (1) 

We asked respondents to answer the open-ended question, “How have you and the organization you 
represent used information generated by USU's Uinta Basin air quality research team?  Please be 
specific.”  We received the following responses: 

 From government agency representatives: 
o [Our agency] has used information generated by USU's Uinta Basin Air Quality Research 

Team in developing air quality regulations for the…[Uinta] Basin. 
o Using Uinta Basin composition study to compare to current emissions inventory 

calculations and evaluate possible improvements. 
o Yes, we have utilized USU research in development of policy and regulatory action.  
o We use it as a resource to understand the air quality issues that are happening in the 

Basin. 
o Cited USU studies and presentations in emission work. 

 From a local government official: 
o Yes, to monitor ozone levels in wintertime. 

 From an environmental and recreation representatives: 
o We base our project planning on the Bingham Center's research 
o Many communities in Utah are working to pivot from carbon-based revenue flows to 

utilization of their public lands for recreation to attract both visitors and quality of life 
recruits. Uintah County has moved in this direction, but is inhibited from making real 
progress until this air quality situation is resolved or at least trending towards 
resolution, and while I have tried to understand the data and reports, I have been 
unable to determine if there is any real progress towards a long term solution--or is the 
Uintah Basin due to its unique features always going to suffer from air quality 
uncertainty until oil and gas production ceases? The data provided is extremely 
technical and very hard to interpret as a layperson. And from what I can tell, industry, in 
the absence of regulation, has not initiated significant efforts to take responsibility to 
solve the problem so advertising the area for quality of life while the air quality issue 
remains so questionable is a fairly unworkable proposition.  So as to the questions 
below regarding how the research aids industry and government---have either fully 
acted on the research?  The work of the research team is good, but if industry or 
government has taken meaningful steps because of it, these steps need to be 
highlighted. 

 From industry: 
o I utilized ozone monitoring and modeling information provided by USU to assist in the 

development of a PSD application for a source in the Uinta Basin 
o We have not used any yet, as we are a new company in the area.  But I'm assuming we 

will be staying abreast of any/all ozone monitoring numbers moving forward. 
o Regulatory planning 

We asked respondents to rate their level of agreement with three statements about our research.  Table 
17-1 shows the questions asked, and the responses received. None of the scores changed significantly 
from the previous year. 
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Table 17-1. Results of survey questions that asked respondents to rate their level of agreement with given 
statements.  A response of one indicated complete disagreement, and a response of ten indicated complete 
agreement.  Responses are shown as means ± 95% confidence intervals.   

Statement Response 
USU's Uinta Basin air quality research helps the local public 
understand and respond to air quality issues. 

8.8 ± 0.9  

USU's Uinta Basin air quality research helps industry respond 
more effectively to air quality issues. 

8.8 ± 1.0  

USU's Uinta Basin air quality research helps government 
agencies make better decisions. 

8.8 ± 0.7 

We asked respondents what specific actions we could take to improve our research program.  Themes in 
this year’s responses are similar to responses from last year, with calls for a focus on understanding 
emissions’ impact on air quality and calls to make our research accessible and useful by stakeholders.  
Each response is reproduced below: 

 More identification of VOC leaks from oilfield sites so companies can fix or upgrade equipment. 
 Expand its research program whenever funding allows  
 Continue research on emission sources and characterizations 
 I am very interested in the further understanding of emissions from engines in the Basin and 

potential releases from operational activities, i.e. pigging, blowdowns, upstream shut downs  
 Already doing well 
 Continued focus on the emissions inventory and speciation of emissions for equipment where 

significant gaps remain 
 1. Better identify specific precursors. 2. Further develop the model used to predict/identify 

ozone. If policy will be enforced based on a model, it needs to be as accurate as possible. 3. 
Identify if all of the precursors generate in the Basin, or if they migrate in from other locations - 
for example, wildfires this summer at +9500' elevation have caused near exceedances of ozone 
in Roosevelt and Ouray. I struggle with the possibility of local industry being penalized because 
of ozone from outside sources combined with meteorological conditions. Neither of these 
conditions are a product of local industry, yet industry will be penalized. 

 I think the team uses its funding and time very efficiently.  Their understanding of the winter 
ozone issue is comprehensive and recommend they are utilized by the various stakeholders to 
continue, or expand, their role in the winter ozone nonattainment process. 

 Give us an overall improving/not improving metric that is easy to understand. 
 Consider ways that the research can be translated into operational activities to reduce 

emissions or ozone episode days. Some research papers don't always include this step to show 
how the science can be used in real-world decisions. 

 Understanding combustion by-products; being able to estimate combustion emissions based on 
gas stream burned 

We asked respondents what specific actions we could undertake to ensure our research products are 
used by stakeholders.  We received the following responses.  As with the previous question, some of the 
responses centered around the need to make our work accessible to those who need it. 

 Continue working closely with local media and energy industry to make the public aware of 
potential ozone exceedance days. 
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 Managing collaborative problem-solving groups is amazing. If marketing/public awareness 
dollars flow into the Basin, the Bingham Center should advise it. 

 Maybe a monthly/quarterly/semi-annual brief with links and updates to completed and ongoing 
research. 

 I don't have any additional ideas at this time. 
 Keep me on your email list! 
 Hold frequent update webinars 
 It seems you are doing the right things - S4S conference, website, publications, meetings, etc. 
 USU does a good job of getting their work out through presentations, papers, etc.  
 I'm not sure this is in USU's control, but between the many stakeholders, meetings, and 

subcommittees, following the research activity can be difficult. For instance, the WRF modeling 
for the State of Utah that is currently being undertaken does not seem to have any visibility. 

 It appears that industry does not want to act until they are guaranteed to get credit for their 
actions--beyond awards is the credit bank idea still alive? Does the research support that idea? 

 Continued collaboration with other stakeholders, and making these stakeholders aware of the 
research/products that may be useful to them. Especially if there are new research/products 
that people are unaware of. 

 I think your outreach and communication seems consistently done and through several avenues. 

17.2.3. Implementation of Stakeholder Suggestions 

In our view, the majority of stakeholder’s suggestions and concerns encompassed two themes, which 
we’ve attempted to frame below: 

1. Continuing work to understand emissions is important, since this is what will help industry and 
regulators know how to efficiently and effectively reduce emissions and resolve the winter 
ozone problem.  NOx emissions are important, not just organics.  Take emissions work one step 
further by understanding how emissions reductions from different sources will or won’t help 
with the winter ozone problem. 

2. We should do more to make our work, and the Uinta Basin winter ozone situation generally, 
more accessible.  This need seems to have two prongs: (1) keep industry and government 
agencies apprised of research findings and involve them in research so they can put it to use, 
and (2) develop more ways to make air quality information accessible to the public. 

Content in this report shows that we are currently doing work to deal with some aspects of these 
suggestions.  While financial and personnel limitations will make it impossible for us to carry out all the 
stakeholder suggestions, we plan the following steps to respond to and incorporate them in our work to 
the extent practicable: 

1. Provide the results of our stakeholder input process to a broad group of stakeholders.  
2. Develop options for implementing stakeholder suggestions.  If there are suggestions we don’t 

feel we can implement, we will provide justification for that position. 
3. Engage stakeholders via a web survey to learn which options they feel are most important for us 

to pursue. 
4. Make a plan to implement the options that stakeholders rate as important.   
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18. Priorities for Uinta Basin Winter Ozone Research 

Authors: Seth Lyman, Huy Tran, Marc Mansfield 

The following is a working list of what we feel are the most important gaps in scientific understanding of 
the Uinta Basin wintertime ozone phenomenon.  The purpose of this list is to guide current and future 
air quality research in the Uinta Basin.  Our project objectives for the coming year (next section) are 
intended to address these questions. 

Priority 1: Air Chemistry 
 How are ozone, NOx, and organic compound concentrations in the wintertime atmosphere 

changing spatially and over time due to changes in (1) industry operations and (2) the regulatory 
landscape? 

 How does the snowpack physically and/or chemically process volatile organic compounds? 

Priority 2: Air Quality Modeling 
 How can we produce meteorological simulations that accurately represent surface-level and 

vertical conditions during wintertime inversion episodes? 
 What model parameterizations and techniques best reproduce actual physical and chemical 

conditions during winter inversion episodes?  
 How can we quantify non-local (summer and winter) influences on Uinta Basin air quality? 

Priority 3: Emissions 
 What specific oil and gas production processes and/or equipment types are responsible for 

discrepancies between inventoried and actual (i.e., directly measured) organic compound 
emissions from the oil and gas industry? Possible discrepancies include: 

a. Heavy-tailed distribution in the magnitude of emissions (i.e., a few large sources that 
make up a significant portion of total emissions from all sources), compared with a 
normal distribution in inventoried emissions; 

b. Intermittent emissions not accounted for in inventories; and 
c. Sources that are either excluded from or not accurately accounted for in inventories. 

 What is the composition of organic compounds (including alcohols and carbonyls) emitted from 
specific areas, industry processes, and/or equipment types? 

Priority 4: Stakeholder Engagement 
 How can we make sure all of our research output is useful to and utilized by regulators in their 

air quality modeling and decision-making activities? 
 How can we work with industry and others to (1) facilitate emissions reductions and (2) improve 

our understanding of oil and gas processes that lead to emissions?   
 How can we ensure that our work is useful to and utilized by regulators, industry, and others? 
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19. Research Plan for 2020-21 

Authors: Seth Lyman, Marc Mansfield, Huy Tran 

This section provides information about our annual project objectives.  It deals with specific activities we 
are currently undertaking or plan to undertake during the next year.  Each activity falls under one of the 
research priorities from the previous section.  Information about our general operations and goals are 
available in our management plan.  We present a list of objectives in Table 19-1.  Details about each 
objective are available in the following sections. 

Table 19-1. Summary of research objectives for 2020-21, organized by research priority headings 
(see the previous section).

 Priority 1: Air Chemistry 
Operate Ambient Air Monitoring Stations 
Continue Investigation of Carbonyl Fluxes at the Air-snow Interface 
Organic Compound Measurements from Portable Collection Stations 
Priority 2: Air Quality Modeling 
Perform WRF Model Observational Nudging Analysis with BLM Measurements of Vertical Meteorology 
Sensitivity Tests of Different Organic Compound Emissions Composition Scenarios 
Comparison of Chemical Mechanisms in Photochemical models 
Development of a Box Model for Investigation of Emissions and Chemistry 
Priority 3: Emissions 
Emissions of Reactive Organics from Natural Gas-Fueled Engines 
Priority 4: Stakeholder Engagement 
Real-time Data Website 
Ozone Alert Program 
Uinta Basin Ozone Working Group 

19.1. Priority 1: Air Chemistry 

19.1.1. Operate Ambient Air Monitoring Stations 

We will operate meteorology and air quality monitoring equipment at the following stations during 
winter 2019-20 (15 November through 15 March): 
 Horsepool 
 Roosevelt 
 Castle Peak 
 Seven Sisters 
 Fruitland 

These stations are not official regulatory monitors but are instead operated for research purposes.  They 
have two main purposes.  The first is to measure chemical conditions around the Uinta Basin that are 
not captured at regulatory stations.  Regulatory NOx instruments suffer from a high bias during winter 
inversion episodes and thus do not provide accurate NOx measurements during these periods, whereas 
we measure NOx via an unbiased technique at Horsepool, Roosevelt, and Castle Peak.  Our 
measurements of speciated organic compounds at Horsepool and Roosevelt are the only ongoing 
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organics measurements in the Uinta Basin (hydrocarbons, alcohols, and carbonyls).  We also measure 
NOy, CO, particulate matter smaller than 2.5 μm (PM2.5), snow depth, solar radiation, and albedo at 
various wavelengths. 

Our monitoring stations' second purpose is to provide information about the spatial distribution of 
ozone in the Uinta Basin region.  Eight regulatory monitoring stations operate in the Uinta Basin, but 
they are not evenly distributed around the Basin.  We operate ozone monitoring stations to provide a 
more spatially representative dataset to compare against results from our photochemical modeling 
work (Figure 1).   

Most of our stations have operated since 2010. The entire dataset, including data from regulatory 
stations and stations we operate, constitutes an essential long-term record of meteorology and air 
quality in the Uinta Basin. 

 Responsible persons: Seth Lyman will lead this effort. Seth Lyman, Trevor O'Neil, and students 
will operate, maintain, and repair the monitoring stations and analyze collected laboratory 
samples.  Seth Lyman and Marc Mansfield will analyze collected data. 

 How we will measure performance: Data quality, data uptime, datasets available to the public, 
use of data in reports and publications. 

 
Figure 19-1. Air quality monitoring stations that will operate in the Uinta Basin during winter 2020-21. 

 

19.1.2. Continue Investigation of Carbonyl Fluxes at the Air-snow Interface 

We have measured fluxes of organic compounds at the air-snow interface in past years.  Section 7 of our 
2019 annual report describes our most recent work.  The field measurements described there show that 
carbonyl compounds, which are very active in winter ozone production, are emitted from the snow 
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under some conditions.  We have begun laboratory investigations based on those findings, and we will 
continue laboratory studies in the coming year. 

For the laboratory work, we will place snow in two PTFE bags in a chest freezer altered to allow 
transmission of UV light, and we will fill the bags with air.  We will add organic compounds to the bags 
from certified compressed gas standards in a mixture that approximates their composition and 
concentrations in the Uinta Basin atmosphere, and we will mix the air in the bags with a PTFE Teflon 
pump.  We will collect samples of organic compound composition (speciated hydrocarbons, alcohols, 
and carbonyls) from the bags after an appropriate reaction time.  The bags will be subjected to different 
conditions to determine how those conditions impact chemistry within the bag, as listed: 

 Exposure to sunlight vs. dark 
 With and without snow 
 With and without organic compounds added 

These tests will allow us to determine whether hydrocarbons and/or alcohols are oxidized to become 
carbonyls in the presence of (1) snow and (2) sunlight.  If hydrocarbons and/or alcohols are being 
converted to carbonyls, the snowpack is a carbonyl source that needs to be included in photochemical 
models.  If snow is merely a short-term reservoir for carbonyls, its influence on wintertime ozone 
production is less important.   

 Responsible persons: Seth Lyman, Trevor O'Neil, and student researchers will conduct the tests 
during spring 2021.  Marc Mansfield and Seth Lyman will analyze collected data.   

 How we will measure performance: Successful completion of the laboratory tests, with data that 
meet quality objectives, and a write-up about results in our 2021 annual report. 

19.1.3. Organic Compound Measurements from Portable Collection Stations 

Over the past two winters, we have deployed 17 portable sampling stations to collect ambient air 
samples that we analyzed for concentrations of 76 hydrocarbons, alcohols, and carbonyls.  We have 
deployed the stations in different configurations around the Uinta Basin.  We have also collected daily 
speciated measurements of the same compounds at the Horsepool and Castle Peak monitoring stations.  
Much of this work has been completed with funding from the Utah Division of Air Quality.  We will 
continue and complete the UDAQ project over the coming year.  We will collect more ambient 
measurements this winter to add to the existing dataset, and we will conduct modeling to determine 
sources of measured compounds and to find areas of discrepancy between inventoried emissions and 
actual ambient concentrations.  The proposal for the UDAQ-funded portion of the study can be found 
here: https://usu.box.com/s/snl53q7z4te72e7p45aeyv88ty6cuqgr. Information about our findings thus 
far are available in our 2019 Annual Report. 

 Responsible Persons: Huy Tran is the principal for the UDAQ-funded portion of this work.  Huy 
Tran will determine sampling locations, and Seth Lyman will direct field deployments.  Huy Tran 
will carry out photochemical modeling based on measurement results, and Marc Mansfield will 
carry out receptor modeling and other data analysis. 

 How we will measure performance: Data collected that meet quality assurance criteria, 
successful completion of analysis and modeling exercises, and a final report and papers 
describing study results. 
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19.2. Priority 2: Air Quality Modeling 

19.2.1. Perform WRF Model Observational Nudging Analysis with BLM Measurements of 
Vertical Meteorology 

The Bureau of Land Management (BLM) has deployed a radiometer profiler, a SODAR, a meteorological 
measurement tower, and other instrumentation in the Uinta Basin at the Ouray National Wildlife 
Refuge.  It will remain at the Refuge during winters 2020-21 and 2021-22.  We will assist BLM in this 
work as needed, archive the collected data, and, as time and funding allows, we will use the collected 
data for model data assimilation and validation. 

We will process BLM meteorological measurement data and use it to conduct observational nudging 
techniques in the WRF model. This exercise is similar to the technique that we applied for WRF 
simulations for winter 2013, which greatly improved model performance (see Tran et al. (2018) and 
Lyman et al. (2019)). 

 Responsible Persons: Seth Lyman and Huy Tran will coordinate this effort with BLM.  Huy Tran 
will conduct the surface nudging analysis with BLM's measurement data for a selected 7-day 
episode. 

 How we will measure performance: WRF model performance with and without surface nudging 
analysis and a report of project results. 

19.2.2. Sensitivity Tests of Different Organic Compound Emissions Composition Scenarios 

We participated in the Utah Division of Air Quality's Uinta Basin Composition Study, which improved 
estimates of the organic compound composition of raw gas and tank emissions.  We are currently 
conducting photochemical simulations that utilize organic compound speciation profiles derived from 
this study to determine how the profiles alter modeled ozone and organic compound concentrations in 
our standard photochemical model.  We will complete any remaining work in this area over the next 
year.     

 Responsible Persons: Huy Tran will conduct the photochemical simulations.  Seth Lyman will 
assist with preparing data and analyzing results. 

 How we will measure performance: Successful completion of the planned modeling exercises 
and reporting of project results.  

19.2.3. Comparison of Chemical Mechanisms in Photochemical models 

Our recent modeling work using the WRF model with chemistry extension (WRF-Chem) has shown that 
the Regional Atmospheric Chemistry Mechanism (RACM) produces much better ozone performance for 
a winter 2013 episode in the Uintah Basin than the Carbon Bond chemistry mechanisms (CB05 and CB6) 
that are widely used in regulatory photochemical models (CMAQ or CAMx; see Section 5). The 
consensus among modelers is that different chemical mechanisms are not likely to result in significant 
differences in air quality model performance, so this finding is surprising and merits further scrutiny. 
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The WRF-Chem model platform is computationally intensive, and therefore is not favored for regulatory 
purposes. On the other hand, the RACM mechanism is not commonly used in regulatory models like 
CMAQ or CAMx. We will implement the most current RACM mechanism in the CAMx model and 
compare model performance to the same model with more commonly-used mechanisms (CB6 and 
SAPRC).  We will model output against measured ozone and a variety of ozone precursors. We will also 
use model process analysis tools to determine how the combination of chemistry and emissions lead to 
production of ozone and its precursors for each chemical mechanism. 

 Responsible Persons: Huy Tran will conduct the implementation of RACM into the CAMx model 
and compare the model performance using the same model but with the CB6 and SAPRC 
mechanisms. 

 How we will measure performance: Successful implementation of RACM and other mechanisms 
in the CAMx model, and a report of project performance that we will share with other modelers 
to solicit their feedback. 

19.2.4. Development of a Box Model for Investigation of Emissions and Chemistry 

The goal of our modeling is to develop a state-of-the-art photochemical grid model of the Uinta Basin.  
Such models divide the atmosphere over the region of interest into a grid of three-dimensional cubes.  
They incorporate models of meteorology, emissions, and air chemistry.  Three-dimensional 
photochemical grid models are used by regulators to develop region-wide reduction plans for air 
pollution emissions.   

By contrast, box models eliminate most of the complex calculations of the photochemical grid models 
and focus mostly on atmospheric chemistry.  They provide a rapid technique for testing hypotheses 
about photochemistry without running a full-blown grid model.  We are developing a box model for 
Uinta Basin winter ozone.  We are using the box model to (1) test whether ozone in different areas of 
the Uinta Basin is more sensitive to reductions in NOx versus organic compounds, (2) improve our 
understanding of how chemical and physical processes in the snowpack impact wintertime ozone, (3) 
test the impact of different compounds on ozone production, and (4) investigate impacts of individual 
chemical reactions on ozone production.  We will continue this work over the next year.  These studies 
will be directly relatable to the sensitivity tests and chemical mechanism comparisons mentioned in 
previous sections. 

 Responsible person: Marc Mansfield. 
 How we will measure performance: Development of a working box model, use of the box model 

as described above, reporting in our annual report. 

19.3. Priority 3: Emissions 

19.3.1. Emissions of Reactive Organics from Natural Gas-Fueled Engines 

We received funding from the Utah Division of Air Quality to measure emissions from about 50 natural 
gas-fueled artificial lift engines in the Uinta Basin.  We will also use funding from the Utah Legislature for 
this work.  We will analyze emissions of NOx, CO, CO2, O2, H2O, methane, and 70 individual organic 
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compounds from as-found engines during winter 2020-21.  Details can be found in the funding proposal 
for the project.   

 Responsible Person: Seth Lyman and Huy Tran lead this project.  Trevor O'Neil and students will 
work with Seth and Huy on emissions measurements and laboratory analysis of collected 
samples.  Marc Mansfield will conduct an analysis of the collected data, including a comparison 
to existing emissions information in the 2017 Utah Air Agencies Oil and Gas Emissions Inventory 
and the EPA SPECIATE database. 

 How we will measure performance: Collection of measurements that meet quality criteria, 
report of project results. 

19.4. Priority 4: Stakeholder Engagement 

19.4.1. Real-time Data Website 

We will continue to operate our real-time data website at ubair.usu.edu. The site provides data about 
air quality and meteorological conditions around the Uinta Basin and is used by industry, government, 
and the public to assess current air quality conditions.   

 Responsible persons: Seth Lyman and Trevor O'Neil 
 How we will measure performance: Number of unique users each year 

19.4.2. Ozone Alert Program 

We will continue to operate our ozone alert program (http://binghamresearch.usu.edu/OzoneAlert and 
https://ozonealert.usu.edu/).  The purpose of the program is to alert oil and gas operators and others 
when high ozone is forecast so they can take action to reduce ozone-forming emissions. The primary 
form of communication for the alerts is email, but we also provide updates on Twitter and our web app. 

We will apply the recurrent neural network (RNN) with long short-term memory (LSTM) revolving 
machine learning technique to predict ozone concentrations out to 48 hours in the future during winter 
season 2020-21. The RNN technique relies on the current ozone concentration and other parameters to 
forecast future ozone. This technique differs from the forecast technique that we applied in the past 
winters, during which we used a multi-variable regression of ozone and its driving factors (e.g., oil and 
gas production, meteorology), along with numerical weather forecasts, to predict ozone. Our ozone 
forecasts will be published to our web app.  

 Responsible persons: Huy Tran will perform the ozone forecast with the RNN technique. Marc 
Mansfield will work with Huy Tran to continue to perform ozone forecasts with a traditional 
regression model for comparison. Huy Tran will be responsible for publishing ozone forecasts to 
our web app.  Seth Lyman and Huy Tran will work together to determine when ozone alerts 
should be issued.  Seth will send alert emails.  

 How we will measure performance: Number of unique users (including industry users), 
subscriber survey at the end of the season for seasons during which high ozone occurred.  
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Performance of the ozone forecast model compared to actual observed ozone, and from 
feedback provided by users who visit our web app on the effectiveness of the forecast program. 

19.4.3. Uinta Basin Ozone Working Group 

The Uinta Basin Ozone Working Group is a collaborative forum to facilitate attainment of the ozone 
standard in the Uinta Basin (https://basinozonegroup.org/). The group includes representation from 
government, industry, researchers, and environmental advocates.  We will continue to facilitate the 
ozone working group.   

 Responsible persons: Marc Mansfield will participate as the leader of the group's steering 
committee and as the meeting facilitator, and Seth Lyman will maintain the group's website and 
be responsible for group communications. Our entire team will participate in group meetings 
and provide information for the group as needed. 

 How we will measure performance: Meeting attendance. 
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