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Executive Summary 

During the wintertime inversion conditions that are common in basins and valleys throughout Utah, 
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 the urban Wasatch Front, leading to the formation of ozone, rather than 
PM2.5.   

This document reports on Uinta Basin air quality research carried out by the USU Bingham Research 
Center during the past year.  It also provides information about USU’s research plans and performance.  
Here we provide some highlights and key findings: 

• Snow is a key ingredient required for wintertime ozone formation, and almost no snow cover 
existed in the basin during the past winter, so no ozone exceedance days occurred (Section 2). 

• Ozone exceeded the EPA standard of 70 ppb at at least one Uinta Basin monitoring station on 
nine days during the past summer.  In most cases, the exceedances were clearly the result of 
wildfire emissions (Section 3). 

• Ambient concentrations of NOx and organic compounds at the Horsepool monitoring station in 
central Uintah County have decreased by about half over the past five years and follow a 
decreasing trend in natural gas production.  NOx and organics have stayed relatively steady at 
the Roosevelt station (Section 4). 

• We have made improvements to simulations of the complex meteorology that exists during 
winter inversions.  Accurate meteorological simulations are crucial to the development of the air 
chemistry models that are used for determining appropriate emissions reduction strategies 
(Section 5). 

• Emissions of organic compounds from produced water ponds contribute significantly to winter 
ozone formation (Section 6). 

• Our multiple regression model uses meteorological data to predict with 94% accuracy whether a 
given day will have ozone in excess of the EPA standard (Section 7). 

• We published eight peer-reviewed publications and four technical reports during the past year 
(Section 12). 

• We produced a summary of all the air quality research that has been conducted in the Uinta 
Basin to date, available at binghamresearch.usu.edu/cumulativeresearchsummary, and a list of 
current research priorities that will guide our ongoing research efforts (Section 13). 
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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 some 
of the winters since then, ozone concentrations measured at Ouray and Red Wash, as well as other 
locations, exceeded 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 engaged in a wide variety of air quality research projects since 
that time.  The results of most of these studies can be found in reports 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 lowest 
elevation and secondarily in areas with the most oil and gas development.  Longer episodes and 
episodes that occur late in the winter season 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 2017-18, while Sections 4 through 11 provide the results of specific air quality research projects 
completed during the past year.  Sections 13, 12, and 13 present our research priorities, a report of our 
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performance for the past year, and our project objectives for the coming year.  Section 15 acknowledges 
funding and other support received, and Section 16 provides a list of references cited. 

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/19t1dj3t1ztb49ix0aav7p8i5p18ewaf.    

Additionally, we have prepared a 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.  We intend to update this summary 
annually. 
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2. Winter 2017-18 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 2017-18, as well as an analysis of all years of available 
ozone and particulate matter data.  In this chapter, “winter 2017-18,” “winter,” “winter season,” or 
other similar phrases refer to the period from 15 November through 15 March. 

2.2. Methods 

2.2.1. Ozone Measurements 

During winter 2017-18, fourteen air quality monitoring stations operated in the Uinta Basin.  Table 2-1 
contains a list of all monitoring stations, including locations, elevations, and responsible 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 and a Thermo 49i at the Horsepool and Rabbit 
Mountain sites, respectively, 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 2017-18.  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 
Rabbit Mtn. USU 39.869 -109.097 1879 N/A N/A USU 
Dinosaur 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/USU 40.217 -110.182 1610 N/A NOx AQS 
Fruitland DAQ/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 Measurements 

We measured NO, true NO2 (via a photolytic converter), and NOy (sum of NO, NO2, and other reactive 
nitrogen compounds) at Roosevelt and Horsepool with AQD/Teledyne-API and Ecotech systems, 
respectively.  We measured NO and true NO2 with a Thermo 42i with a photolytic converter at Castle 
Peak.  NOx is the sum of NO and NO2.  All three photolytic converters were manufactured by Air Quality 
Design, Inc.  We calibrated the systems weekly with NO standards and for NO2 via gas phase titration 
using a dilution calibrator.  Once during the campaign, 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. Organic Compound Measurements 

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 and a dilution calibrator.  

To measure speciated C2-C11 NMHC, we collected whole-air samples with silonite-coated 6 L stainless 
steel canisters at Horsepool and Roosevelt.  We collected 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 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).   
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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, a flame ionization detector (for C2 and C3 NMHC), and a mass spectrometer (for all 
other compounds).  We used a Restek rtx1-ms column to separate individual compounds (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).   

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 were within 15% of expected values.  We also collected field 
spikes at Horsepool and Roosevelt by adding calibration gas to the sampling manifold from a certified 
compressed gas standard and a dilution calibrator, and we collected blanks by adding air scrubbed of 
organics to the manifold.  Spike recovery was 103 ± 2%, and blanks averaged 0.3 ± 0.3 ppb. 

2.2.4. 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 
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). 

2.2.5. 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 a Kipp and Zonen UV radiometer) and Roosevelt 
(incoming and outgoing shortwave with a Kipp and Zonen CNR-4).  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.   

2.3. Results and Discussion 

2.3.1. Ozone 

Even though NOx and organic compound emissions into the Uinta Basin atmosphere are relatively 
constant, significant ozone production from NOx and organic compounds only occurs when certain 
meteorological conditions exist.  Ozone stays well below the EPA standard of 70 ppb except when 
adequate snow cover and multi-day temperature inversions exist (a temperature inversion exists when 
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the air temperature aloft is warmer than the temperature at the surface).  Sunlight is the energy which 
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. 

Little snow cover existed in the Uinta Basin during winter 2017-18 (Figure 2-1).  Events in late January 
and late February brought a few cm of snow cover for a few days each, but the snow did not coincide 
with significant inversion periods and thus did not lead to significant wintertime ozone formation.  No 
wintertime exceedances of the EPA ozone standard were observed at any site in the basin during the 
study period (Figure 2-2). 

 
Figure 2-1. Horsepool ozone, snow depth, and daytime average total UV radiation (incoming + reflected) during 
winter 2017-18.  Inversion periods are shown as light blue boxes.  
 

 
Figure 2-2. 8-hour average ozone from all sites listed in Table 2-1 during winter 2017-18. 
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Most of the reactions that lead to ozone formation require UV radiation to proceed.  Figure 2-1 shows 
that daytime average total UV radiation (the sum of incoming and reflected UV-A and UV-B radiation) 
increased through the winter season, with spikes in UV radiation when snow cover existed.  Total UV 
radiation depends on snow cover (since snow cover increases reflected radiation), but it also depends 
on the solar angle and day length.  Thus, more energy is available to produce ozone later in the winter 
when the sun is closer and days are longer, even if no snow cover exists.  Figure 2-1 and Figure 2-2 show 
that, even though no ozone exceedances occurred, ambient ozone increased with the amount of 
available UV radiation as the season progressed towards spring.   

Table 2-2 provides information about ozone observed at all monitoring stations in the Uinta Basin during 
winter 2017-18.  None of the stations in operation experienced any exceedances of the EPA standard 
during the winter.   An exceedance occurs when the daily maximum 8-hour average ozone value at a 
station is greater than the EPA standard.  The average of the fourth-highest daily maximum 8-hour 
average ozone value over three consecutive calendar years is used to determine compliance with the 
standard. 

Table 2-2. 8-hour average ozone concentrations around the Uinta Basin, winter 2017-18.  

 Mean Maximum Minimum 
4th Highest Daily 

Maximum 
Number of 

Exceedances 
Seven Sisters 33.2 58.3 8.2 54.2 0 
Castle Peak 35.4 58.6 10.2 54.0 0 
Willow Creek 40.1 55.1 22.8 51.5 0 
Rabbit Mtn. 26.1 46.1 6.5 43.4 0 
Dinosaur 28.9 51.9 8.3 50.3 0 
Red Wash 33.9 52.8 13.0 50.8 0 
Vernal 31.8 56.1 10.0 53.6 0 
Whiterocks 32.8 50.0 10.9 48.0 0 
Ouray 29.3 55.1 6.5 52.6 0 
Roosevelt 27.8 51.3 2.3 48.9 0 
Myton 30.2 51.3 6.7 47.9 0 
Fruitland 33.1 51.9 7.4 49.8 0 
Horsepool 33.6 54.6 10.9 51.2 0 
Rangely 31.5 55.1 8.0 51.8 0 

Even though no ozone exceedances occurred in the Uinta Basin, several monitoring stations experienced 
a small peak in ozone on or around 28 February 2018.  Figure 2-3 shows the spatial distribution of ozone 
around the Uinta Basin on 28 February.  While the differences among measurement sites were small, 
sites at lower elevation (Table 2-1) tended to have slightly higher ozone.   
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Figure 2-3. Daily maximum 8-hour average ozone on 28 February 2018. Color indicates ozone concentration and 
was interpolated using ArcGIS software.  The black bar on the legend indicates 70 ppb. 

Figure 2-4 shows fourth-highest daily maximum ozone versus station elevation for all ozone monitoring 
stations that operated during winter 2017-18.  As has been observed in previous winters, ozone 
concentrations were dependent on elevation.  Lower elevation locations have more, longer and stronger 
inversions than higher elevations, and we have shown that this is the reason for the relationship 
between elevation and ozone during inversion episodes (Lyman and Tran, 2015).  Inversion conditions 
did not exist, however, in late February 2018 when the highest ozone of the winter occurred.  We 
surmise that the elevation-ozone dependence observed during winter 2017-18 was because more ozone 
precursor sources exist at lower elevations in the basin. 

 
Figure 2-4. Fourth-highest daily maximum 8-hour average ozone versus station elevation for winter 2017-18.   

Figure 2-5 shows a time series of ozone concentrations at several sites in the Uinta Basin from July 2009 
(when continuous measurements began) through March 2018.  As Figure 2-5 shows, exceedances of the 
standard have occurred during six of the nine winters in the Uinta Basin for which continuous ozone 
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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. 

 
Figure 2-5.  Time series of daily maximum 8-hour average ozone concentration at five sites in the Uinta Basin 
from July 2009 through March 2018.   The red dashed line shows 70 ppb, the EPA standard for ozone. 

Ozone statistics from the five sites shown in Figure 2-5 are summarized in Table 2-3.  The three-year 
average of annual 4th-highest 8-hour 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 a nonattainment area for ozone.  
Table 2-4 shows the ozone design value for 2013-15, 2014-16, 2015-17, and 2016-18 for the same 
monitoring stations shown in Figure 2-5, as well as for the Whiterocks station.  The design value for 
2016-18 shown in Table 2-4 only includes 2018 data through March 2018.     



 

 
10

Table 2-3.  Ozone summary statistics for five sites in the Uinta Basin over eight calendar years.  All values were 
calculated from daily maximum 8-hour average concentrations.  For 2018, 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 50.3 50.0 111.0 20.0 103.0 11 
Fruitland 40.9 42.0 57.0 26.0 53.0 0 
Vernal 47.9 49.0 69.0 25.0 68.0 0 
Roosevelt 47.8 48.0 86.0 24.0 78.0 8 
Rangely 47.0 48.0 69.0 25.0 64.0 0 

2018 
(Jan-
Mar) 

Ouray 42.9 44.0 58.0 22.0 54.0 0 
Fruitland 42.5 43.0 55.0 22.0 50.0 0 
Vernal 42.5 42.0 57.0 23.0 55.0 0 
Roosevelt 40.2 41.5 53.0 19.0 52.0 0 
Rangely 42.9 44.0 55.0 21.0 53.0 0 

 
Table 2-4.  Average of the 4th-highest 8-hour daily maximum ozone values during three consecutive calendar 
years for several monitoring stations in the Uinta Basin.  Only 2018 data collected through 31 March are used. 
Values in exceedance of the EPA standard are in bold font.

Station 2013-15 2014-16 2015-17 2016-18 
Ouray 93 81 89 84 
Fruitland 67 65 61 55 
Vernal 76 66 68 65 
Roosevelt 75 67 73 70 
Rangely 73 63 62 59 
Whiterocks 66 71 71 65 

 

Figure 2-6 and Figure 2-7 show the number of annual ozone exceedances and the annual 4th-highest 8-
hour 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 two in 2015.   
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Figure 2-6. Number of annual ozone exceedances at five sites from 2010 through March 2018. 

Figure 2-7 shows that the 4th-highest 8-hour average ozone at the five sites shown is always above 60 
ppb (except 2018, 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, the highest ozone is observed during summer and is usually in the range of 
60-70 ppb.  

 
Figure 2-7. Annual 4th-highest 8-hour average ozone at five sites from 2010 through March 2018.  The red dashed 
line indicates 70 ppb, the current EPA standard for ozone. 
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2.3.2. Particulate Matter 

With no strong, multiday wintertime inversions, 24-hr PM2.5 concentrations stayed below 20 µg m-3 
during winter 2017-18, well below the EPA standard of 35 µg m-3 (Figure 2-8).

 

Figure 2-8.  24-hour average PM2.5 at monitoring stations around the Uinta Basin during winter 2017-18.  The red 
dashed line indicates the EPA PM2.5 standard. 

Figure 2-9 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 2-9. Box-and-whisker plot of PM2.5 at four monitoring stations during winter 2017-18. 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 2-10 shows a time series of all PM2.5 measurements that have 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 (2018 not shown), and 
spikes in PM2.5 have occurred during every summer.  These summertime spikes in PM2.5 concentrations 
are likely caused by wildfire smoke.   

 
Figure 2-10.  Time series of daily 24-hour average PM2.5 concentrations at nine sites in the Uinta Basin, October 
2009-March 2018.  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 2018.  
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 over nine calendar years.   All values shown were 
calculated from daily 24-hour average concentrations.

  
 Year Site 

Winter 
Mean 

Winter 
Median 

Winter 
Max 

Winter 
Min 

Annual # of 
Exceedance 
Days 

Annual 98th 
Percentile 
Value 

2010 Roosevelt -- -- -- -- -- -- 
Vernal -- -- -- -- -- -- 
Ouray 8.8 6.8 22.5 1.0 0 19.0 
Red Wash 7.2 5.8 22.7 0.0 0 16.0 
Myton -- -- -- -- -- -- 
Rabbit Mtn -- -- -- -- -- -- 
Horsepool -- -- -- -- -- -- 

2011 Roosevelt -- -- -- -- -- -- 
Vernal -- -- -- -- -- -- 
Ouray 9.9 8.6 30.0 1.1 0 22.5 
Red Wash 7.8 6.6 23.7 1.0 0 17.8 
Myton 11.8 7.4 48.2 1.0 8 36.7 
Rabbit Mtn -- -- -- -- -- -- 
Horsepool -- -- -- -- -- -- 

2012 Roosevelt 5.7 4.5 22.2 0.0 3 28.2 
Vernal 7.9 7.1 25.6 1.2 0 22.0 
Ouray 6.1 5.9 14.0 1.3 3 27.4 
Red Wash 4.9 4.8 10.6 1.0 0 16.0 
Myton -- -- -- -- -- -- 
Rabbit Mtn 2.7 2.6 10.7 0.4 4 20.3 
Horsepool 4.0 3.5 10.7 0.0 0 10.4 

2013 Roosevelt 18.7 18.3 41.7 1.3 5 35.1 
Vernal 20.0 15.4 55.7 2.6 18 42.1 
Ouray 13.4 11.6 32.0 2.3 0 26.5 
Red Wash 10.9 8.0 26.7 3.0 0 26.0 
Myton -- -- -- -- -- -- 
Rabbit Mtn 5.0 4.7 13.9 1.4 0 18.0 
Horsepool 13.7 14.4 28.3 0.7 0 27.8 

2014 
 

Roosevelt 7.1 4.8 35.3 1.7 1 29.8 
Vernal 9.6 6.7 32.1 2.2 0 30.3 
Ouray 9.2 6.8 34.4 2.4 0 31.6 
Red Wash 6.0 4.2 26.8 3.2 0 15.1 
Myton -- -- -- 0.2 -- -- 
Rabbit Mtn 2.0 1.9 5.0 0.0 0 5.1 
Horsepool 5.5 4.1 22.3 1.5 0 21.6 
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Table 2-5 Continued. 

 
 Year Site 

Winter 
Mean 

Winter 
Median 

Winter 
Max 

Winter 
Min 

Annual # of 
Exceedance 
Days 

Annual 98th 
Percentile 
Value 

2015 
 

Roosevelt 8.7 5.3 46.7 2.7 1 21.2 
Vernal -- -- -- -- -- -- 
Myton 6.7 3.9 25.5 0.1 0 19.8 
Rabbit Mtn 1.7 1.6 3.8 0.0 0 3.7 
Horsepool 7.0 6.1 15.2 3.0 0 14.4 
Ft Duchesne 7.6 6.7 18.5 1.7 0 18.0 
Randlett 9.4 7.0 34.6 1.4 0 21.3 
Rangely 7.3 6.6 15.3 3.1 0 17.5 

2016  Roosevelt 8.1 4.7 30.2 1.1 0 23.5 
Vernal 8.1 4.7 30.0 1.2 0 25.0 
Myton 8.9 6.6 31.9 1.1 0 22.5 
Horsepool 6.8 5.1 21.9 0.4 0 21.8 
Ft Duchesne 9.5 5.8 25.0 1.5 0 25.0 
Randlett 10.1 6.1 26.1 1.3 0 26.1 
Rangely 6.7 6.4 16.9 2.8 0 12.2 

2017 Roosevelt 6.9 4.9 40.6 0.5 1 28.3 
Vernal 6.5 4.4 23.8 2.1 0 20.7 
Horsepool 3.4 1.7 22.1 0.0 0 21.6 
Rangely 6.4 5.7 14.3 2.0 0 14.8 

2018 
(thru 
Mar) 

Roosevelt 5.0 3.9 19.4 0.6 0 14.4 
Vernal 4.3 3.4 16.1 1.1 0 9.9 
Horsepool 1.9 1.6 6.3 0.0 0 5.0 
Rangely 6.0 5.7 13.3 4.0 0 12.1 

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 
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 loaned us 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 2-11 shows NOx measured at Roosevelt, Horsepool, and Castle Peak during winter 2017-18, and 
Figure 2-12 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 
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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 2-11. NOx measured at Roosevelt, Horsepool, and Castle Peak during winter 2017-18. 

 
Figure 2-12. NOz measured at Roosevelt and Horsepool during winter 2017-18. 

During winter 2017-18, NOx was higher in Roosevelt than at Horsepool and Castle Peak (Figure 2-11) and 
was 2.1 times higher than Horsepool on average.  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.  Since NOx is an ozone precursor, one 
might predict that ozone in Roosevelt would be higher than at Horsepool and Castle Peak, but during 
years with multi-day winter inversions and elevated ozone, the opposite is true.  During winters like 
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2017-18, ozone is similar at all three sites (Figure 2-13), as well as at other sites across the basin (Figure 
2-2).  The difference between daytime and nighttime ozone was greater in Roosevelt than at Horsepool 
and Castle Peak during winter 2017-18 (Figure 2-14), 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, 
which can suppress ozone concentrations.   

 
Figure 2-13. Ozone measured at Roosevelt, Horsepool, and Castle Peak during winter 2017-18. 

 
Figure 2-14. Average ozone at Roosevelt, Horsepool, and Castle Peak during each hour of the day during winter 
2017-18.  Whiskers represent 95% confidence intervals. 

NOx concentrations were very similar at the Horsepool and Castle Peak sites (Figure 2-11), despite the 
differences between the two sites (predominantly oil vs. gas production).  The periodic short-term 
spikes in NOx at Horsepool that can be seen in Figure 2-11 could be caused by NOx plumes from the 
nearby Bonanza power plant or could be due to other sources. 
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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.  Horsepool and Castle 
Peak did not show a pronounced peak.  Instead, NOx at these sites built up slowly during the night and 
had a maximum in mid-morning.   

 
Figure 2-15. Average NOx at Roosevelt, Horsepool, and Castle Peak during each hour of the day during winter 
2017-18.  Whiskers represent 95% confidence intervals. 

While hourly and seasonal NOx was highest at Roosevelt, NOz, the sum of the end products of 
atmospheric nitrogen chemistry, was highest at Horsepool (Figure 2-16).  NOz had two daily peaks at 
Horsepool: one in early afternoon that coincided with the daily ozone peak (Figure 2-14) and another 
that had a maximum at around midnight.  Wild et al. (2016) showed that, during winters without multi-
day inversions and high ozone, daytime NOZ at Horsepool is dominated by organic nitrates and nitric 
acid, while N2O5 and nitric acid are dominant at night.  We expect that this daytime-nighttime chemistry 
difference is responsible for the NOz peaks at Horsepool during winter 2017-18. 
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Figure 2-16. Average NOz at Roosevelt, Horsepool, and Castle Peak during each hour of the day during winter 
2017-18.  Whiskers represent 95% confidence intervals. 

In contrast with NOx, methane was consistently higher at Horsepool than in Roosevelt (Figure 2-17), 
which is likely because more oil and gas sources, which emit methane, were near the Horsepool site.  
Total NMHC were similar at Horsepool and Roosevelt (Figure 2-18).  

 
Figure 2-17. Methane measured at Roosevelt and Horsepool during winter 2017-18. 
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Figure 2-18. Total NMHC measured at Roosevelt and Horsepool during winter 2017-18.  ppbC is parts-per-billion 
of carbon atoms. 

2.3.4. Speciated Volatile Organic Compounds 

As in previous years, organic compounds in the atmosphere at Roosevelt and Horsepool were 
dominated by alkanes, especially lighter alkanes (Figure 2-19 and Figure 2-20).  Benzene, toluene, and 
xylenes were low, and C8 and larger aromatics were rarely observed.  The organic compound speciation 
at both sites was similar, indicating that the two locations were influenced by the same general source 
type (oil and natural gas production). 

 
Figure 2-19. Percentage of measured organics at Roosevelt and Horsepool measured during winter 2017-18 that 
were comprised of alkanes, alkenes, aromatics, and alcohols. 
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Figure 2-20. Percentage of measured NMHC at Roosevelt and Horsepool during winter 2017-18 comprised of 
compounds containing 2-9 carbon atoms (i.e., C2-C9; excluding alcohols). 

Hydrocarbon concentrations at Roosevelt and Horsepool generally tracked each other, with higher 
concentrations in December and January than in February, as was observed for other pollutants (Figure 
2-21; also see Figure 2-12 and Figure 2-17).  Total NMHC (measured here as the sum of all individual 
compounds measured) at the two locations were not significantly different from each other, in contrast 
to previous years.   

 
Figure 2-21. Time series of total NMHC (measured as the sum of individual NMHC) at Roosevelt and Horsepool 
during winter 2017-18.  
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3. Summer 2018 Air Quality 

Author: Huy Tran 

3.1. Overall Findings 

During summer 2018, the Uinta Basin experienced several 8-hr average ozone concentrations exceeding 
the U.S. Environmental Protection Agency (EPA) standard.  Exceedances occurred in June, July, and 
August, and the highest concentrations occurred on 11 June 2018 (Figure 3-1). Our preliminary analyses 
indicate that these exceedances lack the characteristics of a stratospheric ozone intrusion event. 
Because of this and the haze observed when the exceedances occurred, we attribute the cause of these 
exceedances to the intense wildfire events that occurred this summer. We have informed the Utah 
Division of Air Quality (Utah DAQ) and the Ute Tribe of every summer ozone exceedance that occurred. 

One interesting finding is that highest ozone concentrations during these exceedances often occurred in 
populated areas, including Vernal and Roosevelt. The Roosevelt monitoring site experienced the highest 
number of ozone exceedances, whereas other monitoring sites in the basin only experienced the 11 
June ozone exceedance (Figure 3-1). It is questionable whether urban emissions in Vernal and Roosevelt, 
where traffic is the most significant source, contributed to the observed ozone exceedances. To clearly 
understand the causes of these exceedances, and also to demonstrate them as exceptional events, will 
require three-dimensional photochemical model simulations that incorporate accurate information 
about summer 2018 wildfire emissions and anthropogenic emissions. If there is a necessity for an official 
demonstration of these ozone exceedances as exceptional events, we will work closely with Utah DAQ, 
EPA and the Ute Tribe in that effort. 

 
Figure 3-1. Daily maximum 8-hr ozone concentrations as measured at Dinosaur (DINO), Myton (MYTON), Ouray 
(OURAY) Roosevelt (ROOSE), Vernal (VERNA), Whiterock (WHITE), and Redwash (REDWA) from 25 May to 15 
August 2018.  Gray shading highlights days wherein ozone exceeded the EPA standard of 70 ppb. 
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3.2. Preliminary Investigation of the 11 June 2018 High Ozone Event 

Ozone on 11 June 2018 reached the highest level that has occurred so far in 2018. On this day, daily 
maximum ozone concentrations at Dinosaur, Ouray, Roosevelt, Vernal, Myton, Fruitland and Redwash 
were 73, 72, 79, 81, 71, 69, 73 ppb, respectively. Ozone was highest at Vernal and Roosevelt. From our 
experience, the observation of elevated ozone at many monitoring sites is often a good indicator for an 
ozone episode that is not solely caused by local anthropogenic emissions.  

To determine whether the 11 June event was caused by a stratospheric intrusion, we compared its 
observed characteristics with characteristics of the known 8-9 June 2015 stratospheric intrusion event. 
During the June 2015 event, intrusion of an air mass with typical characteristics of stratospheric 
influence (high ozone, low carbon monoxide and water vapor mixing ratios) into the lower troposphere 
was observed in both daytime and nighttime (Figure 3-2). Indications of a stratospheric intrusion during 
the June 2018 event are not as distinguishable. There was a short and weak stratospheric ozone 
intrusion on 10 June during the daytime, followed by the existence of a dry air-mass on 11 June (Figure 
3-3). However, there were enhancements of carbon monoxide (a good indicator of wildfire or 
anthropogenic emissions) at the surface on 10 and 11 June, which is not expected during stratospheric 
intrusions. Unlike the 8-9 June 2015 event, the 11 June 2018 event did not have consistent timing in 
observed concentrations of ozone, carbon monoxide and water mixing ratio in both daytime and 
nighttime (Figure 3-3). Air on 11 June 2018 also had lower potential vorticity (a tracer of stratospheric 
influence) than existed during the 8-9 June 2015 event (Figure 3-4). 

As wildfires occurred intensively inside and outside the basin during summer 2018 (Figure 3-6), it is 
possible that ozone precursor emissions from wildfires contributed to the 11 June event. However, 
unlike other ozone exceedances that occurred during summer 2018, elevated PM2.5 concentrations (an 
indicator of wildfire smoke) at Vernal and Roosevelt were not coincident with the 11 June ozone 
exceedances (Figure 3-5). Instead, PM2.5 was elevated in the preceding days but decreased on 11 June. 
The reason for this behavior is unclear. It is also worth mentioning that not every day with elevated 
PM2.5 concentrations was associated with high ozone (Figure 3-5).  

Overall, it is difficult to pinpoint the main cause of the 11 June 2018 ozone event. Our investigation 
suggests this event was caused by the combined effects of wildfires and anthropogenic emissions. 
Quantifying the relative impacts of wildfire and anthropogenic emissions on this event would require a 
comprehensive photochemical modeling study. 
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Figure 3-2. Time evolution of daytime and nighttime vertical distributions of water vapor, carbon monoxide, and 
ozone over the Uinta Basin during 1-15 June 2015.  Ozone exceedances were observed at several monitoring 
sites on 8-9 June. Data shown were produced by the Atmospheric Infrared Sounder (AIRS) satellite, and are 
accessible at https://giovanni.gsfc.nasa.gov. 
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Figure 3-3. Similar to Figure 3-2, but for 1-15 June 2018.  Ozone exceedances were observed at several 
monitoring sites in the Uinta Basin on 11 June. 
 

 
Figure 3-4. Vertical distribution of potential vorticity (PV) on average over the Uinta Basin during (left) 1-15 June 
2015 and (right) 1-15 June 2018.  The occurrence of an air mass associated with high PV in the lower troposphere 
(lower part of the figure) is a good indicator of stratospheric intrusions and was observed on several days during 
the June 2015 event. In contrast, no air-mass with high PV was observed during the June 2018 event. (Data 
source: https://giovanni.gsfc.nasa.gov) 
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Figure 3-5. Time evolution of daily average PM2.5 concentrations observed at monitoring sites inside (Roosevelt, 
Vernal) and outside (Spanish Fork, Herriman) the Uinta Basin from 15 May to 15 August 2018.  Gray bars 
indicate days with ozone exceedances. 
 

 
Figure 3-6. Active wildfires, indicated by orange dots, inside and outside the Uinta Basin as observed on 11 June 
2018.  (Source: https://firms.modaps.eosdis.nasa.gov)  
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4. Temporal Trends in Wintertime Air Chemistry 

Author: Seth Lyman 

4.1. Introduction 

We began measurements at the Horsepool and Roosevelt monitoring stations during winter 2011-12 to 
provide a long-term record of key chemical and physical characteristics of wintertime ozone.  Section 
2.3.3 presents a comparison of the two sites for the most recent winter season.  Sections 2.3.1 and 2.3.2 
show and discuss the long-term record of ozone and PM2.5 as measured at these sites and other sites 
around the Uinta Basin.  This section provides a more in-depth analysis of the entire record of data at 
these sites, with a focus on temporal trends in reactive nitrogen and organic compounds and what those 
trends can tell us about changes over time (from daily to interannual timescales) in atmospheric 
chemistry and emissions.  Measurement methodologies for the parameters presented in this section are 
discussed in Section 2.2.   

4.2. Bias in Regulatory NOx Measurements 

For most of the analyses in this section, we only use NOx measurements collected by USU at the 
Roosevelt and Horsepool stations.  This section explains why we have excluded other NOx 
measurements collected in the Uinta Basin. 

Most commercial NOx analyzers detect NO by introducing ozone to the sample gas, which combines with 
NO to make NO2 molecules that have an electron in an excited state.  These analyzers measure photons 
released as excited-state NO2 returns to the ground state.  Detection systems in these analyzers are 
blind to NO2 in the ambient atmosphere since it is in the ground state.  To detect NO2, the analyzers 
must first convert it to NO.  As was mentioned in Section 2, regulatory NOx analyzers pass sample air 
through a heated molybdenum oxide converter to accomplish this.  Unfortunately, molybdenum oxide 
converters also convert reactive nitrogen compounds other than NO2 (i.e., nitric acid, organic nitrates, 
other compounds, and particulate nitrates) to NO.  Reactive nitrogen compounds other than NOx are 
collectively referred to as NOz.  In the Uinta Basin, concentrations of NOz can exceed NOx concentrations, 
and the bias introduced by conversion of NOz to NO in molybdenum converters is significant. 

Photolytic NO2 converters offer an alternative to molybdenum converters that is not subject to the NOz 
bias.  These converters pass sample air through a chamber containing a source of ultraviolet light that 
initiates a chemical reaction to convert NO2 to NO.  This UV light does not convert NOz compounds to 
NO.  Only molybdenum converter-based NOx analyzers are approved by EPA as Federal Reference 
Methods (EPA, 2017).  Some instruments with photolytic NO2 converters are listed as Federal Equivalent 
Methods, a lower tier of certification by EPA.  While our NOx measurements in the basin use photolytic 
converter-based analyzers, regulatory agencies that operate NOx analyzers in the Uinta Basin have 
chosen to use molybdenum converter-based analyzers.  This means that NO2 and NOx measurements 
collected at these stations are biased high during inversion periods with local ozone production since it 
is at these times that NOz concentrations in the basin are high enough to cause a measurement bias.  
Thus, at the very time when those measurements are most crucial, they become the least useful. 
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At the Roosevelt station, we operate a photolytic converter-based analyzer and the Utah Division of Air 
Quality (Utah DAQ) operates a molybdenum converter-based analyzer.  The inlets of these two 
instruments are a few meters apart at roughly the same height.  We analyzed all available data from the 
two analyzers (2011 through 2018) to investigate the bias in the molybdenum converter-based 
measurements.  Figure 4-1 shows that the extent of the bias in the two analyzers is linearly dependent 
on NOz (r2 = 0.62; y = 0.65x + 0.41), with no detectable bias in the NO2 measurement at 0 ppb NOz and 
more than 15 ppb of NO2 bias at a concentration of 25 ppb NOz.  The linear regression slope indicates 
that 65% of measured NOz is detected as NO2 by the molybdenum converter-based instrument.   

 
Figure 4-1. Difference between NO2 measured with an instrument utilizing a molybdenum NO2 converter (i.e., 
regulatory NO2 measurements) and NO2 measured with an instrument utilizing a photolytic converter versus 
NOz at the Roosevelt monitoring station.  The black line shows a linear regression curve for the relationship. 

Figure 4-2 shows that the percent bias in the molybdenum converter-based analyzer goes from being 
negligible at low NOz to as high as 150% at NOz levels typical of a strong inversion episode with high 
ozone.  Several studies have shown that NOz creates a bias of 20 or more ppb in molybdenum converter-
based NO2 measurements at urban locations during summer (Dunlea et al., 2007; Sadanaga et al., 2010; 
Villena et al., 2012). 
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Figure 4-2. Percent difference between NO2 measured with an instrument utilizing a molybdenum NO2 converter 
(i.e., regulatory NO2 measurements) and NO2 measured with an instrument utilizing a photolytic converter 
versus NOz at the Roosevelt monitoring station.  The black line shows a linear regression curve for the 
relationship.  Cases with NO2 less than 5 ppb were excluded from this figure. 

4.3. Diurnal Trends in Ozone and Precursor Chemistry 

Figure 4-3 shows average diurnal trends in ozone, total non-methane hydrocarbons (NMHC), UV 
radiation, and reactive nitrogen at Horsepool for winter inversion days (i.e., days with daily maximum 1-
hr average ozone greater than 60 ppb.  The figure shows that NMHC and NOx peak in late morning, 
while NOy and UV radiation peak at noon, and ozone peaks in mid-afternoon.  The late morning peak in 
NMHC and NOx likely occur because these ozone precursors build up overnight when atmospheric 
mixing is minimized, and then start to decrease before noon when solar heating increases mixing.  The 
afternoon peak in ozone is common for all areas with local ozone production.  The reason for the noon 
peak in NOy is unclear. 
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Figure 4-3.  Hourly average ozone, total NMHC, total UV radiation, NO, NO2, and NOz at Horsepool for all winter 
inversion days from 2011 through 2018.  Ozone, total NMHC, and UV radiation are displayed as lines, while 
nitrogen species are displayed as stacked areas, such that the top edge of the yellow shape is NOy. 

4.4. Trends Over the Duration of Inversion Episodes 

In this section, we define an inversion episode as successive days that all have daily maximum hr-
average ozone greater than 60 ppb.  Since winter 2011-12, seven inversion episodes have lasted for at 
least nine days.  These episodes began between 11 December and 26 February.  Figure 4-4 shows how 
average chemical conditions changed at Horsepool over the duration of these episodes.     

 
Figure 4-4.  Average trends in chemical conditions at Horsepool over the duration of inversion episodes.  Ozone, 
lapse rate, and total NMHC are displayed as lines, while nitrogen species are displayed as stacked areas, such 
that the top edge of the yellow shape is NOy.  Ozone is the daily maximum hr-average value, and other chemical 
data are 24-hr averages.  A more negative lapse rate indicates stronger inversion conditions.  Whiskers 
represent 95% confidence intervals. 

Figure 4-4 shows that ozone increases daily to a maximum about five days after an inversion episode 
begins, and then decreases slightly after that time.  NOx decreases until five days as well and then 
increases again.  This coincidence of maximum ozone and minimum NOx shows that photochemical 
production (and photochemical NOx consumption) is at a maximum on day five of a typical inversion 
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episode.  This is despite the fact that inversion strength and total NMHC both continue to increase until 
day seven, and NOy continues to increase until day eight.  No statistically significant trends in total UV 
radiation or wind speed exist in the dataset.  Temperature and specific humidity increase with each day 
of an inversion episode (r2 = 0.87 and 0.88, respectively), with no change in that trend on or around day 
five. 

Six of the seven individual episodes used to create Figure 4-4 showed an ozone maximum between days 
five and seven, despite similar or increasing inversion strength on subsequent days.  All but one of these 
six individual episodes also showed a minimum in NOx that coincided with the ozone maximum.  The 
remaining episode exhibited a plateau on days 7 and 8, followed by an increase for three additional days 
before the inversion broke up and ozone levels fell rapidly. 

While total NMHC continued to increase until day seven in Figure 4-4, the rate of increase slowed down 
after day three.  The daily trend in methane was almost identical (r2 = 0.97).  It is possible that after 
about five days the rate of emission of total NMHC into the basin tends to become equal to the loss of 
total NMHC from the basin via exchange with the free troposphere at the top of the inversion layer, 
accounting for this plateau.  In the box model of Horsepool air quality developed by Edwards et al. 
(2014), concentrations or organics built up to unrealistic levels unless they incorporated a physical loss 
parameter to account for loss at the inversion top.  

If loss at the top of the inversion layer were the only reason for the observed photochemical maximum, 
however, we would expect to see a leveling-off of ozone and NOx after day five in Figure 4-4, rather than 
a decrease and an increase, respectively.  Koss et al. (2015) analyzed photochemical aging of organic 
compounds in the atmosphere at Horsepool.  They found that the ratio of reactive organics, such as 
toluene and xylenes, to benzene (a less reactive organic) decreased on successive days of an inversion 
episode from 1 to 8 February 2013, implying that photochemical reactions were depleting the 
atmosphere of the more reactive compounds relative to the less reactive compounds.  Figures 2 and 3 in 
their paper show a decreasing trend until day 5 or 6 (depending on the compounds used in the ratio), 
and a leveling off after that.  Koss et al. (2015) examined just one ozone episode, but the timing they 
showed is similar to our findings.   

We hypothesize that the photochemical maximum is due to both (a) a leveling-off of ozone-forming 
organic compound concentrations due to mechanical exchange at the top of the inverted layer, which 
coincides with (b) a decrease in organic compound reactivity, as was demonstrated by Koss et al. (2015). 

4.5. Seasonal Trends in Ozone and Precursor Chemistry 

4.5.1. Trends by Month 

Table 4-1 presents a monthly summary of meteorological and chemical conditions on inversion days 
(defined as days with daily maximum 1-hr average ozone greater than 60 ppb). Data from 2011 to the 
present are shown.  Lapse rate values in this and subsequent sections are from Mansfield (2018) and are 
calculated as the inverse of temperature change with elevation at surface measurement stations in the 
Uinta Basin.  More negative lapse rates indicate stronger inversion conditions.   
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Lapse rates became less negative (i.e., inversion conditions became weaker) later in the winter season.  
Along with weaker inversion conditions, concentrations of ozone precursors decreased as winter 
progressed.  Despite these decreases, the amount of daily ozone production increased.  Average total 
non-methane hydrocarbons (NMHC) in March were only 56% of January values, and NOx was only 34% 
of January values, but hourly daytime ozone production was 57% higher during March.  March 
inversions were also warmer, had higher specific humidity, and had more total UV radiation than 
inversion days earlier in the winter.  Little difference in UV radiation was observed between February 
and March, probably because of less March snow cover to reflect UV light. 

Table 4-1. Monthly trends in meteorology and atmospheric chemistry on inversion days.  Average values for all 
inversion days that have occurred in each month are shown.  All calculations used hr-average data.  Daily change 
in ozone is the difference between the nighttime minimum and the daytime maximum.  Data are shown as 
averages ± 95% confidence intervals. 

 December January February March 
Daily max. temperature (°C) -9.8 ± 1.5 -7.1 ± 1.7 -1.9 ± 1.5 7.1 ± 3.1 
Daytime specific humidity (g kg-1) 1.50 ± 0.20 1.90 ± 0.24 2.50 ± 0.26 3.06 ± 0.52 
Total daytime UV (W m-2) 35.4 ± 1.2 39.8 ± 1.7 53.7 ± 2.7 54.9 ± 8.0 
Snow depth (cm) 18 ± 2 16 ± 1 18 ± 2 9 ± 5 
Daytime lapse rate (-°C km-1) -10.7 ± 3.2 -8.1 ± 1.6 -5.6 ± 1.6 1.1 ± 2.8 
Daily max. ozone (ppb) 80.6 ± 6.7 82.5 ± 5.5 95.2 ± 6.1 89.8 ± 17.6 
24-hr average NOx (ppb) 6.5 ± 1.2 6.7 ± 1.3 2.9 ± 0.4 2.3 ± 0.8 
24-hr average NOy (ppb) 18.2 ± 1.9 19.7 ± 3.1 14.1 ± 1.7 9.1 ± 3.1 
24-hr average total NMHC (ppmC) 2.6 ± 0.4 2.8 ± 0.4 2.1 ± 0.2 1.6 ± 0.5 
Daily change in ozone (ppb) 29.3 ± 3.5 34.5 ± 2.9 40.9 ± 4.1 44.9 ± 9.4 
6:00 to 15:00 ozone slope (ppb h-1) 2.4 ± 0.7 2.8 ± 0.4 4.0 ± 0.4 4.4 ± 1.2 
Count 24 59 49 17 

4.5.2. Seasonal Trends in Ozone Production Efficiency 

As Section 4.5.1 shows, ozone production becomes much more efficient, meaning that more ozone is 
produced for a given concentration of precursors, later in the winter season.  We discussed this finding 
in a preliminary way in our 2012-13 final report (Stoeckenius et al., 2014).  The ozone production 
efficiency of NOx is a metric used to quantify production efficiency and is defined as the number of 
ozone molecules produced per NOx molecule consumed in photochemical reactions (Chou et al., 2009).  
Following the method used by Wood et al. (2009), we estimated the ozone production efficiency of NOx 
as ∆[Ox] / ∆[NOz], which we calculated as the linear regression slope of Ox (ozone + NO2) versus NOz.  We 
did this for each day, using daytime hours only, which we define as 9:00 to 18:00 local standard time.  
Since we are primarily concerned about ozone production during inversion episodes, we only calculated 
ozone production efficiency on days when ozone was greater than 60 ppb. 

Figure 4-5 shows that ozone production efficiency of NOx is higher, meaning that the same amount of 
NOx produces more ozone, during inversion episodes that are further from the winter solstice, especially 
for episodes more than 50 days from the solstice (after about February 10th).   
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Figure 4-5. Ozone production efficiency of NOx at Horsepool and Roosevelt versus days before or after the 
winter solstice.  Each point represents ozone production efficiency on one day at the site indicated.  Only days 
with maximum hourly average ozone greater than 60 ppb are shown.   

We expect that the late-winter increase in ozone production efficiency is due to increased OH radical 
production.  OH radical is an important ozone precursor, but it is limited during winter because of the 
limited capacity of cold air to hold water vapor (water vapor is an OH radical precursor) and because of 
limited sunlight (sunlight is required for reactions that produce OH) (Edwards et al., 2014; Vaughan et 
al., 2012).  Ozone production efficiency of NOx was significantly correlated with days away from the 
winter solstice (r2 = 0.29 for Horsepool).  To increase statistical power, we binned ozone production 
efficiency values shown in Figure 4-5 for Horsepool into 5-day periods.  Binned this way, the correlation 
improved (r2 = 0.71).  We calculated average daytime meteorological conditions for the days 
represented in each bin, including temperature, specific humidity, and total (incoming + outgoing) UV 
radiation.  The best correlation with ozone production efficiency was for temperature (r2 = 0.79), 
followed by absolute humidity (r2 = 0.68) and total UV radiation (r2 = 0.27).  In a multiple regression with 
the original dataset, all three of these variables were significant, resulting in an adjusted R2 value of 
0.34. 

The calculation of ozone production efficiency from the regression slope of Ox and NOz assumes that 
daytime loss of NOz compounds is negligible.  If a significant loss of NOz occurs, it could bias ozone 
production efficiency values high.  NOz is comprised of reactive compounds that can deposit to the 
ground quickly, including nitric acid.  Warmer temperatures later in the winter season could lead to 
increased deposition of nitric acid to snow, biasing our results.  We followed the method of Wood et al. 
(2009) to determine whether changes in seasonal NOz loss were responsible for the observed seasonal 
increase in ozone production efficiency.  Carbon monoxide (CO) is a relatively long-lived species, is 
emitted from the same sources as NOx, and can serve as a tracer for dilution of emitted reactive 
nitrogen.  Wood et al. (2009) used the background-adjusted ratio of [NOy]:[CO] to determine the 
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amount of NOy loss.  Methane (CH4) is a long-lived gas that is emitted from many of the same oil and gas 
industry sources as NOx, and our methane measurements are more precise than our carbon monoxide 
measurements at Horsepool, so we calculated the background-adjusted ratio of [NOy]/[CH4] to 
accomplish this same purpose (we corrected NOy by 0.5 ppb and methane by 1.8 ppm).  

We found that the background-corrected ratio of [NOy]/[CH4] increased slightly over the course of each 
daytime period (increase of 0.12 ± 0.04 ppb ppm-1 hr-1; mean ± 95% confidence interval).  If significant 
deposition of NOy compounds had occurred, we would have expected to observe a daily decrease in the 
ratio over the course of each day.  The slight daily increase in the background-corrected ratio of 
[NOy]/[CH4] could have occurred because of photochemical loss of methane.  If NOy loss did occur, it was 
less than the rate of photochemical methane loss.  No meaningful correlation existed between the 
background-corrected ratio of [NOy]/[CH4] and days since the winter solstice, providing evidence that 
the trend observed in Figure 4-5 is robust. 

4.5.3. Sensitivity of Ozone Production to NOx Versus Organic Compounds 

As the ozone production efficiency of NOx increases, as it does in the Uinta Basin later in the winter 
season, ozone production tends to be more sensitive to changes in NOx (Wood et al., 2009).  Thus, the 
increase in ozone production efficiency over the winter season shown in Figure 4-5 means that ozone 
production becomes more NOx-sensitive later in the winter.  In other words, emission controls that 
target NOx are likely to become more effective later in the winter season. 

Edwards et al. (2014) showed that, while reductions in NOx and organics would both be useful at the 
Horsepool site, changes in NOx would have a larger impact on ozone than changes in organics.  In other 
words, they showed that ozone at Horsepool was NOx-sensitive.  The photochemical model used by 
Edwards et al. (2014) to come to this conclusion was based on measurements collected in late January 
and early February.  Ozone production efficiency at Horsepool in late February and early March is likely 
to be more NOx-sensitive (i.e., NOx emissions controls are likely to become even more effective) than the 
period studied by Edwards et al. (2014). 

No studies of the efficacy of NOx versus organic compound emission controls have been conducted in 
the Uinta Basin except at the Horsepool monitoring station.  The Roosevelt station has much higher NOx 
than Horsepool (Figure 2-11) and tends to have similar concentrations of organics (Figure 2-18).  Thus, 
Roosevelt is likely to be less NOx-sensitive than Horsepool.  Like Horsepool, however, ozone at Roosevelt 
can be expected to become more sensitive to NOx emissions later in the winter season. 

NOx concentrations are similar at the Horsepool and Castle Peak Stations, but organic compound 
concentrations have never been measured at Castle Peak.  We showed in 2013 that the Wells Draw 
station, which was a few miles from Castle Peak, had lower organic compound concentrations and 27% 
lower organic compound maximum incremental reactivity (i.e., the ability of organics to make ozone) 
than Horsepool.  Many new oil wells are now operating in that area, which may have increased organic 
compound concentrations since 2013.   

A detailed study is needed, either with a three-dimensional photochemical model or with a box model 
optimized for different locations, to fully understand the efficacy of NOx versus organic compound 
emission controls in the Uinta Basin.   
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4.6. Interannual Trends 

One of the main purposes for maintaining chemical and meteorological records of the Uinta Basin 
atmosphere over a period of many years is to understand how pollutant emissions and chemistry 
change over time.  The oil and gas industry and other sources of ozone-forming emissions in the basin 
change with time due to economic, technological, and regulatory drivers.  We desire to observe how 
those changes affect ozone and precursor concentrations in the atmosphere. 

In recent winters, maximum ozone levels and the number of exceedance days have been fewer than 
when ozone measurements first began in the basin (see Figure 2-6 and Figure 2-7).  Inversion 
characteristics vary dramatically year-upon-year, however, making it impossible to determine, using 
ozone data alone, whether changes in maximum ozone from year to year are due to meteorological 
changes or changes in precursor emissions.  Instead, in this section, we investigate changes in ozone 
precursor concentrations to determine how precursor emissions have changed over time. 

Like ozone, precursor concentrations depend on meteorological conditions as well as emission rates, 
and interannual variations in meteorology confound attempts to observe how changes in emissions 
impact atmospheric concentrations.  Pollutants tend to build up under low wind conditions and dilute 
out under high wind conditions.  Also, during winter inversion episodes pollutants become trapped near 
the surface.  The level to which pollutant concentrations build under an inversion depends on the 
inversion’s spatial distribution, intensity, and duration, all of which can vary dramatically from episode 
to episode.  To factor out meteorological impacts on ozone precursor concentrations, we (a) excluded 
data collected during ozone-forming winter inversions (periods with daily maximum hr-average ozone 
greater than 60 ppb) and (b) multiplied measured pollutant concentrations by wind speed.  This method 
assumes that precursor emissions are similar during inversion and non-inversion conditions.  This 
method is not applicable to ozone since significant local ozone production only occurs during inversions. 

Figure 4-6 shows trends in NOy for the Horsepool and Roosevelt stations.  We show NOy, rather than 
NOx, since photochemical activity can convert some NOx to NOy, making NOy more representative of the 
total amount of reactive nitrogen compounds emitted into the atmosphere.  The figure shows that, 
while NOy at Roosevelt increased from 2012 to 2014 and has since been relatively constant, NOy at 
Horsepool has declined significantly since 2012.  Average wind-corrected NOy at Horsepool during the 
2016-17 and 2017-18 winters was only 48% of average wind-corrected NOy during the 2011-12 and 
2012-13 winters.   
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Figure 4-6. Interannual trends in NOy at Horsepool and Roosevelt corrected for wind speed (top panel) and in 
basin-wide February oil and gas production (bottom panel).  Years shown on the X-axis are for January of each 
winter, so 2012 indicates winter 2011-12.  NOy values are averages for the entire winter season, except that 
values during winter inversion episodes (days with maximum 1-hr average ozone greater than 60 ppb) are not 
included. Whiskers show 95% confidence intervals. 

We investigated relationships between trends in wind-corrected NOy and trends in potential drivers of 
reactive nitrogen emissions, including basin-wide oil and gas production, county-level oil and gas 
production, and changes in population.  Horsepool wind-corrected NOy was equally well correlated with 
Uintah County gas production and basin-wide gas production (r2 = 0.61; p = 0.04).  Roosevelt wind-
corrected NOy was correlated with basin-wide oil production, though the correlation was not statistically 
significant (r2 = 0.43; p = 0.11).  The eastern side of the Uinta Basin, where Horsepool is located, is 
dominated by gas production, and gas production during the 2016-17 and 2017-18 winters was only 
66% of production during winters 2011-12 and 2012-13.  This decrease in activity may be the cause of 
the observed wind-corrected NOy decrease at Horsepool.  Oil production is dominant in the western 
Uinta Basin, where Roosevelt is located.  As Figure 4-6 shows, oil production has been variable but has 
increased overall from 2012 to 2018. 

Trends in organic compound concentrations at the two monitoring stations were similar to NOy trends.  
Figure 4-7 shows interannual trends in wind-corrected total NMHC, ethane, and toluene at Roosevelt 
and Horsepool.  At Roosevelt, concentrations of these compounds have been relatively constant since 
winter 2012-13, while concentrations have declined at Horsepool.  Horsepool wind-corrected total 
NMHC during the two most recent winters was only 58% of values during the two earliest winters for 
which we have data.  Average wind-corrected total NMHC at Roosevelt during winter 2012-13 was only 
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53% of average wind-corrected total NMHC at Horsepool during winters 2011-12 and 2013-14.  During 
the two most recent winters, however, Roosevelt wind-corrected total NMHC was 109% of Horsepool 
values.   

 

 
Figure 4-7. Interannual trends in total NMHC, ethane, and toluene at Roosevelt (top panel) and Horsepool 
(bottom panel) corrected for wind speed.  Years shown on the X-axis are for January of each winter, so 2012 
indicates winter 2011-12.  Values are averages for the entire winter season, except that values during winter 
inversion episodes (days with maximum 1-hr average ozone greater than 60 ppb) are not included. Whiskers 
show 95% confidence intervals. 2012 and 2014 organic compound data at Horsepool were collected by Jessica 
Gilman of the National Oceanic and Atmospheric Administration.  

While wind-corrected NOy and NMHC were higher at Horsepool originally, concentrations of NOy are 
now higher at Roosevelt, and NMHC concentrations are similar at both sites.  During winter 2012-13, a 
year with many inversion episodes, the highest ozone was always observed at measurement stations in 
the eastern Uinta Basin, including Ouray, Seven Sisters, and Horsepool (see, for example, Figure 4-8).  
During winter 2016-17, the most recent winter during which elevated wintertime ozone was observed, 
the spatial distribution of ozone appears to have changed, with high ozone distributed throughout the 
central Uinta Basin (Figure 4-9).  Since the spatial distribution of inversion conditions can be different for 
each episode, these figures do not provide definitive evidence, but they provide a first indication that 
the areas of highest ozone may be changing as petroleum production in the basin shifts from the east to 
the west side. 
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Figure 4-8. Maximum 8-hour average ozone concentrations for all sites in the Uinta Basin, 26 January 2013.  The 
black line on the color scale indicates 75 ppb. 
 

 
Figure 4-9. Daily maximum 8-hour average ozone on 1 February 2017.  The black line on the color scale indicates 
70 ppb.
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5. Investigating the Impacts of Observational Nudging With Vertical 
Sounding Data 

Author: Trang Tran 

5.1. Introduction 

Meteorological models (e.g., the Weather Research and Forecasting (WRF) model) are an important 
component of photochemical modeling platforms. These models produce the meteorological fields that 
govern the formation and distribution of pollutants in photochemical simulations. It is critical that 
meteorological models produce correct meteorological conditions, especially for the study of winter 
ozone pollution in the Uinta Basin, because ozone production in the basin is directly associated with a 
specific, local meteorological phenomena–strong temperature inversions with snow cover. 

Unfortunately, mesoscale models like WRF still face many difficulties in simulating small-scale physical 
processes within inversion layers in the Uinta Basin. Modeling studies of winter ozone events in the 
Uinta Basin have shown that standard WRF physics configurations had problems fully representing some 
basic elements of inversion layer structure, including failing to capture the negative correlation between 
surface temperature and elevation, over-predicting warm clouds, under-predicting ice clouds, over-
predicting planetary boundary layer height (PBLH; i.e., the height of the inversion layer) and under-
predicting inversion strength. These are important meteorological conditions that need to be corrected 
to generate more reliable estimations of pollutant concentrations. 

The motivation of this work is to improve WRF meteorological model simulations of inversion layer 
structure in the Uinta Basin using four-dimensional data assimilation (FDDA), or nudging.  Nudging 
involves using observational (i.e., meteorological measurements) or other datasets to “nudge” model 
results to match the dataset.  Nudging can keep the model from over-predicting or under-predicting the 
parameters in the dataset.  This approach has been shown to improve model performance in other 
locations around the world. Also, it is one of the most computationally efficient methods for improving 
model performance in areas with adequate observational data.   

From our previous study (Tran et al., 2018), we found that nudging with surface observed data improved 
model performance in many aspects; however, it worsened predictions of warm clouds, which led to 
less sunlight reaching the Uinta Basin surface and, consequently, less ozone production. In this study, we 
examine whether nudging with surface data and sounding data (vertical temperature and relative 
humidity profiles) will help the model to resolve these cloud issues. 

5.2. Methods 

We conducted two sensitivity tests with and without sounding nudging using WRF model version 3.9:  

i. ONU: Simulations with surface observational nudging (i.e., nudging the model with 
meteorological measurement data collected at surface stations over the studied domain). Input 
data and model configurations were set the same as ONU in Tran et al. (2018) except that the 
newer version of WRF was used for this study (e.g., v3.9 versus v3.5). Our quick comparison 
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between ONU_3.9 and ONU_3.5 indicated that WRF version 3.9 resulted in some changes in its 
output fields compared to version 3.5.  ONU_3.9 produced less warm cloud than ONU_3.5 (not 
shown); however, this was still too much warm cloud when compared with MODIS satellite 
images. 

ii. G4: Simulations setup just as ONU except that G4 included the addition of sounding data at the 
Roosevelt and Ouray stations into the nudging process.  

Differences in model results obtained by ONU and G4 indicate the impact of sounding nudging on WRF 
performance. The WRF model domain setups were kept identically with setups in Tran et al. (2018): a 
one-way triple-nested domain at grid-spacing resolutions of 12, 4, and 1.3 km (Figure 5-1) with 41 
vertical layers extending from the surface to 14 km above ground. Nudging in ONU and G4 were turned 
on for the 1.3 km domain only. Our analysis was also performed on this finest domain.    

 
Figure 5-1. WRF modeling domains.  Black and red dots are locations of MADIS and AirNowTech meteorological 
monitoring stations, respectively. Purple diamonds are locations of Bingham Research Center (BRC) monitoring 
stations. Blue diamonds are locations of the Roosevelt (Roo), Horsepool (Hp), Fantasy Canyon (FC) and Ouray 
(Ou) stations where sounding data were available. The red line indicates the Uinta Basin boundary used for our 
calculations of basin-wide cloudiness. 

We performed WRF simulations for the period from 30 January at 12UTC to 5 February at 00UTC in year 
2013 (the first twelve hours served as spin up time and are discarded from our analysis) to study 
sounding nudging impacts on model performance during inversion conditions. This period was chosen 
for our sensitivity study due to adequate availability of sounding data to use for nudging and evaluation 
purposes. Vertical profiles (sounding data) available for this studied episode included:   

• Rawindsondes: These were released balloons with attached meteorological instrumentation 
that measured temperature, wind and relative humidity from the surface up to 13-14 km above 
ground level at Roosevelt (site location indicated in Figure 5-1) with fine vertical increments 
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(~0.5-1 hPa). Data were collected by the University of Utah. Rawinsonde data were only 
available at 18UTC (11MST) every day during 1-4 February. 

• Tethersondes: These were tethered balloons with attached instrumentation that provide 
temperature, wind, relative humidity, and ozone measurements from the surface up to less than 
1 km above ground level at Ouray, Fantasy Canyon, Horsepool, and Pariette Draw at very fine 
vertical increments. Data were collected by NOAA and USU. Hourly sounding data at Ouray, 
Fantasy Canyon, and Horsepool were adequately available for all five days of our studied 
episode during the period between 8:00 local standard time to 20:00 with little daily variation in 
data availability. Sounding data at Ouray and Fantasy Canyon frequently covered atmospheric 
layers from the ground up to 300 m while Horsepool soundings covered thicker layers, from the 
ground up to 600 m. Pariette Draw data were less available for this studied episode than data at 
the other three sites (e.g., five hourly sounding profiles available only on 4 February), and were 
therefore not used. 

Surface observational nudging for wind and temperature in ONU was performed on 1.3 km domain 
using data from the Meteorological Assimilation Data Ingest System (MADIS) with an additional inclusion 
of AirNowTech data at the Ouray and Redwash sites into the MADIS database to better represent Uinta 
Basin local conditions (site locations are indicated in Figure 5-1). Nudging coefficients for both wind and 
temperature were 4 x 10-4, and the radius of influence was set to 50 km. Nudging coefficients determine 
how strong and how fast modeled values approach observed values. The radius of influence determines 
the horizontal spreading of the nudging influence from the area of measurement to the area around it. 4 
x 10-4 and 50 km were recommended by Reen and Dumais (2014) as reasonable nudging values for good 
model results and maintaining numerical stability. Our sensitivity tests confirmed those were reasonable 
values to apply for Uinta Basin (not shown). The nudging time window was set to 40 minutes so that 
nudging starts and ends its influence within one hour.  

Sounding nudging for temperature and moisture in G4 was performed on the 1.3 km domain at Ouray 
and Roosevelt with nudging strength as 4 x 10-4 for both variables. Wind data were not available in the 
Ouray sounding dataset and therefore was not nudged into the simulations. The radius of influence was 
set to 50 km. The nudging time window was set to 40 min. Since Roosevelt soundings were only 
available at 18UTC every day during 1-4 February and temporal nudging weight was set to within one 
hour, nudging impacts of the Roosevelt sounding were much less significant compared to the Ouray 
sounding (and therefore are not shown).  

Among three sites where sounding data were adequately available, Ouray soundings were chosen to be 
nudged because Ouray is located at a lower area of the basin, so vertical measurements from Ouray 
capture the entire vertical structure of the inverted atmosphere. Moreover, since sounding nudging 
innovations spread horizontally based on terrain-following pressures (Reen, 2016), choosing a central 
site for sounding nudging will enhance nudging impacts to a larger surrounding area. Soundings at 
Fantasy Canyon and Horsepool were used for evaluation of model results. The default OBSGRID module 
used to process observations into nudging data that can be used by WRF interpolates sounding data into 
initial meteorological files. This process significantly coarsens the vertical resolution of sounding data to 
the resolution of the initial meteorological data set.  We used updated WPS version 3.9 to utilize the 
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ability of UNGRIB to interpolate data onto finer vertical resolutions, allowing OBSGRID to take advantage 
of the fine vertical resolution of our sounding datasets.  

Our analysis of the model output looked at sounding nudging impacts on WRF performance in 
simulating the following aspects: 

i. Vertical temperature and relative humidity profiles at Fantasy Canyon and Horsepool to see if 
sounding nudging at Ouray improves model ability to reproduce vertical temperature and 
humidity at other sites in the basin.  

ii. Cloudiness and the radiation budget to see if sounding nudging leads to a reduction of warm 
cloud formation and a correction of the negative bias in shortwave radiation found in ONU; 

iii. Surface meteorological quantities (temperature, relative humidity and wind speed) averaged 
over seven Bingham Research Center monitoring sites that are representative of basin-wide 
meteorological conditions, and wind patterns (speed and direction) at the Horsepool site to see 
how sounding nudging affects surface meteorological conditions. Locations of these sites are 
shown in Figure 5-1. 

5.3. Results and Discussion 

5.3.1. Sounding Nudging Impacts on WRF Performance in Simulating Temperature and Relative 
Humidity Profiles 

Figure 5-2 shows the comparison of WRF performance between ONU (surface nudging only) and G4 
(nudging with both surface and sounding data) regarding temperature and relative humidity profiles at 
Fantasy Canyon and Horsepool at 15:00 local standard time each day during the studied episode. The 
evaluation results indicate that sounding nudging at Ouray led to positive impacts for model 
performance in simulating temperature and humidity profiles at Fantasy Canyon and Horsepool. 
Temperature and humidity profiles at these two sites simulated by G4 matched observed profiles better 
than ONU for all studied days.  Note that Fantasy Canyon and Horsepool are located within 30km of 
Ouray; therefore the sounding nudging at Ouray had a clear influence on these sites, given that the 
radius of influence was set to 50km.  

For the first three days of the simulation, 31 January to 2 February, G4 produced almost identical 
temperature profiles with observed soundings within the first 200 m above ground level (AGL), whereas, 
ONU produced cold biases in temperature (Figure 5-2, left). However, since sounding data at Ouray only 
covered layers up to 300 m above ground, the positive impacts of the sounding nudging decreased 
above 200 m, making G4-simulated temperature profiles gradually lean back to lower ONU-simulated 
values. This suggests that the higher the sounding data goes, the better the improvement in model 
performance that could be realized by sounding nudging.  
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Figure 5-2. Simulated and observed temperature (left) and relative humidity (right) vertical profiles at Horsepool 
(HOR) and Fantasy Canyon (FC).  Y-axis indicates height above sea level (ASL). Observational data were collected 
by NOAA Tethersondes. Observed profiles at HOR were not available at 15MST Feb 4. Simulated data were 
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derived from two runs: ONU (nudging with surface-level data) and G4 (nudging with sounding and surface-level 
data). 

G4 notably improved WRF performance in simulating vertical relative humidity profiles compared to 
ONU (Figure 5-2, right). In all studied days, G4-simulated humidity profiles were at much lower humidity 
ranges than ONU-simulated profiles and were closer to observed values. However, G4-simulated 
humidity at the lowest levels above ground was still biased high compared to observations. These higher 
humidity values might be because surface nudging applied at Ouray could overrule the sounding 
nudging. Note that surface nudging did not include nudging with moisture. Our future work will include 
a test in which surface nudging at Ouray will be excluded so that sounding nudging will be applied from 
the lowest level.  

ONU-simulated biases in the temperature and humidity profiles were the main reason for ONU over-
prediction of warm clouds and under-prediction of shortwave radiation. The lower humidity and higher 
temperature profiles that resulted from the sounding nudging compared to the ONU simulation were 
important improvements that have led to better model performance in simulating cloudiness. 

5.3.2. Sounding Nudging Impacts on WRF Performance in Simulating Cloudiness and 
Shortwave Radiation 

Figure 5-3 shows a comparison between ONU and G4-simulated cloud species over the entire study 
period.  Both simulations behaved similarly in producing cold cloud species (i.e., ice cloud mixing ratios; 
lower panel) but yielded notable differences in simulating warm cloud species (i.e., water cloud mixing 
ratios; upper panel). G4 predicted significantly less warm cloud species than ONU. The two simulations 
shared the same diurnal patterns of cloud formation, with more water cloud species formed during 
night than day and vice versa for ice cloud species. During day hours when sounding data were nudged, 
G4 corrected the ONU overestimations of warm cloud by 50% to almost 100%. Perhaps having sounding 
data available for nudging at night hours would also improve model simulation of cloudiness at night, 
which could result in important improvements for simulating nighttime thermal-driven flows due to an 
improved cloud radiative budget.  

Both simulations failed to capture ice-phase dominant clouds during 1-2 February when ice fog was 
observed.  Also, they both predicted more ice cloud formation by the end of the studied period, 
although the ice cloud water mixing ratio simulated in these days was insignificant compared with the 
water cloud mixing ratio (three orders of magnitude less than the water cloud mixing ratio). Nudging 
with temperature and humidity vertical profiles did not improve model calculations of ice cloud species. 
Our future work will investigate why the Thompson micro-physics parameterization scheme used in our 
studies failed to capture ice-phase cloud species even when vertical temperature and relative humidity 
profiles were improved by sounding nudging. 
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Figure 5-3. ONU and G4 simulated column-sum cloud species mixing ratio averaged over the Uinta Basin.  The 
top panel shows water in warm clouds, and the bottom panel shows water in ice clouds.  The X-axis shows 
month/date in UTC. Purples dot indicate times when tethersonde data at Ouray were available and nudged into 
WRF simulations. 

Figure 5-4 shows the column-sum cloud water mixing ratio as obtained by ONU and G4 at 11:00 local 
standard time when MODIS satellite images were available to provide cloud observations for the Uinta 
Basin. G4 yielded better matches to observed cloudiness than ONU, especially under clear conditions (31 
January). The clear patch on the west side of the basin in G4 during 1-4 February resulted from 
horizontal weighting of sounding nudging at Ouray that spread into the surrounding area. Both G4 and 
ONU seemed to poorly capture cloud at higher levels that were brought over the basin by synoptic flows 
on 3 February. Our future work will look at combining sounding nudging as in G4 with analysis moisture 
nudging for levels above where sounding data ends to see if this hybrid-nudging with moisture improves 
model performance in simulating both low and high cloudiness. 
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Figure 5-4. ONU and G4 simulated column-sum cloud water mixing ratio at 18UTC (11MST) each day of the 
studied period.  The upper-most panel shows MODIS satellite images collected at the same time with cloud/ice 
fog indicated by white color. 

As a result of less warm cloud formation in G4 compared to ONU, shortwave radiation at Horsepool 
predicted by G4 was also higher than ONU and was closer to observed values over the entire studied 
period (Figure 5-5). G4 slightly underestimated shortwave radiation at Horsepool on 2 February because 
of overprediction of warm cloud on the east side of the basin (see Figure 5-4, lowest panel). Further 
study could examine whether increasing the radius of influence to a value larger than 50 km would help 
to clear out all warm cloud formation over the entire basin.  On the other hand, G4 slightly 
overestimated shortwave radiation at Horsepool on 3 February because the model failed to capture 
higher cloud as discussed above.  

 
Figure 5-5. Time series of simulated (ONU and G4) and observed downward shortwave radiation at Horsepool. 

In general, improvements in simulating warm cloud made by sounding nudging could be important for 
photochemical simulations of ozone formation in the Uinta Basin. Our future work will include sensitivity 
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tests with photochemical simulations using G4 and ONU meteorological fields to see how sounding 
nudging affects ozone concentrations in the basin. 

5.3.3. Sounding Nudging Impacts on WRF Performance in Simulating Basin-Wide Surface 
Meteorological Conditions and Wind Patterns at Horsepool 

This section discusses how sounding nudging at Ouray altered model simulations of surface 
meteorological quantities. Figure 5-6 presents a model evaluation of surface quantities including 
temperature, humidity, and wind speed averaged over seven measurement sites that are representative 
of basin-wide meteorological conditions. Again, G4 yielded better performance than ONU in simulating 
surface temperature and humidity, especially during hours when sounding nudging was applied. 
Sounding nudging slightly corrected small biases in temperature and significantly corrected high biases 
in humidity during these hours (Figure 5-6). Both G4 and ONU overestimated wind speed averaged over 
the entire basin (Figure 5-6 and Figure 5-7). This is explained by the fact that we did not use vertical 
wind data in our sounding nudging simulation. 



 

 
49

 
Figure 5-6. Time series of hourly simulated and observed surface (a) temperature, (b) relative humidity and (c) 
wind speed averaged over seven monitoring stations.  The x-axis shows month/date in UTC.  Observational data 
are shown, along with data from model results with (G4) and without (ONU) sounding nudging. Purple dots 
indicate times when tethersonde data at Ouray were available and nudged into WRF simulations. 

Model evaluations of wind speed and direction were performed at Horsepool for G4 and ONU to see 
how sounding nudging affected wind patterns at a site located within the inversion layer and where oil 
and gas activity is relatively intense. As discussed above, our sounding nudging with temperature and 
humidity had very little effect on model calculations of wind speed and direction at Horsepool (Figure 
5-7), although G4 yielded slightly better statistic scores than ONU for both wind speed and direction. 
Both runs performed worst in 31 January, when observed data indicated higher wind conditions, and 
they both performed much better on the following days under calmer wind. For wind speed, G4 yielded 
better hourly evolution (Pearson-r=0.209) than ONU (Pearson-r=-0.066) over the entire studied period.  
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Figure 5-7. Time series of hourly simulated and observed surface wind speed and direction at Horsepool.  
Statistic scores including mean absolute error (MAE) and pearson-r (r) are provided at the top of each figure 
panel. 

5.4. Future Work 

Our future work will target: 

• Examining whether excluding surface nudging at Ouray so that sounding nudging will be applied 
from the lowest vertical data level would improve model performance in simulating lower-level 
relative humidity. 

• Including Horsepool sounding data for nudging to see whether this helps the model better 
capture temperature and relative humidity profiles above 300 m. The conclusion from this 
analysis would help prospective measurement efforts to determine the highest level that 
sounding data should reach.   

• Examining the impacts of combining sounding nudging as in G4 with analysis moisture nudging 
for levels above where sounding data ends to see if this helps model performance in simulating 
both low and high cloudiness. 

• Investigating of the reason that the Thompson microphysics parameterization scheme used in 
our studies failed to capture ice-phase cloud species even though vertical temperature and 
relative humidity profiles were improved by sounding nudging. 

• Sensitivity tests with photochemical simulations using G4 and ONU meteorological fields to see 
how sounding nudging affects ozone concentrations in the Uinta Basin. 

If sounding data with wind become available, we will investigate whether nudging with these data 
improves wind simulations. 
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6. Emission Inventory and Air Quality Model Development 

Author: Huy Tran 

6.1. Emission Inventory Updates 
We incorporated the Utah air agencies 2014 emission inventory for oil and gas (UDAQ, 2018) into our 
CMAQ and CAMx photochemical modeling platform. Table 6-1 presents NOx and organic compound 
emissions from oil and gas production in Duchesne and Uintah counties as estimated in the inventory 
for year 2014. Table 6-2 presents estimations of organic compound emissions from produced water 
ponds based on our flux chamber measurements (Mansfield et al., 2018). Inventory estimations of 
organic compound emissions from produced water disposal facilities, which were based on a mass 
balance approach, are significantly higher than our estimates. We used our own estimates of produced 
water pond emissions, rather than those from the Utah air agencies inventory.  We incorporated non-oil 
and gas source information from the 2014 U.S. Environmental Protection Agency (EPA) National 
Emissions Inventory, and we used this same source of information for oil and gas sources outside the 
Uinta Basin.   
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Table 6-1. 2014 Utah air agencies inventory of NOx and organic compound emissions from oil and gas production 
activities in the Uinta Basin (UDAQ, 2018). 

Description NOx (tons/year) Organics (tons/year) 
Duchesne Uintah Duchesne Uintah 

2014 Utah oil and gas emission inventory 
Dehydrators 1.96 4.49 198.93 3,686.73 
Fugitives     3,418.35 12,922.84 
Pneumatic Controllers     1,122.83 4,054.41 
Pneumatic Pumps     228.04 10,983.42 
Engines 4,178.51 5,043.82 699.03 974.17 
Separators & Heaters 1,067.00 1,863.84 58.69 102.51 
Tanks 12.30 11.33 4,322.35 8,469.74 
Truck Loading     928.30 726.60 
Well Completions (Drilling) 408.84 933.96 284.41 654.28 

Additional emissions projected from the Western Regional Air Partnership inventory 
Condensate tank flaring 0.16 0.32 0.00 0.00 
Venting - blowdowns 0.00 0.00 60.09 350.50 
Venting - initial completions 0.00 0.00 41.92 69.47 
Venting - recompletions 0.00 0.00 6.48 10.73 
Gas Plant Truck Loading 0.00 0.00 0.15 3.62 
Venting - Compressor Startup 0.00 0.00 169.81 990.51 
Venting - Compressor Shutdown 0.00 0.00 160.95 938.84 
Dehydrator Flaring 0.02 0.11 0.00 0.00 
Initial completion Flaring 0.20 0.12 0.00 0.00 

Emissions estimated by Utah Division of Air Quality 
Produced Water Ponds     9,533.26 20,812.91 
Solid Waste Disposal     433.77 266.84 

Emissions calculated from the EPA oil and gas emissions estimation tool 
2310111100: Oil & Gas: On-Shore Oil Explore:  
Mud Degassing     

1,640.31 943.54 

2310121100: Oil & Gas: On-Shore Gas Explore: 
Mud Degassing     

1.78 112.38 

All sources 
County Total (Duchesne & Uintah) 5,668.99 7,858.00 23,309.45 67,074.04 
Combined Total (Duchesne + Uintah) 13,527.00 90,383.49 
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Table 6-2. Total annual emissions from all produced water ponds in the Uinta Basin, as estimated from flux 
chamber measurements (Mansfield, 2018).  Bootstrapped means are shown, and upper and lower 95% 
confidence intervals are shown in parentheses. Confidence intervals reflect natural variability in measurements 
from the pond types indicated rather than measurement uncertainty. 

Tonnes yr−1 Inlet ponds Other active 
ponds 

Inactive ponds Total 

Methane 201 (32,830) 444 (263,853) 69 (27,201) 714 (323,1885) 
 

Carbon dioxide 88 (48,175) 2014 
(1425,2887) 

15,544 
(10761,22947) 

17,646 
(12234,26008) 

Alkanes 1128 
(217,4384) 

394 (254,620) 18 (1,96) 1541 (472,5101) 

Alkenes 0 (0,0) 24 (3,98) 0 (0,1) 24 (3,100) 
 

Aromatics 267 (53,1043) 422 (245,743) 5 (1,19) 694 (299,1805) 
 

Alcohols 379 (142,713) 4704 
(2428,10617) 

150 (84,337) 5233 
(2653,11667) 

Non-methane 
organics 

1773 
(412,6141) 

5546 
(2968,11952) 

174 (86,458) 7494 
(3466,18552) 

6.1.1. Produced Water Ponds Emission Developments 

In addition to the inclusion of our organic compound emission estimates from produced water ponds to 
the oil and gas emission inventory, we also developed speciation profiles for organics emitted from 
produced water ponds. These speciation profiles specify how total organic compound emissions are 
broken out by the model into individual compounds or groups of compounds, and they are specific to 
the chemistry mechanism employed in the photochemical model. Table 6-3 presents the average 
composition of organic compounds derived from flux chamber measurements at produced water 
disposal facilities in the Uinta Basin and the Upper Green River Basin, Wyoming. Carbonyl compound 
fluxes were only measured for facilities in the Upper Green River Basin. We processed the organic 
compound compositions in Table 6-3 using Speciation Tool v.4.0 (Jimenez et al., 2016) to generate 
speciation profiles for Carbon Bond chemistry mechanism version 6 (CB6; Yarwood et al. (2010)), and 
these are presented in Table 6-4. 
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Table 6-3. Organic compound composition of emissions from different types of produced water ponds 
(percentage).  Inlet ponds are the first pond in a series and usually have some oil cover.  Active ponds are all 
other ponds in active use.  Inactive ponds are ponds that are not actively receiving produced water. 

Organic compounds Species_ID1 Inlet2 Active2 Inactive2 Inlet3 Active3 Inactive3 
Methane 529 3.492 34.622 93.266 9.316 12.180 15.455 
Ethane 438 0.005 0.137 0.011 0.039 0.103 0.000 
Ethylene 452 0.000 0.001 0.002 0.000 0.003 0.012 
Propane 671 0.264 0.191 0.010 0.545 0.506 0.000 
Propylene 678 0.003 0.024 0.003 0.054 0.008 0.005 
Iso-butane 491 0.318 0.243 0.020 0.396 0.175 0.000 
N-butane 592 1.720 0.437 0.044 1.025 0.309 0.000 
Acetylene 282 0.000 0.014 0.001 0.002 0.132 0.003 
Trans-2-Butene 737 0.015 0.012 0.000 0.011 0.184 0.000 
1-Butene 64 0.000 0.000 0.001 0.010 0.010 0.101 
Cis-2-butene 367 0.003 0.007 0.000 0.003 0.000 0.000 
isopentane 508 1.610 0.753 0.055 2.023 0.276 0.336 
n-pentane 605 3.500 0.641 0.053 1.428 0.359 0.974 
trans-2-pentene 742 0.000 0.022 0.003 0.003 0.404 0.000 
1-pentene 108 0.013 0.012 0.003 0.002 0.001 0.000 
cis-2-pentene 371 0.000 0.013 0.003 0.003 0.001 0.001 
2,2-dimethylbutane 122 0.060 0.040 0.001 0.046 0.019 0.015 
2,3-dimethylbutane 390 0.938 0.163 0.006 0.468 0.126 0.031 
2-methylpentane 199 2.566 0.522 0.035 2.448 0.259 0.133 
3-methylpentane 248 1.555 0.334 0.012 1.452 0.198 0.095 
Isoprene 511 0.000 0.000 0.000 0.000 0.028 0.000 
1-Hexene 78 0.000 0.004 0.000 0.003 0.020 0.001 
n-Hexane 601 4.975 0.819 0.028 5.688 0.643 0.366 
Methylcyclopentane 551 2.700 0.660 0.035 1.829 0.334 0.144 
2,4-Dimethylpentane 152 0.349 0.084 0.004 0.240 0.222 0.021 
Benzene 302 0.898 2.760 0.535 1.777 3.887 0.512 
Cyclohexane 385 3.434 1.362 0.065 2.737 0.624 0.231 
2-Methylhexane 194 2.478 0.506 0.013 1.859 0.294 0.173 
2,3-Dimethylpentane 140 0.692 0.219 0.012 0.487 0.080 0.044 
3-Methylhexane 245 2.626 0.508 0.012 1.915 0.302 0.185 
2,2,4-Trimethylpentane 118 0.073 0.158 0.023 0.066 0.024 0.005 
n-Heptane 600 7.305 1.395 0.011 7.503 1.079 0.750 
Methylcyclohexane 550 9.639 4.059 0.274 7.572 1.701 0.915 
2,3,4-Trimethylpentane 130 0.051 0.029 0.001 0.034 0.382 0.006 
Toluene 717 6.529 5.891 1.043 4.519 6.650 0.748 
2-Methylheptane 193 3.375 0.520 0.010 2.785 0.479 0.280 
3-Methylheptane 244 2.348 0.537 0.020 1.500 0.367 0.189 
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Organic compounds Species_ID1 Inlet2 Active2 Inactive2 Inlet3 Active3 Inactive3 
n-Octane 604 7.512 2.102 0.016 7.218 1.413 0.949 
Ethylbenzene 449 0.688 0.719 0.018 0.507 0.333 0.023 
m&p-Xylene 524 7.735 7.481 0.774 4.657 3.512 0.556 
Styrene 698 0.000 0.001 0.000 0.001 0.001 0.030 
o-Xylene 620 1.875 1.670 0.146 0.863 0.680 0.209 
n-Nonane 603 6.544 3.785 0.006 5.387 1.716 0.956 
iso-Propylbenzene 514 0.122 0.074 0.001 0.060 0.059 0.000 
n-Propbylbenzene 608 0.270 0.143 0.003 0.104 0.083 0.124 
m-Ethyltoluene 89 1.036 1.081 0.061 0.340 0.300 0.080 
p-Ethyltoluene 94 0.293 0.503 0.010 0.162 0.212 0.045 
1,3,5-Trimethylbenzene 44 1.103 1.745 0.101 0.337 0.577 0.220 
o-Ethyltoluene 80 0.243 0.228 0.010 0.107 0.127 0.000 
1,2,4-Trimethylbenzene 30 1.931 2.178 0.114 0.629 0.619 0.383 
n-Decane 598 3.921 3.722 0.017 2.553 1.626 1.430 
1,2,3-Trimethylbenzene 25 0.363 0.371 0.024 0.176 0.130 0.127 
m-Diethylbenzene 51 0.045 0.144 0.009 0.092 0.009 0.022 
p-Diethylbenzene 59 0.499 0.853 0.046 0.146 0.037 0.098 
n-Undecane 610 2.006 4.290 0.004 2.188 1.202 1.528 
n-Dodecane 599 0.000 0.000 0.000 0.522 1.301 0.089 
Methanol 531 0.174 9.454 2.125 12.924 49.947 54.351 
ethanol 442 0.046 0.990 0.142 0.957 2.741 12.331 
isopropanol 513 0.008 0.399 0.378 0.286 1.008 4.717 
formaldehyde 465 0.004 0.019 0.005 0.000 0.000 0.000 
acetaldehyde 279 0.011 0.132 0.005 0.000 0.000 0.000 
acrolein/acetone 281 0.003 0.215 0.370 0.000 0.000 0.000 
propinalehyde 673 0.023 0.000 0.000 0.000 0.000 0.000 
crotonaldehyde 382 0.000 0.000 0.000 0.000 0.000 0.000 
butyraldehyde 2585 0.002 0.004 0.000 0.000 0.000 0.000 
benzaldehyde 301 0.003 0.000 0.000 0.000 0.000 0.000 
valeraldehyde 845 0.002 0.000 0.000 0.000 0.000 0.000 
p-tolualdehyde 1462 0.000 0.000 0.000 0.000 0.000 0.000 
hexaldehyde 840 0.009 0.000 0.000 0.000 0.000 0.000 

1 Species ID as in SPECIATE 4.5 database (https://www.epa.gov/air-emissions-modeling/speciate-documentation) 
2 Organic compound composition developed from flux chamber measurements in Upper Green River Basin, 
Wyoming 
3 Organic compound composition developed from flux chamber measurements in Uinta Basin. 
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Table 6-4. CB6 organic compound speciation profiles of produced-water ponds for photochemical model 
applications (weight percent). 

Model Species Mol. Wgt. PWP01 1 PWP02 1 PWP03 1 PWP11 1 PWP12 1 PWP13 1 
TOG/VOC 2 -- 1.103198 1.140032 1.182808 1.036270 1.537829 15.741237 
ACET 58.079 0.0 0.0 0.0 0.000026 0.002146 0.003703 
ALD2 44.053 0.0 0.0 0.0 0.000106 0.001319 0.000055 
ALDX 36.072 0.0 0.0 0.0 0.000200 0.000023 0.0 
BENZ 78.112 0.017800 0.038900 0.005124 0.008979 0.027600 0.005353 
CH4 16.043 0.093200 0.121800 0.154600 0.034900 0.346200 0.932700 
ETH 28.053 0.0 0.000034 0.000124 0.000004 0.000015 0.000018 
ETHA 30.069 0.000389 0.001035 0.0 0.000052 0.001369 0.000112 
ETHY 26.037 0.000016 0.001318 0.000026 0.0 0.000136 0.000008 
ETOH 46.068 0.009570 0.027400 0.123300 0.000456 0.009900 0.001416 
FORM 30.026 0.0 0.0 0.0 0.000038 0.000187 0.000047 
IOLE 56.106 0.000189 0.005078 0.000009 0.000185 0.000463 0.000052 
ISOP 68.117 0.0 0.000278 0.0 0.0 0.000005 0.0 
MEOH 32.042 0.129200 0.499500 0.543500 0.001736 0.094500 0.021300 
OLE 28.053 0.000426 0.000176 0.000581 0.000073 0.000226 0.000038 
PAR 14.247 0.620100 0.169100 0.147600 0.731400 0.293000 0.012100 
PRPA 44.096 0.005446 0.005059 0.0 0.002642 0.001914 0.000097 
TOL 92.243 0.050900 0.070500 0.008907 0.074400 0.066900 0.010600 
UNR 14.300 0.000158 0.000061 0.000033 0.000190 0.000264 0.000030 
XYL 106.464 0.072700 0.059700 0.016200 0.144600 0.153800 0.012500 

1 PWP01, PWP02, PWP03 are speciation profiles developed for inlet, active and inactive produced water ponds 
based on measurements in the Uinta Basin, while PWP11, PWP12, and PWP13 are for corresponding ponds but 
based on measurements in the Upper Green River Basin. 

6.2. Impact of Produced Water Ponds on Winter Ozone Episodes in the Uinta Basin 

To investigate the impact of produced water pond emissions on winter ozone formation in the Uinta 
Basin, we performed CMAQ simulations using PWP11, PWP12 and PWP13 organic compound speciation 
profiles which were developed based on measurements for the Upper Green River Basin. This is because 
PWP11, PWP12, and PWP13 include carbonyl species, which have high ozone reactivity. 

Due to large the variability in organic compound emissions from produced water ponds (Table 6-2), we 
performed CMAQ model simulations for a high ozone episode from 31 January to 8 February 2013 under 
two sensitivity scenarios: PWP_MEAN where mean values for emissions from produced water ponds 
were used, and PWP_HIGH where the upper 95% confidence limits of means were used (Table 6-2). We 
performed simulations for a base-case scenario, WO_PWP, without inclusion of pond emissions. We 
analyzed the differences in simulated ozone, NOx and organics between the base case (WO_PWP) and 
sensitivity scenarios using estimates from our studies (PWP_MEAN and PWP_HIGH, Table 6-2) and using 
Utah DAQ’s estimates (PWP_UDAQ, Table 6-1) to evaluate the impacts of produced water pond 
emissions on ozone during this winter episode. 
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Simulated ozone underestimated observed values in all base case and sensitivity scenarios. This finding 
is not unexpected and is consistent with findings from earlier photochemical modeling studies for winter 
2013 in the Uinta Basin (Ahmadov et al., 2015; Emery et al., 2015; Matichuk et al., 2017). Discrepancies 
in the emission inventory, including overestimation of NOx emissions and underestimation of organic 
compound emissions, are one of the major reasons for negative biases in predicted wintertime ozone 
concentrations in the basin. We first performed simulations with the 2014 emissions inventory as-is and 
with the inclusion of produced water pond emissions (PWP_MEAN_1.0NO scenario as displayed in 
Figure 6-1), and the simulated ozone concentrations were largely biased low. Simulated NOx at the 
Horsepool site was 5 to 10 times higher than observations (Figure 6-2). This finding suggests that the 
2014 inventory overestimates NOx emissions, which led to an overestimation of ozone titration (i.e., 
nighttime destruction of ozone) due to excess NOx. In the WO_PWP, PWP_MEAN and PWP_HIGH 
simulations, we arbitrarily reduced NO emissions from engines by 50%, as this source type is the main 
NOx emitter among all oil and gas source categories. As shown in Figure 6-2, although simulated NOx 
approximated observed values better in PWP_MEAN than in PWP_MEAN_1.0NO, it still highly 
overestimated NOx concentrations at Horsepool. Meanwhile, simulated ozone was significantly higher in 
PWP_MEAN than in PWP_MEAN_1.0NO (Figure 6-1). This finding suggests that further improvements of 
the emission inventory regarding NOx emissions are needed for better ozone modeling performance.  

Produced water pond emissions were significant contributors to ozone formation during the modeling 
episode. As shown in Table 6-5, organic compound emissions from produced water ponds contributed 
between 17 and 32% of locally-produced ozone in the PWP_MEAN scenario and between 31 and 51% of 
locally-produced ozone in the PWP_HIGH scenario. Produced water ponds have the highest impact in 
the PWP_UDAQ scenario, where they contributed up to 65% of locally-produced ozone. For comparison, 
organic compound emissions from ponds account for 11% of total organic compound emissions from all 
oil and gas sources in PWP_MEAN, 23% in PWP_HIGH and 34% in PWP_UDAQ. 

Impacts of produced water ponds under all scenarios are most intense on the west side (dominated with 
oil wells and NOx emissions) and south side of the basin (Figure 6-3). Impacts were less on the east side 
(dominated with gas-fields and VOC emissions), although there are more produced water ponds and 
higher water throughput on this side of the Basin. Observational data show that ozone is highest at the 
Ouray site (approximately at the center of the Basin in Figure 6-3), but this was not observed in all 
simulation scenarios. We attribute this behavior to inaccuracies in the meteorological model and the 
emission inventory. This finding also suggests that different VOC/NOx sensitivity regimes could exist in 
the west and east sides of the Basin. 

We expect that estimations of the impact of produced water pond emissions on ozone during high 
ozone episodes would change as improvements in the emission inventory are made. Regardless, this 
impact analysis suggests a high impact of pond emissions on winter ozone formation.  
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Figure 6-1. Comparisons of simulated ozone concentrations without produced water pond emissions 
(WO_PWP), with mean emissions (PWP_MEAN), with emissions set to the upper confidence limit of the mean 
(PWP_HIGH), and with emissions estimated by UDAQ (PWP_UDAQ).  Also shown in this figure is the ozone 
concentration simulated with unmodified oil and gas NOx emissions (PWP_MEAN_1.0NO; NOx from engines in 
the other scenarios was reduced from inventoried values by 50%). In this figure, HORSE, OURAY, MYTON, 
DUCHE, ROOSE, REDWA represent the Horsepool, Ouray, Myton, Duchesne, Roosevelt and Red Wash 
monitoring sites, respectively. The gray dashed line represents diurnal variation of solar elevation angles.  The 
red dashed line represents the EPA standard of 70 ppb. 
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Figure 6-2. Comparison of observed vs. simulated NOx concentrations as obtained with the PWP_MEAN_1.0NO 
(left) and PWP_MEAN (right) scenarios. 
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Figure 6-3. Spatial distribution of highest 8-hour average ozone concentrations on 6 February 2013 as simulated 
in the WO_PWP, PWP_MEAN, PWP_HIGH, and PWP_UDAQ scenarios.  In this figure, open-circles indicate 
locations of produced -water ponds; stars symbols represent monitoring stations, and the white line indicates 
the boundary of the ozone nonattainment area.  
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Table 6-5. Summaries of the impact of produced water pond emissions on ozone concentrations under different 
simulation scenarios.  PWP_MEANSS is the PWP_MEAN scenario with a CMAQ correction for ice formation (see 
Section 6.3). 
Sites Quantities WO_PWP PWP_MEAN PWP_MEANSS PWP_HIGH PWP_UDAQ 
Horsepool Daily maximum 8-hour ozone (ppb) 51.2 53.8 54.1 57.2 60.3 
 Background ozone (ppb) a 44.0 -- -- -- -- 
 Highest ozone difference (ppb) -- 2.9 3.2 6.4 9.5 
 Highest PWP contribution (%) b -- 31.7 33.8 48.4 58.1 
Myton Daily maximum 8-hour ozone (ppb) 56.9 60.9 61.0 65.7 70.4 
 Background ozone (ppb) a 43.2 -- -- -- -- 
 Highest ozone difference (ppb) -- 4.0 4.2 8.8 13.6 
 Highest PWP contribution (%) b -- 22.7 23.4 39.1 49.8 
Ouray Daily maximum 8-hour ozone (ppb) 53.1 56.1 56.4 59.6 63.8 
 Background ozone (ppb) a 38.4 -- --  -- 
 Highest ozone difference (ppb)  2.9 3.4 6.9 14.3 
 Highest PWP contribution (%) b  16.7 18.3 30.6 42.1 
Roosevelt Daily maximum 8-hour ozone (ppb) 52.9 55.8 56.0 54.9 63.2 
 Background ozone (ppb) a 42.8 -- -- -- -- 
 Highest ozone difference (ppb)  3.1 3.2 7.0 11.5 
 Highest PWP contribution (%) b  22.5 23.8 39.2 50.6 
Duchesne Daily maximum 8-hour ozone (ppb) 53.9 56.5 56.7 60.2 64.9 
 Background ozone (ppb) a 45.5 -- -- -- -- 
 Highest ozone difference (ppb)  3.2 3.5 7.2 11.9 
 Highest PWP contribution (%) b  24.3 25.1 48.8 61.3 
Red Wash Daily maximum 8-hour ozone (ppb) 54.0 56.0 56.3 59.6 62.9 
 Background ozone (ppb) a 46.9 -- -- -- -- 
 Highest ozone difference (ppb)  2.9 3.2 6.5 9.7 
 Highest PWP contribution (%) b  31.7 33.6 50.8 60.8 

a Background ozone: determined as the highest 8-hour ozone concentration in the day before inversion episode 
began. 
b PWP contribution: determined as the difference in ozone between a model scenario with produced water pond 
emissions and the WO_PWP scenario, divided by the difference between ozone on an inversion day and the 
background ozone. 

6.3. Photochemical Model Improvements—Albedo Sensitivity Simulations 

As a standard routine, CMAQ checks for sea ice in land use data input to the model, and it calculates the 
corresponding sea ice albedo factors. If no sea ice input data exists in the model domain, CMAQ 
examines land use data for open water surfaces and, if the surface temperature is below a threshold 
(271.36 K), CMAQ assumes ices is formed over water surfaces. The processes in CMAQ that (1) check for 
sea ice in the input data and (2) determine whether fresh water is frozen are linked, and (2) does not 
happen unless (1) does. 

Land use data is processed by the WRF model to determine if sea ice exists, and that information is 
included in WFR outputs that are then input into CMAQ. However, since our model domain does not 
include the ocean, WRF skips the sea ice determination step and, unfortunately, it also skips the 
calculation of whether fresh water is frozen. Consequently, even when the surface temperature in 
CMAQ is below the freezing point, open water surfaces still exist in the domain where ice should have 
been formed. Since open water surfaces have much lower albedo (i.e., reflectivity of solar radiation) 
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than ice, albedo values over lakes and rivers in the Uinta Basin are lower in CMAQ simulations than is 
realistic during winter. 

We modified the CMAQ source code by forcing it to examine open water surfaces for ice formation 
regardless of the existence of input sea ice data. This modification allows ice to form over lakes and 
rivers in the Uinta Basin and results in high surface albedo values over these areas. Figure 6-4 compares 
surface albedo in the Uinta Basin in simulations with the unmodified (top figure) and modified (bottom) 
CMAQ model for ice formations. With the ice formation corrections, surface albedos over water bodies 
such as the Pelican Lake, Starvation Reservoir and the Green River are higher than in the uncorrected 
simulations.  
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Figure 6-4. Comparison of surface albedo (fraction) in the Uinta Basin before (top) and after (bottom) CMAQ 
modifications for ice formation.  Our CMAQ sensitivity simulation (PWP_MEANSS) shows that ice formation 
correction increased ozone by 0.5 ppb at Ouray (Table 6-5). This ozone increase may seem small, but it is 
significant relative to the amount of ozone formed from individual oil and gas source types, including produced 
water ponds. We expect that the impact of the ice formation correction in CMAQ will increase with a more 
correct inventory that has lower NOx emissions and higher organic compound emissions. 
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7. Hindcasting and Forecasting Winter Ozone 

Author: Marc Mansfield 

7.1. Regression Models 

We have been working for several years at developing regression models of the Uinta Basin ozone 
system (Mansfield, 2018).  A regression model is an algorithm or mathematical formula used to estimate 
a dependent variable, in this case the daily ozone concentration, from some set of independent 
variables.  In general, the success and utility of a regression model depend on whether one has selected 
a representative set of independent variables.  Our winter ozone regression models usually include five 
independent variables, which we will now describe.  The proper variable to characterize inversion 
strength is the “lapse rate,” or the average rate at which the temperature of the atmosphere falls as we 
climb into the atmosphere.  (In an inversion, the temperature rises with altitude, so that lapse rates 
become negative.)  Lapse rates are best measured by sending thermometers aloft with weather balloons 
or other aircraft, but such measurements do not occur routinely in the basin.  Instead, we use a variable 
we call the pseudo-lapse rate, PLR, defined from surface temperatures at a number of different sites at 
different elevations throughout the basin.  We also extrapolate from these same surface temperatures 
to the floor of the basin to obtain the second variable, the floor temperature, or FT.  Because the 
severity of ozone events intensifies as we progress through a multi-day inversion event, we use a third 
variable that we call the number of consecutive inversion days, or CID.  The CID value that would be 
assigned to today’s date is the number of past consecutive days, including today, that the PLR has been 
negative.  The fourth variable is the average snow depth, or SD, throughout the basin.  The 
characteristics of ozone events change between early and late winter, which we ascribe to the changing 
solar elevation, so to model this effect, the fifth variable is the solar angle, SA, or the angle that the 
midday sun makes with the zenith.   

To develop a regression model, we start with a “training set” of input data, which in our case consists of 
the values of all five independent variables, and also the dependent variable, or ozone concentration, on 
all days for which all six variables are available, and for all winter days between December 15 and March 
15, inclusive.  For the input ozone concentration, we normally use the eight-hour-averaged daily 
maximum ozone concentration at Ouray, Utah, because this is the most complete Uinta Basin ozone 
data set available, and also because the eight-hour Ouray data are used to make regulatory decisions.  
Then we “train” the regression model, which consists of adjusting model parameters or the inner 
workings of the algorithm to obtain the best possible agreement between model predictions and 
measurements of daily ozone concentration.  The resulting “trained” model lets us estimate the ozone 
concentration that would occur on any given hypothetical day given hypothetical values of the five 
independent variables. 

The characteristics of the training set are crucial.  For example, if the training set only included data 
from low ozone winters, the model could not be trusted to make predictions for high ozone winters, and 
vice versa.  Each year, we retrain the algorithm with the latest available data, and the training set now 
consists of data for nine winters, 2010 through 2018 inclusive, and both low and high ozone winters are 
represented. 
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Performance statistics for the regression models discussed here are summarized in Table 7-1. 
Performance statistics for the regression models discussed here..  The model Uintah-5 employs 
quadratic regression and represents our former benchmark.  The model Forest-5 employs random-
forest regression and was developed this past year.  Random forest algorithms are a recent invention 
and often provide advantages over other regression algorithms.  For example, random-forest algorithms 
are often able to uncover nonlinear trends that are invisible to other algorithms.  As far as we are aware, 
this is the first treatment of an environmental problem using random-forest regression.  In the following 
discussion, we will point out some of the other advantages that we obtained by switching to the newer 
algorithm.  In addition to the standard error, Table 7-1 shows two other performance measures; success 
rates A and B.  Success rate A is the fraction of time that the algorithm successfully predicted whether 
the ozone concentration for any given day in the training set would be either above or below the EPA 
standard for ozone.  Success rate B is the fraction of the time that the algorithm was correct when it 
predicted that a day would be in exceedance of the standard.  Table 7-1 shows that the random-forest 
algorithms usually outperform the quadratic for all three performance statistics.  The model Forest-6 is a 
random-forest algorithm more appropriate for ozone forecasting and will be discussed below. 

For a further discussion of regression techniques, see Bruce and Bruce (2017). 

Figure 7-1 is a scatter plot comparing values of predicted vs. actual ozone concentrations for each day in 
the training set as predicted by Forest-5.  Figure 7-2 compares the number of actual vs. predicted ozone 
exceedances that occurred in each winter season since 2010, again for Forest-5.  Three winters (2010, 
2011, and 2013) had 30 or more exceedances; three others (2014, 2016, 2017) had more moderate 
numbers of exceedances; and three others (2012, 2015, 2018) had none.  The agreement between 
actual and predicted numbers of ozone days is quite good.  Figure 7-3 compares actual and predicted 
ozone concentrations for each winter day in the training set.  The Forest-5 model successfully predicts 
each high ozone event in each of the eight years.  It also successfully captures the gradual trend in 
background ozone concentrations seen in the three winters without high ozone. 

Table 7-1. Performance statistics for the regression models discussed here.   
Model Regression 

algorithm 
Independent variables Standard 

error (ppb) 
Success 
rate a 

Success 
rate b 

Uintah-5 Quadratic PLR, FT, CID, SD, SA 11.5 92.4% 88.0% 
Forest-5 Random forest PLR, FT, CID, SD, SA 8.3 94.0% 80.8% 
Forest-6 Random forest PLR, FT, CID, SD, SA, 

OZ(-1) 
7.4 95.5% 86.7% 
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Figure 7-1. Scatter plot showing performance of the random-forest regression model.  Each point compares the 
ozone concentration predicted by the model against observed values.  The diagonal is the 1-to-1 comparison.  
The EPA standard for ozone is 70 ppb.  The horizontal and vertical lines at 70 ppb divide the plot into four 
quadrants.  94% of points fall in the first or third quadrants, indicating that the algorithm predicts an ozone 
exceedance with 94% accuracy. 
 

 
Figure 7-2. Comparison between the regression predictions for the number of ozone exceedances in each season 
and the actual number of exceedances.  The red line is the regression outcome, and the blue is reality. 
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Figure 7-3. Comparison between predicted and measured ozone for each of the nine winters in the training set.  
Red and blue traces are respectively the observed and predicted ozone concentrations.  The horizontal line at 70 
ppb is the current National Ambient Air Quality Standard for ozone.  The three vertical lines are drawn at 1 
January, 1 February, and 1 March. 
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7.2.  Sensitivity Calculations 

The Forest-5 algorithm shows how typical ozone concentrations depend on the independent variables.  
Results for sensitivity to solar angle and to snow depth are shown in Figure 7-4.  These curves highlight 
another strength of the random forest algorithm.  Comparable traces for linear and quadratic 
regressions would be straight lines and parabolas, respectively.  They would be unable to show the 
detailed non-linear behavior seen in these curves and would obscure the actual behavior.  The 
sensitivity to solar angle under high ozone conditions helps us see why ozone events are rare in early 
winter and much more common in late February.  The sensitivity to solar angle under low ozone 
conditions mimics the behavior seen in Figure 7-3 for 2012, 2017, and 2018 winters.  The dependence 
on snow depth shows two interesting transitions.  Near SD = 25 mm, typical ozone concentrations 
increase abruptly by about 20 ppb, and near 130 mm, they increase by over 40 ppb.  The first transition 
occurs when there is enough snow to have any effect at all, and the second occurs when the snow is 
deep enough to cover surface irregularities and vegetation.  At snow depths above about 140 mm, the 
ozone concentration levels off, because once the snow is deep enough to give good surface coverage, 
additional snow has no effect.  The quadratic regression (Uintah-5) does a poor job of representing this 
saturation effect and predicts extremely high ozone concentrations when the snow is very deep.   

 
Figure 7-4.  Sensitivity of predicted ozone concentrations to (a) solar angle, and (b) snow depth.  The higher and 
lower ozone curves in each panel are drawn assigning values to all other independent variables that are 
consistent with high or low ozone, respectively.  The solar angle maps directly to the date, and this mapping is 
shown along the upper edge of panel (a).   

7.3.  Hindcasting Ozone Concentrations   

As mentioned above, the training set consists of each winter day between 15 December 2009 and 15 
March 2018.  An important set of “hindcasting” results is obtained when we apply the algorithm to 
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every winter day since December 1950.  Intense petroleum activity did not begin in the basin until the 
1980’s, but application to the historical data lets us estimate the ozone concentration that would have 
formed on any winter day since winter 1951 if the modern industry had also been present.  In effect, we 
are trying to determine how often meteorological conditions occur that are consistent with either high 
or low ozone.  If we assume that these 68 winters are representative of all possible winters, then they 
indicate what we can expect in future winters.  (See below for arguments in support of this assumption.)   

Figure 7-5 shows the predicted number of ozone exceedances in each of these years.  This time series 
does seem to have certain regularities.  For example, from 1967 to 1997, high ozone years peak 
periodically about every 5 years, while a periodicity of 2 to 3 years appears between 2008 and 2017.  
However, we have applied several different tests of randomness to this time series and are confident 
that the ozone system from one season to the next is uncorrelated.  Therefore, we can assume, as 
stated above, that each of the 68 years is representative of what might occur in any one year. 

 
Figure 7-5.  Prediction of the number of NAAQS exceedances that would have occurred in the indicated year 
assuming a modern oil and gas industry. 

Figure 7-6 displays a histogram of the distribution of exceedance days per season.  According to this 
distribution, there are 44% odds that any given winter season has no ozone exceedance days.  The odds 
that any season will have 3 or fewer exceedances are 51%.  The odds that any season will have 47 or 
more exceedances (the actual exceedance count for 2009-10) are 12%.  In other words, winter 2009-10 
was an 8-year event.   
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Figure 7-6. Predicted distribution in the number of exceedance days in any given winter.   

Regulatory decisions on non-attainment are based on the number of ozone exceedances over three 
consecutive calendar years.  Because we assume that the ozone system is uncorrelated between years, 
we can determine three-year statistics by considering all possible triples of the 68 winter seasons 
studied.  Figure 7-7 shows the results of such an analysis.  There are 34% odds that any consecutive 
three-year period would be in attainment of the ozone standard, although to remain in attainment, the 
basin would have to repeat this feat year in and year out.  The Uinta Basin is currently in marginal non-
attainment, but unless something changes, the odds are high that we will encounter a future three-year 
period capable of shifting the basin into moderate non-attainment.  Even a designation of serious non-
attainment cannot be ruled out since such a three-year sequence is a ten-year event.   

This analysis does not include summer ozone events, which can occur occasionally, and which would 
then also contribute to the total number of ozone days in any one year. 

This analysis is more optimistic than the comparable analysis based on Uintah-5.  As already mentioned, 
that analysis overestimates ozone concentrations when snow depths are large.  This is one more 
improvement afforded by the random forest algorithm. 
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Figure 7-7. Distribution in the three-year average ozone concentration as predicted by Forest-5.   

7.4.  Ozone Forecasting 

The regression calculation estimates the ozone concentration for any given day based on meteorological 
variables.  If we have 24- or 48-hour forecasts of these same variables, then in principle, we can predict 
ozone concentrations 24 or 48 hours in advance.  Such forecasts would permit individuals and industrial 
entities to plan ahead either to avoid ozone exposure or to avoid activities that would release ozone 
precursors.  Therefore, we have been working to develop a reliable ozone forecasting algorithm.  
Eventually, we hope to have a web-based forecast tool that broadcasts ozone forecasts and ozone-alert 
days to the public.  Once each day, it would automatically download meteorological forecasts available 
from the National Oceanic and Atmospheric Administration (NOAA) or other agencies, use our best 
working ozone regression to compute the ozone forecast, and post these forecasts.   

Figure 7-8 displays a proof-of-concept test.  It compares actual measured ozone concentrations for 
winter 2016-17 against the Uintah-5 hindcast and against a forecast also based on Uintah-5.  The 
forecast was calculated after the fact but used archived 24-hour meteorological forecasts.  In particular, 
this forecast calculation only used data available 24 hours in advance.  The calculation was able to 
capture the 10-day ozone event that occurred in the first week of February 2017. 
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Figure 7-8. Ozone measurements and predictions for winter 2016-17.  Day 0 is 15 December 2016; day 90 is 15 
March 2017.  Red symbols are actual ozone measurements, green symbols are the Uintah-5 hindcast 
predictions, and blue symbols are from a Uintah-5 forecast, calculated using archived forecasts of 
meteorological data available 24 hours in advance. 

In making a forecast one or two days out, we are allowed to use any data available today.  As explained 
above, we have been planning to use data from meteorological forecasts.  However, because of the 
persistent nature of Uinta Basin inversions, the ozone concentration today is also a good predictor of 
tomorrow’s ozone.  Therefore, we have developed a second random-forest regression model, Forest-6, 
that uses the same five independent variables as Forest-5, but which also includes the previous day’s 
ozone concentration [OZ(-1)] as a sixth independent variable.  Forest-6 is summarized in Table 7-1.  
Forest-6 outperforms Forest-5 and Uintah-5 in most cases and will probably be adopted as the 
benchmark algorithm for these forecasts. 

7.5.  Future Work 

At the end of each winter season, we intend to upgrade the benchmark algorithms (Forest-5 for 
hindcasting and Forest-6 for forecasting) by adding the newest winter data into the training set.  We 
envisage an important role for the hindcast calculations in assessing the effectiveness of any new 
emissions controls or practices, especially those that will be adopted in response to the new non-
attainment designation.  Assume that some set of emissions controls are adopted between now and 
winter 2019-20.  If these controls are truly effective, then the 2018 version of Forest-5 should 
overestimate the number of observed exceedance days in winter 2019-20.  Keeping Forest-5 current will 
provide an on-going, effective test of the efforts to mitigate winter ozone.  Keeping Forest-6 current will 
improve the quality and accuracy of the winter ozone forecasts. 

During the following year, we will develop the web-based forecast tool discussed above, and we plan to 
have an on-line working system in place for winter 2019-20. 
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8. Organic Compound Emissions from Burning Gilsonite 

8.1. Introduction 
Gilsonite is a naturally occurring mixture of high molecular weight organic compounds, including 95% 
aliphatic and 5% aromatic hydrocarbons, as well as sulfur, oxygen, and nitrogen-containing functional 
groups (Nciri et al., 2014). Veins of gilsonite exist at the surface in Uintah County, Utah, and wildfires in 
gilsonite-bearing areas can ignite gilsonite veins.  Smoke emitted from burning gilsonite presents a 
breathing hazard to firefighters, but the exact nature of that hazard is not known because no study has 
ever determined the chemical composition of gilsonite fire emissions.  At the request of TriCounty 
Health, we agreed to conduct a very small pilot study to address this knowledge gap.  Additional work, 
including a more sophisticated sampling design and additional samples collected under a variety of 
conditions, would be required to characterize the chemical composition of emissions from gilsonite fires 
fully.  

We provided the information in this section to TriCounty Health, and they are working with the state 
health department to use this information to develop formal safety guidelines for firefighters battling 
gilsonite fires.   

8.2. Methods 

8.2.1. Emissions Sampling 

American Gilsonite provided crushed gilsonite for use in this study.  We burned small quantities of this 
crushed gilsonite in our laboratory and analyzed the emissions for total particulate mass and a suite of 
hydrocarbons, alcohols, carbonyls, and polycyclic aromatic hydrocarbons (PAHs).  A full list of the 
compounds measured is given in Table 8-1. Figure 8-1 shows a diagram of the gilsonite burning and 
emissions sampling apparatus.   
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Figure 8-1. Diagram of sampling apparatus for gilsonite fire emissions. 

We placed about 25 g of crushed gilsonite on a stainless steel woven screen in a laboratory fume hood, 
and we placed a Bunsen burner under the screen to facilitate burning.  Gilsonite did not maintain a 
flame in our sampling apparatus unless we subjected it to a small, continuous flame from the Bunsen 
burner.  We added gilsonite to the screen and adjusted the Bunsen burner flame and position as needed 
to maintain visible smoke emissions from the gilsonite. 

We placed the inlet of a 10 cm diameter galvanized steel sampling duct about 7 cm above the stainless 
steel screen.  We connected the outlet of the duct to the fume hood’s exhaust, which pulled emitted 
particles and gases from the burning gilsonite through the duct.  We cut holes in the duct about 20 cm 
from the inlet to insert sampling equipment.  We measured the temperature of the air in the duct at the 
same distance as the sampling equipment. 

To sample PAHs, we pulled air from the steel duct through an elutriator and particle impactor (URG 
corporation part numbers URG-2000-30K and URG-2000-30P) designed to retain particles with an 
aerodynamic diameter larger than 4 μm (50% cut point).  After the impactor, air passed into a low-
volume polyurethane foam (PUF) tube with a glass fiber filter on the upstream end (SKC part number 
226-126), which retained particle-bound and gas-phase PAHs.   

To sample total particulate mass, we pulled air through a filter housed in a PFA filter holder.  For the first 
two samples, we used PTFE filters with a 0.2 μm pore size, but these quickly became blocked with 
particulate matter, severely restricting sample air flow.  For the remaining samples, we used quartz fiber 
filters (Whatman part number WHA1851047). 
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To sample for carbonyls, we pulled air downstream of the particulate filter through BPE-DNPH sorbent 
cartridges (Sigma Aldrich part number 54279-U).  To sample for hydrocarbons and alcohols, we pulled 
air downstream of the particulate filter into 6 L silonite-coated stainless steel canisters (Entech 
Instruments). 

Flows were controlled with analog and digital flow controllers.  We measured the flow rate through 
each sampling line on each sampling day with a BIOS DryCal flow meter that is checked against a NIST-
traceable standard annually.  

We collected five 30 min samples, including one sample wherein the Bunsen burner operated without 
any gilsonite.   

8.2.2. Laboratory Analysis 

We weighed quartz fiber filters before and after sampling according to a modified version of EPA Quality 
Assurance Guidance Document 2.12 (EPA, 2016) to determine the accumulated particulate mass. 

We analyzed DNPH cartridges following Uchiyama et al. (2009). Briefly, 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 we then brought the flasks to a volume of 5ml 
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 analyzer with a Restek Ultra AQ 
C18 column and a diode array detector.  

We analyzed air in the silonite canisters following Lyman et al. (2018).  Briefly, we used an Entech 7200 
preconcentrator and 7016D autosampler to concentrate samples and introduce them to a gas 
chromatography (GC) system for analysis. We used cold trap dehydration to reduce water vapor in the 
sample, as described by Wang and Austin (2006).  The GC system consisted of two Shimadzu GC-2010 
GCs with a flame ionization detector (FID) and a Shimadzu QP2010 Mass Spectrometer (MS), 
respectively.  Hydrocarbon compounds with two and three carbons were analyzed by FID, and other 
compounds were analyzed by MS.   

A commercial laboratory, AirZOne (Mississauga, Ontario, Canada), analyzed the PUF cartridges for PAHs.  
They extracted PAHs from the cartridges with a hexane/acetone mix using an ASE 200 accelerated 
solvent extractor system, concentrated the extracts, and analyzed the concentrated extracts by GC/MS.   

8.3. Results 

8.3.1. Quality Control 

Calibration curves for all chemical analyses had r2 values greater than 0.99, and all values were corrected 
for laboratory blanks.  Duplicate sampling led to percent differences of 3 ± 4% (95% confidence interval) 
for PAHs and 1 ± 9% for hydrocarbons and alcohols.  Calibration checks resulted in percent recovery of 
104 ± 1% for hydrocarbons and alcohols and 98 ± 1% for carbonyls.  Laboratory blanks for quartz fiber 
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filters had a mass that was 2% of the sample mass when the Bunsen burner operated without gilsonite 
and was 0.02% of the mass when sampling emissions from burning gilsonite. 

8.3.2. Composition of Emissions from Burning Gilsonite 

Table 8-1 shows the results of this study.  The column labeled “This study µg m-3 concentration” shows 
the concentrations of the listed substances in sampled air, calculated as the average of the two gilsonite 
burning samples collected when quartz fiber filters were used, corrected for the results from the sample 
collected when we operated the Bunsen burner without any gilsonite.  The column labeled “This study 
mg g-1 of particulate” shows the mass of each compound listed per mass of total particulate matter 
collected on the quartz fiber filters.   

Table 8-1 also shows results from two studies that sampled emissions from crude oil fires.  The results of 
this study for burning gilsonite are generally in the same range as those for burning crude oil (Benner et 
al., 1990; Booher and Janke, 1997). 

Table 8-1. Average concentrations of the listed compounds and masses of the same compounds per mass of 
particulate matter emissions from burning gilsonite.  Values shown are corrected for a control sample wherein 
the Bunsen burner operated but no gilsonite was burned.  Results from Booher and Janke (1997) and Benner et 
al. (1990) are included for comparison.  

This study 
µg m-3 

concentration 

This study 
mg g-1 

of particulate 

Booher and Janke 
µg m-3 

concentration 

Benner et al. 
mg g-1 

of particulate 
Total Particulate 79285 N/A 

  

Naphthalene 65.360 1.192 47.00 
 

Acenaphthylene 122.910 2.726 4.40 0.41 
Acenaphthene 16.610 0.380 

  

Fluorene 34.160 0.738 0.53 
 

Phenanthrene 48.620 1.061 6.50 1.33 
Anthracene 5.952 0.133 0.89 0.33 
Acridine 2.015 0.037 

  

Fluoranthene 25.290 0.528 4.60 0.72 
Pyrene 39.730 0.722 5.40 0.83 
Benzo(c)phenanthrene 1.794 0.035 

  

Benz(a)anthracene 7.920 0.157 
  

Chrysene 7.441 0.154 1.00 0.19 
7,12-Dimethylbenz(a)anthracene 0.320 0.005 

  

Benzo(b)fluoranthene 4.533 0.087 
  

Benzo(k)fluoranthene 4.509 0.087 
  

Benzo(a)pyrene 7.424 0.153 
  

3-Methylcholanthrene 0.148 0.003 
  

Indeno(123-cd)pyrene 0.962 0.018 0.77 
 

Dibenz(a,h)anthracene 1.029 0.019 
  

Benzo(ghi)perylene 0.918 0.018 
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This study 

µg m-3 
concentration 

This study 
mg g-1 

of particulate 

Booher and Janke 
µg m-3 

concentration 

Benner et al. 
mg g-1 

of particulate 
Dibenzo(a,l)pyrene 0.360 0.007 

  

Dibenzo(a,i)pyrene 0.228 0.003 
  

Dibenzo(a,h)pyrene 0.026 0.000 
  

ethane 980.6 13.194 
  

ethylene 2360.7 37.929 
  

propane 1328.6 16.120 
  

propylene 1903.8 26.437 
  

isobutane 323.3 4.248 
  

n-butane 782.2 9.713 
  

acetylene 1320.2 23.734 
  

trans-2-butene 229.0 2.897 
  

1-butene 1425.9 19.568 
  

cis-2-butene 158.5 2.009 
  

isopentane 438.2 5.386 
  

n-pentane 474.5 5.916 
  

trans-2-pentene 150.9 1.906 
  

1-pentene 315.2 3.967 
  

cis-2-pentene 76.7 0.987 
  

2,2-dimethylbutane 5.2 0.063 
  

cyclopentane/2,3-dimethylbutane 128.2 1.649 
  

2-methylpentane 371.2 4.622 
  

3-methylpentane 91.3 1.113 
  

isoprene 266.6 3.860 
  

1-hexene 475.9 5.968 
  

n-hexane 257.1 3.238 
  

methylcyclopentane 77.9 0.968 
  

2,4-dimethylpentane 4.5 0.055 
  

benzene 771.3 15.100 270 
 

cyclohexane 34.8 0.434 
  

2-methylhexane 75.6 0.931 
  

2,3-dimethylpentane 150.1 1.799 
  

3-methylhexane 119.0 1.458 
  

2,2,4-trimethylpentane 8.2 0.100 
  

n-heptane 308.8 3.828 
  

methylcyclohexane 96.6 1.181 
  

2,3,4-trimethylpentane -- -- 
  

toluene 413.8 7.103 
  

2-methylheptane 511.3 6.199 
  

3-methylheptane 41.7 0.502 
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This study 

µg m-3 
concentration 

This study 
mg g-1 

of particulate 

Booher and Janke 
µg m-3 

concentration 

Benner et al. 
mg g-1 

of particulate 
octane 233.1 2.944 

  

ethylbenzene 80.4 1.381 
  

m/p-xylene 373.4 5.351 
  

styrene 182.0 3.556 
  

o-xylene 90.5 1.298 
  

n-nonane 203.0 2.535 
  

isopropylbenzene 4.6 0.064 
  

n-propylbenzene 7.6 0.102 
  

1-ethyl-3-methylbenzene 54.6 0.768 
  

1-ethyl-4-methylbenzene 53.7 0.717 
  

1,3,5-trimethylbenzene 27.9 0.334 
  

1-ethyl-2-methylbenzene 17.1 0.233 
  

1,2,4-trimethylbenzene 69.6 0.867 
  

n-decane 177.5 2.039 
  

1,2,3-trimethylbenzene 112.5 1.366 
  

1,3-diethylbenzene 13.3 0.142 
  

1,4-diethylbenzene 27.7 0.338 
  

undecane 162.7 1.728 
  

methanol 19.3 0.199 
  

ethanol 2.2 0.023 
  

isopropanol 3.6 0.042 
  

Formaldehyde -- -- 138 
 

Acetaldehyde 54.4 1.833 28 
 

Acrolein 0.0 0.000 12 
 

Acetone 157.0 2.437 
  

Propionaldehyde 31.5 0.243 
  

Crotonaldehyde 0.0 0.000 
  

Butyraldehyde/methacrolein/2-
butanone 

103.6 1.376 
  

Benzaldehyde 11.0 0.085 31 
 

Valeraldehyde 25.7 0.570 
  

p-Tolualdehyde 54.0 0.592 14 
 

Hexaldehyde 5.9 0.204 
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9. Infrared Camera Oil and Gas Emissions Survey  

Author: Seth Lyman 

With funding from the Environmental Protection Agency, the Bureau of Land Management, the Utah 
Division of Air Quality, and the Utah Legislature, and with input and support from the Ute Indian Tribe, 
we carried out a study in the first half of 2018 to detect emissions from oil and gas equipment with 
optical gas imaging cameras.  These cameras use infrared technology to visualize natural gas plumes 
that are invisible to human eyes.  They are used by regulators and industry to find emissions and repair 
leaks.  We detected emissions with these cameras from (a) a helicopter that flew over oil and gas 
facilities and (b) the ground at the edge of well pads.   

We have completed a draft report of this work, and this report is currently under review by industry and 
the entities mentioned above.  We will modify the report based on comments received, and we expect 
to release a final version sometime in November 2018.  We will post the report at 
http://binghamresearch.usu.edu/reports when it is complete.  If you wish to receive notification when 
the report is complete, contact Seth Lyman at seth.lyman@usu.edu.  Below we have reproduced from 
the draft report a list of the study’s major conclusions: 

• Cold temperatures dramatically reduce the detectable emission rate of infrared optical gas 
imaging cameras, especially when cameras are used from an aerial platform.  The aerial portion 
of this study detected less than 1/10th the number of emission plumes that were observed in a 
similar study performed during summer months and had a detection limit that was between 2.5 
and seven times worse. 

• Ground-based infrared camera surveys can detect much smaller emissions than aerial surveys.  
During the ground survey, we detected emissions at 31% of well pads, compared to 0.5% of 
pads during the aerial survey, and the detection limit for our camera, when used from the 
ground, was at least ten times better than when the camera was used from the helicopter.   

• Well pads with detected emissions during the ground and aerial surveys had higher oil and gas 
production, were younger, and had more liquid storage tanks per pad relative to the entire 
surveyed population. 

• The majority of observed emission plumes were from liquid storage tanks (75.9% of all observed 
plumes), including emissions from pressure relief devices like pressure relief valves and thief 
hatches on the tank or from piping that connects to the tank.   

• Well pads with control devices (combustors or vapor recovery units) to reduce emissions from 
tanks were more likely to have detected emissions, had more detected emissions per pad and 
were more likely to have emission plumes that were qualitatively categorized as large.  
Emissions from pads with tank controls originated mostly from tanks. Pads with control devices 
tended to be newer and have higher oil and gas production. 

• Repairs made by oil and gas companies in response to emissions detected ranged from small 
maintenance and repair work that cost between zero and a few hundred dollars, to replacement 
of thief hatches that cost several thousand dollars.  Most repairs reported cost well under 
$1,000. 
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10. Ozone Alert Program 

Author: Seth Lyman 

During a winter inversion episode that occurred in February 2017, we received several calls commenting 
on our real-time data website, http://ubair.usu.edu.  Individuals in industry and government have come 
to rely on this resource to stay abreast of air quality conditions in the Uinta Basin.  One individual from a 
local oil and gas company, while complimentary of the website, asked why the Uinta Basin does not 
have a program to alert operators when high ozone is forecast, as exists in Wyoming’s Upper Green 
River Basin.  The individual encouraged us to work to implement such a system so operators can change 
their operations during inversions and thereby reduce ozone-forming emissions. 

Wyoming’s ozone alert program is administered by the Wyoming Department of Environmental Quality 
(DEQ).  Wyoming DEQ sends a spreadsheet with a list of emissions reduction options to oil and gas 
companies before every winter and asks companies to indicate which reductions they intend to 
implement if high winter ozone is forecast.  During the winter, Wyoming DEQ alerts companies if high 
ozone is forecast.  At the end of the winter, if high ozone has occurred, they ask for information from 
companies about whether they carried out the plans outlined in the pre-winter spreadsheets.   

During fall 2017 we met with the Utah Division of Air Quality (Utah DAQ) to find out more about how 
such a program might be implemented.  In past winters, Utah DAQ had a voluntary seasonal ozone 
control program, wherein they reached out to operators and obtained commitments to reduce ozone-
forming emissions where possible, but this program did not include a component to alert companies if 
high ozone was forecast.  Utah DAQ determined that they did not have the resources to implement an 
alert program in time for the upcoming winter, but they were supportive of our efforts to do so.  Also, 
TriCounty Health agreed to help us promote the program.   

With input from Utah DAQ, TriCounty Health, and several oil and gas companies, we created a very 
simple program to alert companies when high winter ozone was forecast.  The program includes a web 
page, http://binghamresearch.usu.edu/OzoneAlert, to describe the program and a widget to allow 
individuals to sign up (Figure 10-1).  The webpage lists the current air quality forecast, and actions 
companies might consider taking if high ozone occurs.  When companies 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.  
We also intend to send an email at the end of the season to ask companies how useful the program was 
and what they did to reduce ozone-forming emissions when alerts were issued. 

We currently use the Utah DAQ air quality forecast for Uintah and Duchesne counties for this program.  
Utah DAQ’s forecast is for ozone and particulate matter (PM2.5), and sometimes elevated PM2.5 occurs in 
urban areas of the Uinta Basin in the absence of conditions conducive to ozone formation (e.g., snow 
cover).  We look at the ozone forecast every day during winter months, and we send an email alert if (1) 
impaired air quality is forecast by Utah DAQ and (2) conditions conducive to ozone formation exist or 
are expected to exist.  We are working to improve winter ozone forecasting capabilities.  Information 
about this effort is available in Section 7, and information about what we plan to do during the coming 
year to improve forecasting capabilities is available in Section 13.  
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Figure 10-1. Screenshot from the ozone alert program web page.   

No high ozone days occurred or were forecast in the Uinta Basin during winter 2017-18, so we were not 
able to determine from users how useful they found the program or what they did in response to it.  The 
program currently has 29 subscribers, including 14 subscribers from industry, nine from government 
entities, and six not affiliated with an oil and gas company or a government entity.  The program will 
continue operating during the upcoming winter.  Information about how we plan to promote this 
program in the coming winter is available in Section 13. 
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11. ULend Leak Detection Camera Lending Program 

Author: Seth Lyman 

In 2017 we received funding from the Utah Division of Air Quality (Utah DAQ) to work with them and 
TriCounty Health to implement a program to lend an optical gas imaging camera to companies to use to 
find and repair leaks at oil and gas facilities.  We have administered the program over the past year, 
including the following activities:  

• Development of a training program for the camera; 
• Development of procedures for checking the camera in and out, including forms, an online 

calendar, etc.; 
• Development of a records system to maintain documentation and a record of when the camera 

was used and by whom; and 
•  Administration of the program (i.e., lending the camera to users, keeping track of paperwork, 

etc.). 

The program has been in operation since November 2017.  To date, the camera has been checked out 
seven times for a total of 16 weeks by users from two oil and gas companies and one user from a 
government entity.  When the camera has not been checked out, we have also used it for research 
projects, including the infrared camera survey described in Section 8. 

As of November 2018, Utah DAQ, rather than our research group, will be administering the ULend 
program.  We have transferred our training, sign-up, and filing systems to them.  Information about the 
program is available at http://ulend.utah.gov.  
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12. Report of 2017-18 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 2017-18 reporting period.  Each 
subsection corresponds to a goal in our management plan.  Our management plan is available here: 
https://usu.box.com/s/19t1dj3t1ztb49ix0aav7p8i5p18ewaf.  

12.1. Research Output 

The most basic outcome of our research is 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. 

12.1.1. Publications 

Lamb, J., 2017. Non-methane Hydrocarbon Source Apportionment and BTEX Risk Assessment of Winter 
2015 in Roosevelt, Utah. Master’s Thesis. Utah State University, Logan, Utah. 
https://usu.box.com/s/anj4syzjs5mpbemgf1c5s457wx9f4c5x.  

Lyman, S., 2018. Organic Compound Emissions from Burning Gilsonite. BRC_180607A.  Utah State 
University, Vernal Utah. https://usu.box.com/v/gilsonitesmokeJun2018.  

Lyman, S.N., Mansfield, M.L., 2018. Organic compound emissions from a landfarm used for oil and gas 
solid waste disposal. Journal of the Air and Waste Management Association 68, 637-642. 

Lyman, S.N., Mansfield, M.L., Tran, H.N.Q., Evans, J.D., Jones, C., O’Neil, T., Bowers, R., Smith, A., Keslar, 
C., 2018. Emissions of organic compounds from produced water ponds I: characteristics and Speciation. 
Science of the Total Environment 619-620, 896-905. 

Lyman, S.N., Mansfield, M.L., Tran, H., Tran, T., 2017. Uintah Basin Air Quality Research: 2017 Annual 
Report. BRC_311017A. Utah State University, Vernal, Utah. 
https://usu.box.com/s/7bd8f3hjs3u0pa7tefl6etue3e2ol4tj.  

Mansfield, M.L., 2018. Statistical analysis of winter ozone exceedances in the Uintah Basin, Utah, USA. 
Journal of the Air and Waste Management Association 68, 403-414. 

Mansfield, M.L., Hall, C.F., 2018. A survey of valleys and basins of the western United States for the 
capacity to produce winter ozone. Journal of the Air and Waste Management Association 68, 909-919. 

Mansfield, M., Lyman, S., Tran, H., Hansen, J., Overson, D., Bhardwaj, N., Thalman, R., Watson, J., 2018.  
GC-MS Organic Aerosol Monitor: Air-Quality Impacts of the Oil and Gas Industry, In-Field Testing, and 
Software Development. Utah State University, Vernal, Utah. 
https://usu.box.com/s/gck46h8nfq8tec7o6fbo5uuh4de9v162.  
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Mansfield, M.L., Tran, H.N.Q., Lyman, S.N., Bowers, R., Smith, A., Keslar, C., 2017. Emissions of organic 
compounds from produced water ponds III: mass-transfer coefficients, composition-emission 
correlations, and contributions to regional emissions. Science of the Total Environment 627, 860-868. 

Matichuk, R., Tonnesen, G., Luecken, D., Gilliam, R., Napelenok, S.L., Baker, K.R., Schwede, D., Murphy, 
B., Helmig, D., Lyman, S.N., Roselle, S., 2017. Evaluation of the community multiscale air quality model 
for simulating winter ozone formation in the Uinta Basin. Journal of Geophysical Research: Atmospheres 
122, 13545-13572. 

Tran, H.N.Q., Lyman, S.N., Mansfield, M.L., O’Neil, T., Bowers, R., Smith, A., Keslar, C., 2018. Emissions of 
organic compounds from produced water ponds II: evaluation of flux-chamber measurements with 
inverse-modeling techniques. Journal of the Air & Waste Management Association 68, 713-724. 

Tran, T., Tran, H., Mansfield, M., Lyman, S., Crosman, E., 2018. Four dimensional data assimilation 
(FDDA) impacts on WRF performance in simulating inversion layer structure and distributions of CMAQ-
simulated winter ozone concentrations in Uintah Basin. Atmospheric Environment 177, 75–92. 

12.1.2. Presentations 

Lyman, S., November 2017. Uintah Basin Air Quality. Presentation to the board of the Utah School and 
Institutional Trust Lands Administration, Salt Lake City, Utah.  

Lyman, S., Mansfield, M., Tran, H., December 2017. Organic Compound Emissions From Produced Water 
Ponds. American Geophysical Union Fall Meeting, New Orleans, Louisiana. 

Lyman, S., February 2018. Uintah Basin Air Quality Update. Presentation to the Vernal Area Chamber of 
Commerce, Vernal, Utah. 

Lyman, S., March 2018. Organic Compounds in the Uinta Basin Atmosphere. Presentation at the Science 
for Solutions Utah air quality research conference, Weber City, Utah. 

Tran, H., Tran, T., Mansfield, M., Lyman, S., March 2018. Investigations of Impacts of VOC Emissions from 
Produced-water Disposal Facilities on Winter Ozone Pollution in the Uintah Basin Using Modeling 
Techniques. Presentation at the Science for Solutions Utah air quality research conference, Weber City, 
Utah. 

O’Neil, T., Lyman, S., Anderson, R., March 2018. A Sensitive High Flow Sampling System for 
Measurement of Methane Emissions. Presentation at the Science for Solutions Utah air quality research 
conference, Weber City, Utah. 

Bhardwaj, N., Overson, D., Mansfield, M., Tran, H., Thalman, R., Hansen, J.C., March 2018. Use of GC-MS 
Organic Aerosol Monitor for In-field Detection of Organic Compounds in Particulate Matter. Presentation 
at the Science for Solutions Utah air quality research conference, Weber City, Utah. 

Tran, T., Tran, H., Mansfield, M., Lyman, S., Crosman, E., March 2018. Investigating Observational 
(Surface and Vertical Profile) Nudging Impacts on WRF Performance in Predicting Cloudiness in Uintah 
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Basin – Case Study Jan 31- Feb 4, 2013. Presentation at the Science for Solutions Utah air quality 
research conference, Weber City, Utah. 

Tran, T., Tran, H., Mansfield, M., Lyman, S., Crosman, E., March 2018. Investigating Observational 
(Surface and Vertical Profile) Nudging Impacts on WRF Performance in Predicting Cloudiness in Uintah 
Basin – Case Study Jan 31- Feb 4, 2013. Presentation at the 18th Conference on Mountain Meteorology - 
American Meteorological Society, Santa Fe, New Mexico. 

Lyman, S., Mansfield, M., Tran, H., Tran, T., May 2018. Wintertime Ozone in the Uintah Basin. 
Presentation at the Utah Environmental Health Association Spring Conference, Vernal, Utah. 

Lyman, S., June 2018. Uintah Basin Air Quality Research Project: 2018 Report. Presentation to the 
Natural Resources, Agriculture, and Environment Interim Committee of the Utah Legislature, Salt Lake 
City, Utah. 

Lyman, S., Tran, H., July 2018. Uintah Basin Ozone Nonattainment Designation. Presentation to the 
Vernal Area Chamber of Commerce, Vernal, Utah. 

Lyman, S., Oswald, W., September 2018. Uintah Basin Air Quality—Status of Scientific Understanding. 
Presentation to the Uintah Basin Ozone Working Group, Vernal, Utah. 

Lyman, S., October 2018. Uintah Basin Air Quality Research. Presentation to the Industry Collaborative 
Meeting of the Utah Division of Oil, Gas and Mining, Duchesne, Utah. 

12.2. Stakeholder Engagement 

The mission of our research is to provide information that helps stakeholders (industry, regulators, and 
others) make better decisions about air quality.  Thus, in addition to our research output (see the 
previous section), 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. 

12.2.1. Stakeholder Guidance Committee 

We engaged our stakeholder guidance committee to review and provide comments on our management 
plan (https://usu.box.com/s/19t1dj3t1ztb49ix0aav7p8i5p18ewaf), our research priorities (Section 13), 
and our annual project objectives (Section 13).  We provided committee members with a draft of the 
plan on September 3rd and invited them to review the draft and provide comments.  We held a meeting 
on September 25th to discuss the document with the committee.  We made changes to the research 
priorities list, and the project objectives document in response to comments received from the 
committee.  Members of the committee included representatives from: 

• Utah Petroleum Association 
• Western Energy Alliance 
• Local oil and gas companies 
• Uintah County 
• Duchesne County 
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• Ute Indian Tribe 
• Utah Division of Air Quality 
• Utah School and Institutional Trust Lands Administration 
• TriCounty Health 
• Bureau of Land Management 
• Environmental Protection Agency 
• Breathe Utah 

12.2.2. Uinta Basin Ozone Working Group 

During summer 2018, we worked with individuals from government, industry, and environmental 
advocacy organizations to organize the Uinta Basin ozone working group.  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.org/.  Our team has given presentations to the group about 
the science of wintertime ozone, we are serving on several of the subgroups that have been established 
to address specific topics, and Seth Lyman and Huy Tran are serving as leaders of the subgroups for 
identifying the most effective emissions reduction targets and accounting for factors outside of 
traditional regulation, respectively. 

12.2.3. Other Stakeholder Engagement Activities 

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 12.1.  

• ubair.usu.edu, our real-time air quality data website, had 408 unique users who visited the 
website in 2,875 sessions over the last 12 months.  The number of users and sessions were 
down from last year (last year had 705 and 3,500, respectively), probably because we did not 
have any ozone exceedance days during winter 2017-18.  The number of users accessing the site 
appears to depend on ambient air quality.  The most daily visits over the past year (92) were on 
July 3rd.  Late in the day on July 2nd, wildfire smoke led to an hourly PM2.5 reading at Roosevelt of 
96 μg m-3, and a reading of 69 μg m-3 at Vernal, some of the highest values of the year.  This 
indicates that many Uinta Basin residents are aware of this website and use it when they need 
to find out about current air quality conditions.  When air quality is visibly good, the site gets 
few visits. 

• binghamresearch.usu.edu, our team’s main website, had 1,615 unique users who visited the site 
in 3,222 sessions during the past 12 months.  Most users accessed our homepage, information 
about our research team, our student research fellowship page, or our reports page. 

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

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

• In July 2018 we updated our fact sheet to provide key information about air quality in the Uintah 
Basin: http://binghamresearch.usu.edu/files/2-pagehandoutUBairquality.pdf.   

• At their request, we provided research summaries and datasets to elected officials in state and 
local government. 
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• We engaged in many discussions with individuals in government and industry to help them 
understand the laws, process, data, and reasoning behind the recent designation by EPA of a 
portion of the Uinta Basin as an ozone nonattainment area.   

• Our research data was used by EPA in the nonattainment designation and by individuals and 
companies that provided comments to EPA about the designation.  In particular, our work to 
identify and verify summertime ozone exceedances that were due to intrusions of ozone-rich air 
from the stratosphere led to the exclusion of two ozone exceedance days during summer 2015.  
The exclusion of these data brought the ozone design value down from 81 to 80 ppb, which 
allowed the designation to be marginal, rather than moderate. 

• We worked with Utah DAQ, TriCounty Health, and industry to implement the Ozone Alert 
program and the ULend leak detection camera lending program, which are described in Sections 
10 and 11, respectively.   

• We performed a small study to help TriCounty Health understand health risks from breathing 
smoke from burning gilsonite.  This study is described in Section 8.   

12.3. Student Involvement and Training 

A generous endowment from Anadarko Petroleum Corporation has provided funds for students to 
participate in Uinta Basin air quality research.  We used these funds to hire Makenzie Holmes in spring 
2018, and we are currently soliciting applications for a second student 
(http://binghamresearch.usu.edu/studentfellowship).  Makenzie is an undergraduate biology student at 
our campus.  She is working with us to prepare for our upcoming project to collect high-density 
measurements of organic compounds in oil and gas-producing areas, which is described in Section 13.  
We have trained Makenzie in organic compound analysis techniques using chromatography and mass 
spectrometry.  She has worked with us to prepare laboratory analysis and field sampling equipment for 
this project.  After data collection for this project is complete, Makenzie will work with us to analyze the 
data and prepare a report of project outcomes. 

12.4. Data Management, Quality, and Dissemination 

12.4.1. 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 Federal Code.  We stored all instrument 
maintenance, calibration, and repair data within this data 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.     

12.4.2. Data Quality 

Table 12-1 shows a summary of data quality results for ambient air measurements we collected during 
the reporting period. 
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Table 12-1. Data quality summary for ozone, NOx, carbon monoxide (CO) and organic compound data collected 
during 2017-18.  Results are shown as average ± 95% confidence intervals for all locations at which the indicated 
measurements were collected, where applicable (applicable if n > 3).  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  0.5 ± 0.4 100 ± 1 86 ± 16 
NO -0.5 ± 0.1 99 ± 1 81 
NOx (NO calib.) 0.1 ± 0.3 101 ± 2 81 
NOy (NO calib.) 0.2 ± 0.1 100 ± 0 81 
NOx (GPT calib.) N/A 98 ± 1 81 
NOy (GPT calib.) N/A 100 ± 1 81 
CO 6 ± 12 99 ± 2 97 
Methane 0 ± 0 99 ± 7 45 
Total NMHC 0 ± 0 100 ± 1 45 
Speciated NMHC 0.3 ± 0.3 103 ± 2 68 
PM2.5 (BAM) N/A N/A 89 

12.4.3. Data Dissemination 

We have uploaded the winter 2017-18 ozone dataset (Section 2) and a 2011-2018 air chemistry and 
meteorology dataset for the Roosevelt and Horsepool monitoring stations to our data web page, 
http://binghamresearch.usu.edu/data_access.  

12.5. Outcomes from Annual Project Objectives 

We established project objectives for the current reporting period in Section 17 of our previous annual 
report, which is available here: https://usu.box.com/s/7bd8f3hjs3u0pa7tefl6etue3e2ol4tj. In Table 12-2, 
we report on any discrepancies between planned work and actual outcomes for each of the project 
objectives outlined in the previous annual report. 

Table 12-2. 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 

This objective was achieved for the reporting period (see information in 
Section 12.2.3).  We have re-established this objective for the coming year. 

Develop and operate 
the new Ozone Alert 

This objective was achieved (see information in Section 10).  We will 
continue operation of this program in the coming year. 
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OBJECTIVE OUTCOMES 
program 

Ambient Air Monitoring    
Operate air quality 
monitoring stations  

This objective was achieved (see information in Section 2 and Section 
12.4).  We will continue operation of these stations in the coming year. 

Analyze air chemistry 
data to determine long-
term trends in 
wintertime 
concentrations and 
speciation 

We have not completed this objective.  We have completed a 
comprehensive analysis of long-term trends in reactive nitrogen 
compounds and have done some analysis or organic compound data (see 
Section 4).  More work is needed, however, especially to fully understand 
long-term trends in organics in the Uinta Basin atmosphere.  We will 
continue working on the objective in the coming year.  We will work to 
publish the results of what we have done so far within the next few 
months. 

Analyze NOx instrument 
bias 

This objective was achieved (see Section 4.2).   
 

Air Quality Model Development 
Participate in the Utah 
Photochemical Model 
Working Group 

We did not achieve this objective because the photochemical model 
working group has not been meeting.  We are working to re-establish this 
or a similar group to share modeling information with all potential users. 

Develop a method to 
forecast winter ozone 

This objective was partially achieved (see Section 7).  The lack of 
wintertime ozone during the reporting period made forecast validation 
impossible, and we were not able to complete a website to display the 
forecast output.  We will continue this work in the coming year. 

Update emission 
inventory files and 
incorporate them into 
our photochemical 
model    

This objective has been achieved (see Section 6), except that we have not 
completed a manuscript for peer-reviewed publication.  We will do this 
over the next few months. 

Continue investigation 
of data assimilation 
impacts on 
meteorological model 
performance with 
observed vertical 
measurements. 

Progress has been made on this objective (See Section 5), but it is not 
complete.  We plan to finish this objective, including a manuscript for 
publication, before the end of the year. 

Review and incorporate 
updated organic 
compound speciation 
profiles into air quality 
models. 

We did not complete this objective.  As we began to work on it, we found 
out that Utah DAQ was planning a project to do similar work, so we 
decided to work with them on this objective.  We now have funding from 
Utah DAQ and are working with them to collect samples and improve 
profiles.  This project will be complete before our 2019 annual report, and 
we will report on it at that time. 

Investigate pollutant 
dispersion from sources 
at different elevations 

The purpose of this objective was to help determine an appropriate 
elevation boundary for a possible nonattainment area in the Uinta Basin.  
EPA made its designation before we were able to complete this objective, 
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OBJECTIVE OUTCOMES 
so we abandoned it. 

Emissions Characterization 
Measure methane and 
non-methane 
hydrocarbon flux from 
snow with real-time 
GCs.  Measure carbonyl 
flux from snow using 
DNPH cartridges and 
HPLC. 

We were not able to complete this objective because of inadequate snow 
cover during winter 2017-18.  We are ready to do this work in the coming 
year if adequate snow exists. 

Obtain raw gas analysis 
data and tank flash 
analysis data and use 
these data to improve 
organic compound 
speciation profiles in 
emission inventories.   

Because of work with Utah DAQ, we have combined this objective with 
“Review and incorporate updated organic compound speciation profiles 
into air quality models.”  See that row for information about this objective. 

Use Infrared leak 
detection camera with 
quantitative software to 
(1) determine the 
usefulness of the 
quantitative software 
and (2) quantify leak 
rates from liquid storage 
tanks. 

This objective is nearly complete.  We will have a final report completed in 
November, and a manuscript for publication shortly thereafter.  See 
Section 9. 

Other Activities 
Engage students in air 
quality research 

We have completed this objective.  See Section 12.3. 

Participation in Utah air 
quality research 
conference 

We have completed this objective. 
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13. Priorities for Uinta Basin Winter Ozone Research 

Authors: Seth Lyman, Huy Tran, Trang 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 future air quality 
research in the Uinta Basin.  Our project objectives for the coming year (see Section 13) are designed to 
address these questions. 

13.1. 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? 

13.2. 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 to Uinta Basin air quality? 

13.3. Emissions 

• What specific 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? 

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

13.4. Stakeholder Engagement 

While it is not research, an important part of our group’s activities is to collaborate with stakeholders to 
reduce emissions.  With that in mind, we added two additional questions: 

• How can we work with industry and others to facilitate emissions reductions?   
• How can we ensure that the work we carry out is useful to and utilized by regulators, industry, 

and others? 
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14. Project Objectives for 2018-19 

Authors: Seth Lyman, Trang Tran, 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.  Information about our general 
operations and goals are available in our management plan, which can be found here: 
https://usu.box.com/s/19t1dj3t1ztb49ix0aav7p8i5p18ewaf.  Table 14-1 shows our 2018-19 project 
objectives.   

Table 14-1. 2018-19 project objectives, along with the purpose, plan, performance measures, and responsible 
person(s) for each objective. 

OBJECTIVE PLAN 
Stakeholder and Community Engagement 

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

PURPOSE: Provides stakeholders and the public with access to the air 
quality data we collect. 
PLAN: Randy Anderson and Seth Lyman will maintain, repair, and update 
the website as needed.  We will show the website on our display computer 
at the USU Bingham Building.  We will promote the website at events we 
attend with stakeholders and the public. 
PERFORMANCE MEASURE: Number of unique users each year. 
RESPONSIBLE PERSON: Seth Lyman 

Operate the Ozone Alert 
program 

PURPOSE: Alerts oil and gas operators when high ozone is forecast so they 
can take action to reduce ozone-forming emissions. 
PLAN: Continue to operate our ozone alert program, the web page for 
which is http://binghamresearch.usu.edu/OzoneAlert. Also, we have 
submitted a project proposal to UCAIR for which we will develop a web-
app for more efficient ozone alert delivery. The web-app, if funded, will be 
operated concurrently with the email-based alerts. 
PERFORMANCE MEASURES:  Number of companies signed up, survey of 
users to learn about the program’s efficacy. 
RESPONSIBLE PERSON: Seth Lyman 

Organize a winter air 
quality modeling 
workshop 

PURPOSE: Allows for coordination and information-sharing among 
researchers and between researchers and regulators so work to develop 
winter ozone models doesn’t duplicate effort and provides tools that can 
improve regulatory modeling. 
PLAN: We will hold the workshop in Logan, Utah in March 2019, in 
conjunctions with the Science for Solutions air quality research 
conference, which we also help organize.  Researchers from University of 
Wyoming and University of Utah have agreed to attend, as have 
representatives from Utah DAQ and EPA.  We expect that other 
organizations will also participate.  At the workshop, we will share 
information with other researchers, gather information about what work 
still needs to be done to improve models, and receive feedback from 
regulators to make sure the work being done is relevant to their needs.  
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OBJECTIVE PLAN 
PERFORMANCE MEASURES: Short reports that are produced at the 
workshop. 
RESPONSIBLE PERSON: Seth Lyman 

Ambient Air Monitoring    
Operate air quality 
monitoring stations  

PURPOSE: Continues long-term datasets of ozone, precursors, and 
meteorology to track changes and generate data for model evaluation 
PLAN: Continue measurements as we have in previous years at these sites: 
• Horsepool 
• Roosevelt 
• Castle Peak 
• Seven Sisters 
• Willow Creek 
• Rabbit Mountain 
• Fruitland 
PERFORMANCE MEASURES:  Data quality, data uptime, datasets available 
to the public, use of data in reports and publications. 
RESPONSIBLE PERSON: Seth Lyman 

Continue evaluation of 
long-term trends in 
ambient air chemistry 

PURPOSE: Determines air chemistry trends across space and time, as well 
as drivers of those trends. 
PLAN: Seth made progress on this objective in the past year, the results of 
which are discussed in Section 4.  Additional work we will perform in the 
coming year includes: 

• Processing 2014 and 2016 organic compound data from Roosevelt 
and including these data in analyses 

• Adding data collected during the coming winter 
• Investigating temporal trends in individual and total organic 

compounds 
• Investigating spatial changes in ozone and NOx that have occurred 

over the period for which we have measurements 
 

Seth will process and finalize the 2014 and 2016 Roosevelt datasets.  Marc 
will use these datasets to look for temporal trends.  Seth will investigate 
spatial trends. 
PERFORMANCE MEASURES:  Datasets available to the public, report, and 
publications. 
RESPONSIBLE PERSONS: Marc Mansfield and Seth Lyman 

Measure non-methane 
hydrocarbon and 
carbonyl fluxes at the 
air-snow interface. 

PURPOSE: Confirms the importance of snow chemistry in enhancing 
organic compound reactivity and provides preliminary data for a larger 
field and laboratory study with outside funding.   
PLAN: We were prepared to collect these measurements during winter 
2017-18, but inadequate snow cover made measurements impossible.  We 
will use a dynamic flux chamber composed of UV-transparent Teflon film 
at Horsepool to make these measurements.  We will collect non-methane 
hydrocarbon samples in stainless steel canisters and analyze them in the 
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OBJECTIVE PLAN 
laboratory by cryogenic preconcentration and GC-FID and GC-MS.  We will 
collect carbonyl samples on DNPH cartridges and analyze them in the 
laboratory by HPLC.  If we only have adequate snow cover for a short 
period, we will collect these measurements in an intensive campaign.  If 
we have adequate snow cover for several weeks, we will collect 
measurements across many weeks to assess seasonal variability.  Seth 
Lyman and Marc Mansfield will work together on this objective.  Seth will 
carry out the measurements, and Seth and Marc will work together on 
data analysis and writing. 
PERFORMANCE MEASURES: (1) Collect valid measurements for as many 
days with snow cover as possible, up to about 15 days.  (2) A dataset 
available to the public, and (3) a report of this work in our 2019 annual 
report. 
RESPONSIBLE PERSONS: Seth Lyman and Marc Mansfield 

Deploy drone with 
meteorological 
instrumentation to 
characterize vertical 
structure of winter 
inversion episodes 

PURPOSE: Generates data to use for data assimilation in meteorological 
models of Uinta Basin winters (see Section 5). 
PLAN: We will use a quadcopter-like system that carries temperature, 
relative humidity, barometric pressure, and ozone sensors to collect 
measurements from the ground surface to above the top of the inverted 
layer. We will compute wind speed and direction from yaw, pitch and roll 
angles and the GPS vector that are recorded by the drone during flight. We 
will carry out these flights periodically throughout the winter season, 
especially during atmospheric inversions with high ozone.  This will include 
comparisons of data from the drone against data collected at an air quality 
monitoring station.  Huy Tran will coordinate flight days, locations, and 
personnel. 
PERFORMANCE MEASURES: (1) A vertical meteorological dataset that can 
be used for model data assimilation, and (2) a chapter in our 2019 annual 
report. 
RESPONSIBLE PERSON: Huy Tran 

Air Quality Model Development 
Develop a quantitative 
method to forecast 
winter ozone 

PURPOSE: Provides better forecasts of winter ozone will allow companies 
and others to plan to limit ozone-forming emissions on high ozone days. 
PLAN: Huy Tran and Marc Mansfield will work on this.  This work will build 
on what we have already accomplished (see Section 7). For 2018-19, we 
will use the HRRR weather forecast output with the random forest 
regression model to forecast winter ozone. We will investigate possible 
improvements in the ozone forecast model by combining observed 
meteorology and HRRR forecasts where possible. A research objective for 
the coming year will be to develop and test a web-based forecasting tool.  
Once each day throughout the winter, this system will automatically 
access available online forecasts of meteorological conditions in the Uinta 
Basin, apply the random forest regression model to forecast ozone 
concentrations one to two days in advance, and display the forecast on our 
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OBJECTIVE PLAN 
ubair.usu.edu website. 
PERFORMANCE MEASURES:  (1) An ozone forecast website, (2) a statistical 
analysis of its performance (including feedback from users of the ozone 
alert program if it utilizes our forecast method), and (3) a chapter in our 
2019 annual report. 
RESPONSIBLE PERSONS:  Huy Tran and Marc Mansfield 

Continue investigation 
of data assimilation 
impacts on 
meteorological model 
performance 

PURPOSE: Provides more accurate meteorological fields for photochemical 
models to better simulate the formation and distribution of ozone and its 
precursors within the Uinta Basin. 
PLAN: We will publish our work on data assimilation in WRF simulations 
using surface and vertical profile measurements of meteorology, with the 
goal of improving the ability of meteorological models to simulate 
cloudiness, the radiation budget, and wind flow patterns (especially the 
typical upslope and downslope flow patterns).  We will also investigate 
data assimilation using vertical meteorological profiles measured with a 
drone (see above).   
PERFORMANCE MEASURES:  Peer-reviewed paper and a chapter in 2019 
final report. 
RESPONSIBLE PERSON: Trang Tran 

Investigate the impacts 
of online coupling of 
meteorology and 
chemistry in 
photochemical 
simulations of winter 
ozone. 

PURPOSE: If online coupling of meteorology and chemistry in 
photochemical simulations significantly improves simulations of winter 
ozone concentrations, our findings will provide information that can be 
used to optimize the configurations of regulatory photochemical models 
(e.g., CMAQ or CAMx) to better simulate winter ozone concentrations. 
PLAN: We will do sensitivity tests to compare winter ozone photochemical 
simulations performed by WRF-CAMx (one-way offline coupled 
meteorology-chemistry model) versus WRF-Chem (two-way online 
coupled meteorology-chemistry model) to see if online coupled 
meteorology-chemistry calculations improve simulations of winter ozone 
concentrations in the Uinta Basin. 
PERFORMANCE MEASURES:  Chapter in 2019 final report 
RESPONSIBLE PERSON: Trang Tran 

Investigate techniques 
to assimilate chemical 
and land cover data into 
photochemical models 

PURPOSE: Improves meteorological and chemical model performance, 
allowing for more accurate simulations of Uinta Basin air quality. 
PLAN: We will explore the possibility of assimilating satellite data into our 
photochemical model. Earlier studies have demonstrated improvement in 
meteorological and air chemistry model performance using satellite data 
assimilation, for example with phenological features derived from high-
resolution MODIS satellite data (Ran et al., 2010). We will investigate the 
applicability of high-resolution satellite data from the Landsat 7/8, 
Sentinel, and MODIS satellites for this purpose. Our particular interest is to 
use satellite data to improve estimations of snow cover and albedo in our 
meteorological model. Also, satellite atmospheric chemistry data have 
recently become available, such as the TroPospheric Monitoring 
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OBJECTIVE PLAN 
Instrument (TROPOMI, https://sentinels.copernicus.eu/web/sentinel/data-
products/-/asset_publisher/fp37fc19FN8F/content). We will investigate 
the use of this database for model validation and data assimilation. 
PERFORMANCE MEASURES:  Chapter in 2019 final report 
RESPONSIBLE PERSON:  Huy Tran 

  

Emissions Characterization 
Emissions composition 
measurements  

PURPOSE:  Improves organic compound speciation profiles for use in air 
quality modeling. 
PLAN: We will work with Utah DAQ (with funding from Utah DAQ, 
UIMSSD, and the Utah Legislature) to measure the organic compound 
composition of hydrocarbon liquids, flashed gas, and raw gas at oil and gas 
wells around the Uinta Basin.  We will also collect direct emissions 
measurements (C1-C11 hydrocarbons, C1-C3 alcohols, and carbonyls) at 
these wells using our custom-built high flow measurement system.  This 
project will include measurements at about 70 oil and gas wells.  We will 
use the measured composition data to develop improved tank emission 
estimates and organic compound emission speciation profiles for the Uinta 
Basin. (Emission inventories generally only include information about the 
total amount of organics emitted.  Speciation profiles provide information 
about the composition, or speciation, of the emitted organics.)  We will 
then incorporate the new speciation profiles into a photochemical model 
to investigate differences in the profiles and their impact on 
photochemistry.  Seth Lyman will oversee data collection, and Trang Tran 
will be responsible for speciation profile development and modeling. 
PERFORMANCE MEASURES:  (1) Report of results co-written with Utah 
DAQ; (2) updated organic compound speciation profiles for use in 
photochemical models; (3) model performance evaluation. 
RESPONSIBLE PERSON: Trang Tran and Seth Lyman 

High-density 
measurements of 
organic compounds in 
oil and gas-producing 
areas 

PURPOSE:  Identifies discrepancies between inventoried and actual 
emissions of organic compounds from oil and gas industry sources. 
PLAN: We are building 15 tripod-mounted systems to collect atmospheric 
samples for measurement of C2-C11 hydrocarbons, C1-C3 alcohols, and 
carbonyls.  The systems are portable and easily deployable.  We will 
deploy them in ~5 campaigns in several configurations around the Uinta 
Basin in areas with oil and natural gas facilities.  We will collect samples 
(whole-air canisters for hydrocarbons and alcohols and DNPH cartridges 
for carbonyls) in the field and bring them to our laboratory for analysis.  
The tripod-mounted systems also include four weather stations which, in 
combination with stationary monitoring stations, will be used for 
characterizing meteorological conditions and for inferring origins of the 
sampled air.  Sampling configurations may include transects, compact grids 
in different areas of the Uinta Basin, or a network across the entire basin.  
This project will provide organic compound concentration measurements 
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OBJECTIVE PLAN 
with high spatial resolution.  We will use the collected data to determine 
how the current oil and gas emission inventory for the Uinta Basin 
compares against measured organic compound concentrations.  We will 
do this by (1) comparing measurements against proximity to different 
types of oil and gas facilities, and (2) performing inverse modeling with 
CMAQ and the current emissions inventory for the Uinta Basin.  Inverse 
modeling is a technique wherein modeled emissions are adjusted to 
minimize differences between measured and modeled organic compound 
concentrations.  This will allow us to determine source types and/or 
geographical areas where more measurements are needed to improve the 
inventory. 
PERFORMANCE MEASURES: (1) A final, publicly available dataset; and (2) a 
chapter in 2019 annual report. 
RESPONSIBLE PERSON: Huy Tran and Seth Lyman 

 

14.1. Related Activities for 2018-19 

We will be working on the following projects during the 2018-19 project period that are related to air 
quality: 

• We have completed our multi-year BLM project to quantify and characterize emissions of 
organics from natural gas well pad soils.  We will release a final report of this work in December 
2018. 

• We are working with the Wyoming Department of Environmental Quality to improve existing 
models that predict emissions of organic compounds from produced water ponds. 

• We are developing a three-dimensional photochemical model platform for the Bureau of Land 
Management to assess air quality impacts from oil and gas development. 

• We will continue work funded by GSI, Inc. and the U.S. Department of Energy to measure 
emissions of methane from natural gas storage wells in Texas and Utah.  We have completed 
the portion of this project that deals with compressor stations.  We are working on a peer-
reviewed publication to describe the high flow emissions measurement system we built for 
these projects. 

• We are working on a project funded by the National Science Foundation to develop 
instrumentation to measure concentrations of mercury compounds in the atmosphere. 

• We will continue work with the Governor’s Office of Energy Development and the Department 
of Defense to improve decision-making with regards to renewable energy projects in Utah.  

• Anadarko Petroleum Corporation provided USU with an endowment to fund students to work 
with us on Uinta Basin air quality research.  We have hired one student with these funds, and 
we are currently soliciting applications to hire another.   
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