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TECHNICAL PAPER

Wintertime haze and ozone at Dinosaur National Monument
Anthony J. Prennia, Katherine B. Benedict b, Derek E. Dayc, Barkley C. Sivea, Yong Zhoub, Lilly Naimieb, 
Kristi A. Gebharta, Tracy Dombekd, Miranda De Boskeyd, Nicole P. Hyslope, Emily Spencerf, Quayle M. Chewf, 
Jeffrey L. Collett Jr.b, and Bret A. Schichtela

aNational Park Service, Air Resources Division, Lakewood, Colorado, USA; bDepartment of Atmospheric Science, Colorado State University, Fort 
Collins, Colorado, USA; cCooperative Institute for Research in the Atmosphere (CIRA), Colorado State University, Fort Collins, Colorado, USA; 
dAnalytical Sciences, RTI International, Research Triangle Park, North Carolina, USA; eUniversity of California, Davis, Air Quality Research Center, 
Davis, California, USA; fDinosaur National Monument, Dinosaur, Colorado, USA

ABSTRACT
Dinosaur National Monument (DINO) is located near the northeastern edge of the Uinta Basin and 
often experiences elevated levels of wintertime ground-level ozone. Previous studies have shown 
that high ozone mixing ratios in the Uinta Basin are driven by elevated levels of volatile organic 
compounds (VOCs) and nitrogen oxides (NOx) from regional oil and gas development coupled with 
temperature inversions and enhanced photochemistry from persistent snow cover. Here, we show 
that persistent snow cover and temperature inversions, along with abundant ammonia, also lead to 
wintertime haze in this region. A study was conducted at DINO from November 2018 through 
May 2020 where ozone, speciated fine and coarse aerosols, inorganic gases, and VOCs were 
measured. Three National Ambient Air Quality Standards (NAAQS) ozone exceedances were 
observed in the first winter, and no exceedances were observed in the second winter. In contrast, 
elevated levels of particulate matter were observed both winters, with 24-h averaged particle light 
extinction exceeding 100 Mm−1. These haze events were dominated by ammonium nitrate, and 
particulate organics were highly correlated with ammonium nitrate. Ammonium nitrate formation 
was limited by nitric acid in winter. As such, reductions in regional NOx emissions should reduce 
haze levels and improve visibility at DINO in winter. Long-term measurements of particulate matter 
from nearby Vernal, Utah, suggest that visibility impairment is a persistent issue in the Uinta Basin in 
winter. From April through October 2019, relatively clean conditions occurred, with average particle 
extinction of ~10 Mm−1. During this period, ammonium nitrate concentrations were lower by more 
than an order of magnitude, and contributions from coarse mass and soil to haze levels increased. 
VOC markers indicated that the high levels of observed pollutants in winter were likely from local 
sources related to oil and gas extraction activities.

Implications: Elevated ground-level ozone and haze levels were observed at Dinosaur National 
Monument in winter. Haze episodes were dominated by ammonium nitrate, with 24-h averaged 
particle light extinction exceeding 100 Mm−1, reducing visual range near the surface to ~35 km. 
Despite elevated ammonium nitrate concentrations, additional gas-phase ammonia was available, 
such that any increase in NOx emissions in the region is likely to lead to even greater haze levels.
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Introduction

The Uinta Basin in rural northeastern Utah has exten-
sive oil and gas development and is surrounded by 
higher elevation terrain. With a population of just 
under 56,000, Uintah and nearby Duchesne counties 
produced more than 30 million barrels of oil and over 
200 billion cubic feet of natural gas in 2019 (https:// 
oilgas.ogm.utah.gov/oilgasweb/index.xhtml). In winter, 
cold air near the surface and warm air aloft can result in 
a stable temperature stratification, or temperature inver-
sion, preventing air within the basin from mixing with 
the atmosphere aloft (Lareau et al. 2013). These events 
are associated with synoptic-scale high pressure systems 

with light winds and shallow boundary layers (Ahmadov 
et al. 2015) and allow for the buildup of pollutants from 
local sources (Lyman and Tran 2015). The presence of 
snow cover influences the characteristics of these cold 
air pools (CAPs) (Neemann et al. 2015) and increases 
the actinic flux near the surface. Elevated volatile organic 
compound (VOC) concentrations in a shallow boundary 
layer and increased photolysis rates due to snow cover 
lead to rapid winter ozone production (Edwards et al. 
2014). Enhanced ozone production, coupled with 
a reduction in ozone deposition due to snow cover 
(Ahmadov et al. 2015; Matichuk et al. 2017), results in 
elevated ozone concentrations (Lyman and Tran 2015; 
Oltmans et al. 2014) during winters with persistent snow 
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cover. Elevated ground-level ozone concentrations can 
impact human health (Cohen et al. 2017; Turner et al. 
2016) and damage vegetation (Kohut 2007). Ozone mix-
ing ratios have decreased throughout the Uinta Basin 
since 2010, and National Ambient Air Quality Standards 
(NAAQS) exceedances have been trending downward 
(Mansfield and Lyman 2021), but ozone concentrations 
that exceed 70 parts per billion (ppbv) continue to be 
observed in winter in the Uinta Basin under certain 
meteorological conditions (Mansfield and Lyman 2021).

Atmospheric stability also impacts particulate matter 
(PM) concentrations (Whiteman et al. 2014), with win-
tertime PM levels correlated with valley heat deficits 
(Green et al. 2015; Silcox et al. 2012; Whiteman et al. 
2014). Elevated levels of PM have been documented in 
the western United States (Chen et al. 2012; Green et al. 
2015) and in other locations (Kim et al. 2014; Stanier 
et al. 2012; Tian et al. 2019; Vecchi et al. 2018). PM2.5 

(particulate matter with diameters <2.5 μm) concentra-
tions are generally higher during persistent CAPs 
(PCAPs) in western valleys (Chen et al. 2012; Franchin 
et al. 2018; Green et al. 2015; Silcox et al. 2012; 
Whiteman et al. 2014), where CAP strength and dura-
tion affect the concentration of PM (Lareau et al. 2013). 
The primary component of wintertime PM is often 
ammonium nitrate (NH4NO3) (Franchin et al. 2018; 
Green et al. 2015; Kuprov et al. 2014; Silva et al. 2007).

Much of the work on PCAPs and wintertime haze has 
focused on the Utah, Salt Lake and Cache Valleys in 
northern Utah, where aerosol concentrations frequently 
exceed the PM2.5 NAAQS. In contrast, the Uinta Basin 
does not have any large urban sources, and there are 
lower concentrations of nitrogen oxides (NOx) but lar-
ger concentrations of VOCs from regional oil and gas 
development. Photochemical mechanisms that partition 
odd oxygen and lead to ozone and nitrate formation 
have different outcomes in the Uinta Basin compared 
to the northern Utah valleys, with the low NOx to VOC 
ratio in the Uinta Basin yielding higher ozone and the 
high NOx to VOC ratio in the Salt Lake Valley leading to 
high nitric acid (HNO3) (Womack et al. 2019) and 
ultimately high nitrate. As such, most work done in the 
Uinta Basin has focused on wintertime ozone, while 
wintertime haze typically has been studied in more 
urban areas. Nevertheless, enhanced levels of PM can 
occur and impact visibility in the Uinta Basin at levels 
well below the NAAQS. Visibility impairment is of par-
ticular interest to the National Park Service (NPS) in the 
remote areas where many national park units are found. 
This impairment has been linked to oil and gas extrac-
tion in some areas. For example, Evanoski-Cole et al. 
(2017) observed wintertime haze episodes at Theodore 
Roosevelt National Park (THRO) near the Bakken oil 

and gas region that were dominated by NH4NO3, while 
Gebhart et al. (2018) showed increases in elemental 
carbon, soil, and coarse mass at THRO. Elevated con-
centrations of wintertime NH4NO3 have also been 
reported in the vicinity of the Jonah and the Pinedale 
Anticline gas fields in western Wyoming (Li et al. 2014) 
and Carlsbad Caverns National Park near the Permian 
Basin (http://views.cira.colostate.edu/fed/).

Dinosaur National Monument (DINO) is located near 
the northeastern edge of the Uinta Basin (Figure 1), 
extending between Colorado and Utah. Although DINO 
includes terrain up to 2745 m, the DINO air quality 
monitoring site is located at 1462 m, at an elevation 
similar to much of the Uinta Basin. High concentrations 
of ground-level ozone have been measured at DINO since 
2005, consistent with wintertime ozone events observed 
throughout the basin (Lyman and Tran 2015). However, 
until recently, only limited aerosol monitoring data have 
been available at DINO (Benedict et al. 2013b) and haze 
levels have not been quantified. Here, data from long- 
term monitoring at DINO are reported, as well as addi-
tional measurements conducted during a special study 
over a period encompassing two winters, to better char-
acterize wintertime haze at DINO.

Methods

All measurements were collocated with the NPS 
Gaseous Pollutant Monitoring Program (GPMP; 
https://ard-request.air-resource.com/Project/default. 
aspx) long-term monitoring site (40.4372° N, 
−109.3048° W; 1462 m asl) on the west side of DINO 
(Figure 1). GPMP has been operating at DINO since 
2005. An Interagency Monitoring of Protected Visual 
Environments (IMPROVE) monitoring site and NPS air 
quality webcam (https://www.nps.gov/subjects/air/web 
cams.htm) were installed in November 2018. VOC can-
ister collection and denuder/filter-pack sampling were 
added from November 2019 to May 2020.

Ozone and meteorology

Ground-level ozone is measured at DINO as part of the 
NPS GPMP. Ozone measurements at DINO were ori-
ginally seasonal, but year-round measurements began in 
2010. Sampling methods for gaseous and meteorological 
monitoring are based on the 40 CFR Part 58 (https:// 
ecfr.federalregister.gov/current/title-40/chapter-I/sub 
chapter-C/part-58) requirements, and O3 was measured 
by UV absorption using a Thermo 49i O3 analyzer 
coupled with a Thermo 49i O3 reference station for 
nightly zero, precision, and span checks. One-minute 
O3 data were recorded, and hourly averages were 
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generated from the 1-min data. The suite of meteorolo-
gical measurements includes wind speed, wind direc-
tion, temperature, solar radiation, and precipitation.

Improve

The IMPROVE particle monitor consists of four sam-
pling modules that collect 24-h samples on filters every 
third day. Three modules (A, B, and C) collect only fine 
particles (PM2.5), while the fourth (module D) collects 
both fine and coarse particles (PM10; particulate matter 
with diameters <10 μm). Module A is analyzed for PM2.5 

gravimetric mass, elemental concentrations (Hyslop, 
Trzepla, and White 2015), and light absorption (White 
et al. 2016). Module B is analyzed for sulfate (SO4

2-), 
nitrate (NO3

−), chloride (Cl−), and nitrite (NO2
−). For 

this study, several cations were also measured: sodium 
(Na+), ammonium (NH4

+), potassium (K+), magnesium 
(Mg2+), and calcium (Ca2+). Module C is analyzed for 
organic and elemental carbon (Chow et al. 2015, 2007). 
Module D is fitted with a PM10 inlet to determine PM10 

gravimetric mass; coarse mass is determined as the dif-
ference between PM10 and PM2.5 gravimetric mass. 
PM10 elemental composition was also determined for 
this study from the D module, and an additional module 
was added in November 2019 to determine PM10 ion 
concentrations. Reconstructed fine mass (Malm et al. 
1994) and light extinction (Pitchford et al. 2007) are 
determined from the aerosol measurements, although 

both have been shown to have biases (Hand et al. 2019; 
Prenni et al. 2019). The IMPROVE data used in this 
analysis are available on the Federal Land Manager 
Environmental Database (FED; http://views.cira.colos 
tate.edu/fed/; data downloaded 26 April 2021).

Nephelometer

Light scattering was measured using an Optec NGN-2 
integrating nephelometer. The Optec NGN-2 nephel-
ometer uses an open-air design to measure total ambient 
light scattering coefficients for all particle sizes at an 
effective wavelength of 550 nm (Molenar and Persha 
2008). Frequent frost buildup inside the instrument 
during winter, as determined from measurements of 
zero air every six hours, resulted in large data gaps 
throughout the study. As such, the complete nephel-
ometer dataset is not reported; measurements are refer-
enced in the paper on non-sampling days for IMPROVE 
when no frost was present in the nephelometer.

Denuder/filter-pack sampling

A University Research Glassware (URG) Corporation 
annular denuder/filter-pack sampler was used to capture 
weekly inorganic gas and PM2.5 aerosol concentrations 
(Benedict et al. 2013a; Lee et al. 2008; Yu et al. 2006). 
A sodium-bicarbonate-coated glass annular denuder 

Figure 1. Map showing the study region, including the monitoring site, nearby population centers, oil and gas wells, and major roads. 
DINO is located near the edge of oil and gas activities. In the inset, an outline of the larger Uinta-Piceance boundary is shown in black.
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captures HNO3 and sulfur dioxide (SO2), and 
a phosphorous-acid-coated denuder captures ammonia 
(NH3). A filter pack with a 37-mm diameter nylon filter 
(Measurement Technology Laboratories, LLC) captures 
PM2.5. Finally, an additional phosphorous-acid-coated 
denuder placed after the filter captures any NH3 volati-
lized from NH4NO3 captured on the initial filter. HNO3 

from collected NH4NO3 is retained on the nylon filter 
(Yu et al. 2005). Denuder and filter samples were 
extracted in 18.2 MΩ deionized water and analyzed 
using ion chromatography to quantify gaseous NH3, 
HNO3, and SO2 and PM2.5 Na+, NH4

+, K+, Mg2+, Ca2+, 
Cl−, NO2

−, NO3
−, and SO4

2-. Daily calibrations using 
anion and cation standards were performed. Sample 
blanks, replicates, and independent quality control stan-
dards prepared from National Institute of Standards and 
Technology (NIST) traceable anion and cation stan-
dards were analyzed periodically. URG measurement 
precision is 5–9% relative standard deviation (RSD) for 
PM2.5 NO3

−, SO4
2-, and NH4

+ and HNO3, SO2, and 
NH3. The precision for the remaining species is 8–22% 
RSD (Lee et al. 2008).

VOCs

Whole air samples were collected on a one-in-three–day 
schedule, corresponding to IMPROVE sampling periods. 
Stainless steel Silonite®-coated 1.4-L canisters (Entech 
Instruments, Simi Valley, CA, USA) were cleaned by 
repeated filling and evacuating of ultra-high-purity nitro-
gen gas while heating under vacuum. Timers coupled 
with a flow controller were used to automatically collect 
samples from midnight to midnight (local time) for a 24-h 
integrated sample. Early in the study, one of the auto-
mated sampling inlets (of three sampling systems) was 
not configured properly, resulting in missing data.

A five-channel, three-GC (gas chromatograph) analyti-
cal system, which employed three flame ionization detec-
tors, one electron capture detector, and one mass 
spectrometer, was used to analyze sampled canisters. 
A complete list of the 72 VOCs measured is included in 
the Supplemental Information (Table S1). The analytical 
system and sample analysis methodology used for this 
study are similar to those used in previous studies 
(Benedict et al. 2020, 2019; Russo et al. 2010; Zhou et al. 
2010). Multiple standards were used during sample analysis 
(analyzed every 10 samples) to track system drift over time. 
The measurement precision, represented by the RSD of the 
peak areas for each compound in the whole air standards, 
was 1–8% for the hydrocarbons, 3–10% for halocarbons, 
and 3–5% for the alkyl nitrates. System blanks were mea-
sured every day prior to analysis and were analyzed in the 
same manner as other sampled canisters.

Mixing depths

Mixing depth is the height above the surface below 
which a pollutant can be easily dispersed. It is not 
measured, but estimated, usually based on vertical tem-
perature profiles. Mixing depths were extracted from the 
planetary boundary layer height (PBLH) variable in the 
North American Mesoscale Model with a grid resolution 
of 12 km (NAM-12; ftp://arlftp.arlhq.noaa.gov/pub/ 
archives/nam12) (Janjic 2003). Since there is no mea-
surement of mixing depth, its accuracy is undefined. 
However, the value of the calculation as an indication 
of ventilation or stagnation has been previously estab-
lished (Day et al. 2012).

Results and discussion

Ozone and VOCs

One purpose of the NPS GPMP is to monitor for ozone 
levels that can lead to exceedances of the Environmental 
Protection Agency’s (EPA) NAAQS, which occur when 
the 3-yr average of the fourth highest annual 8-h ozone 
average exceeds 70 ppbv. Despite being in a rural loca-
tion, DINO has experienced multiple periods since 2015 
when the 8-h maximum average ozone value exceeded 
70 ppbv (Figure 2). Even higher ozone mixing ratios 
were observed from 2010 to 2015 (not shown), but 
ozone mixing ratios have been trending downward 
throughout the Uinta Basin (Mansfield and Lyman 
2021), likely due to weakening global demand for oil 
and natural gas and more stringent pollution regulations 
and controls (Mansfield and Lyman 2021). In contrast to 
much of the nation where ozone is a summertime pro-
blem, ozone exceedances in this region are most likely to 
occur in winter, which has been shown to be tied to the 
presence of inversions and snow cover (Lyman and Tran 
2015; Oltmans et al. 2014). In addition to enhanced 
actinic flux, snow cover reduces surface heating, result-
ing in lower mixing heights, and reduces ozone deposi-
tion, both of which lead to higher ambient 
concentrations (Matichuk et al. 2017). Wintertime 
ozone production in oil and gas basins occurs at lower 
nitrogen oxide (NOx = NO + NO2) and higher VOC 
concentrations than summertime urban ozone 
(Edwards et al. 2014). Previous studies have shown 
high VOC concentrations in the Uinta Basin (Helmig 
et al. 2014), while NOx emissions have declined in the 
past decade (Mansfield and Lyman 2021) and are small 
relative to other oil and gas basins such as the Permian, 
Bakken, and Eagle Ford (Dix et al. 2020) due to less 
drilling, production, and gas flaring in the Uinta Basin 
(Dix et al. 2020) relative to the other basins. NOx was not 
measured at DINO during this study; however, median 
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NOx concentrations at nearby Vernal for the two winter 
periods were 7 ppbv, significantly lower than for an 
urban area such as Salt Lake City, which were three to 
four times higher (https://www.epa.gov/outdoor-air- 
quality-data) during this same time period.

A timeline of total VOCs measured during the study 
is shown in Figure 3a, and summary statistics for all 
measured VOCs are given in Table S1. Light alkanes, 
markers for oil and gas emissions (Gilman et al. 2013; 
Petron et al. 2012; Swarthout et al. 2013, 2015), were 

Figure 2. Timeline of 8-h average ozone mixing ratios from DINO from 2015 to 2020. Winter periods (21 December to 21 March) are 
shaded in the figure, the study period is outlined in blue, and the EPA’s NAAQS for ozone (70 ppbv) is shown as a dotted red line.

Figure 3. (A) Total VOCs (blue) measured during the intensive study period from 20 November 2019 to 06 May 2020. Note that 1 in 3 
VOC samples were missing for much of the study period due to an improperly configured valve. Also shown is PM2.5 mass (red) at the 
DINO site. (B) Daily averaged snow depth (cm) measured in Vernal, UT, wind speed (m/s) at the DINO sampling site and mixing depth 
(m) from NAM12.
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prevalent throughout the study, particularly in the 
colder winter months (Table S1), and mixing ratios of 
the C2-C6 alkanes were all highly correlated with pro-
pane (Figure S1), suggesting a common source. 
Moreover, the distributions at DINO were similar in 
magnitude to other wintertime VOC measurements 
(Figure S1) from Erie, Colorado (Swarthout et al. 2013) 
within the Denver-Julesburg Basin (NACHTT) and at 
THRO (Prenni et al. 2016) near the Bakken region of 
North Dakota (BAQS) and similar to summertime mea-
surements at Carlsbad Caverns National Park near the 
Permian Basin (Benedict et al. 2020).

Mixing ratios of nearly all VOC classes were elevated 
from 8 December 2019 through 6 February 2020, after 
which time total VOC mixing ratios decreased; PM2.5 

mass concentrations also were elevated during this time 
(Figure 3a). During the period of elevated concentra-
tions, air masses were more likely to be impacted from 
sources within the Uinta Basin, whereas air masses were 
more likely to be impacted by emissions outside of the 
basin after 6 February 2020 (Figure S2). Mean mixing 
ratios for elevated and non-elevated periods are given in 
Table S1. The decrease in total mixing ratios corre-
sponds to a warming period (not shown), with decreased 
snow cover, increased wind speeds, and greater mixing 
depths (Figure 3b).

Despite snow cover, high VOC concentrations and 
stagnant conditions in December and January during 
the second winter, no wintertime ozone exceedances 
were observed. This is likely due to the lower solar flux 
during these two winter months. Ozone measurements 
from the previous five years (Figure 2) show very few 
ozone exceedances in December and January at DINO, 
with less than 4% of the wintertime exceedances occur-
ring during these months.

Ratios of alkanes can be used as markers for emission 
sources. The i-pentane to n-pentane ratio is a robust 
tracer for assessing impacts from oil and gas emissions 
(Abeleira et al. 2017; Benedict et al. 2020, 2019; Gilman 
et al. 2013; Swarthout et al. 2013, 2015). Historically, the 
i-pentane to n-pentane ratio has been driven by trans-
portation and combustion processes dominated by 
mobile sources, with reported emission ratios of 2.2– 
3.8 for vehicle exhaust and tunnel studies, 1.5–3 for 
liquid gasoline, and 1.8–4.6 for fuel evaporation 
(Conner, Lonneman, and Seila 1995; Harley et al. 2001; 
Jobson et al. 2004; Lough et al. 2005; McGaughey et al. 
2004; Russo et al. 2010; Velasco et al. 2007; Watson, 
Chow, and Fujita 2001). However, the pentane ratio 
has been declining in areas influenced by oil and natural 
gas development and in urban areas (Rossabi and 
Helmig 2018) due in part to the increased influence of 

Figure 4. I-pentane versus n-pentane, colored by ethane mixing ratios. Also shown are i- to n-pentane ratios from a number of other 
areas.
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emissions from oil and natural gas development which 
have lower i-pentane to n-pentane ratios (≤1). Based on 
the average mole fractions presented in Helmig et al. 
(2014) for the Uinta Basin, the i- to n-pentane ratio was 
1.1 in winter 2012 and 2013. Throughout the measure-
ment period at DINO in this study, the slope of i-pen-
tane to n-pentane was 0.93 (Figure 4), consistent with 
a strong influence from oil and gas emissions sources 
(Gilman et al. 2013; Swarthout et al. 2015) and slightly 
lower than measured by Helmig et al. (2014). This ratio 
did not change for the more polluted period 
(8 December 2019 to 6 February 2020) compared to 
the rest of the measurements, suggesting oil and gas 
influence at DINO throughout the study.

VOC-OH reactivity can be used to determine the 
reactive species potentially responsible for the formation 
of ozone (Gilman et al. 2013) and daytime conversion of 
NOx. While VOC-OH reactivity does not account for 
subsequent reactions following the initial hydroxyl (OH) 
attack, this metric provides some insight into the VOC 
classes that play important roles in atmospheric chem-
istry at DINO in winter. The VOC-OH reactivity is the 
inverse lifetime of OH due to reaction with a specific 
VOC (Stroud et al. 2008) and is calculated as the product 
of the rate constant of the VOC with OH (Atkinson 
1986; Atkinson and Arey 2003) and the VOC’s mixing 
ratio (Abeleira et al. 2017). The species that contribute 
the most to the VOC-OH reactivity often differ from 
those with the highest mixing ratios because of differ-
ences in their rates of reaction with OH. In Figure 5, 
VOC-OH reactivity is shown for three time periods: (1) 
before 8 December 2019; (2) 8 December 2019 to 
6 February 2020; and (3) after 6 February 2020. 
Figure 5 suggests that oxygenated volatile organic com-
pounds (OVOCs) play a critical role in atmospheric 
chemistry throughout the winter. The importance of 
OVOCs is apparent despite the fact that methanol, 
widely used as an anti-freeze in oil and gas extraction 

(Koh et al. 2002), was not quantified in this study and is 
not included in the VOC-OH reactivity calculations. 
From 8 December 2019 to 6 February 2020, during the 
period of elevated pollutants, alkanes are the dominant 
contributor to VOC-OH reactivity, and total reactivity 
increases. The elevated alkane reactivity persists despite 
their relatively slow reaction with OH, resulting from 
their very high abundances (ranging up to 1–2 orders of 
magnitude above regional background levels (Helmig 
et al. 2014)) during this time period relative to the 
OVOCs (Table S1).

VOC measurements can be used to estimate the age 
of the air masses influencing the site using 
a photochemical clock (Bertman et al. 1995; Russo 
et al. 2010; Simpson et al. 2003). Throughout the VOC 
measurement period, air masses are estimated to have 
undergone photochemical processing from less than 
one day to almost five days (Figure S3). In general, 
higher methane concentrations, higher NH4NO3 con-
centrations and higher PM2.5 mass concentrations cor-
responded to air masses with shorter processing times, 
indicating local sources. These shorter lifetimes are still 
sufficient for conversion of NOx to ammonium nitrate, 
particularly at night (Kenagy et al., 2018). Methane and 
many of the VOC classes measured showed good corre-
lation with fine mass concentrations measured at DINO, 
consistent with a study in Utah’s Salt Lake Valley that 
determined that gases such as excess carbon dioxide and 
methane are reasonable indicators for PM2.5 during 
PCAPs (Bares et al. 2018).

Haze

Data from the first 19 months of IMPROVE measure-
ments at DINO are shown in Figure 6. A distinct seaso-
nal pattern is apparent, with NH4NO3 dominating 
aerosol mass in winter, similar to observations in other 
locations (Franchin et al. 2018; Green et al. 2015; Kuprov 

Figure 5. Average contribution of key VOC classes for three sampling periods. The fractional VOC contribution is on the left axis, while 
the black points represent the average combined VOC-OH reactivity of the classes listed on the right axis.
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et al. 2014; Silva et al. 2007). Organics and coarse mass 
dominated aerosol mass the remainder of the year. 
Elevated levels of organics and elemental carbon (EC) 
were also present in winter. Source contributions cannot 
be quantified for organic carbon using the available 
dataset. However, a previous study at 12 IMPROVE 
sites showed that at least half of the carbon measured 
in winter was contemporary (Schichtel et al. 2008), and 
residential and industrial wood combustion have been 
shown to be significant sources of particulate matter in 
winter at urban and rural sites throughout the west 
(Chen et al. 2012; Kotchenruther 2016; Schichtel et al. 
2017; Ward and Lange 2010). In this study, the absorp-
tion Ångström exponent (AAE) was determined from 
IMPROVE multiwavelength light attenuation measure-
ments (Chen et al. 2012; Chow et al. 2021, 2018). Values 
of AAE were slightly greater than two throughout both 
winters, indicative of brown carbon and consistent with 
the presence of wood smoke (Chen et al. 2012; Chow 
et al. 2018). However, other sources likely also contri-
bute in the Uinta Basin, such as secondary brown carbon 
(Laskin et al. 2017) and organic nitrates (Lee et al. 2015).

Ammonium nitrate typically forms in winter (Hand 
et al. 2012) when NOx is oxidized to HNO3, which then 
reacts with ambient ammonia. The EPA National 
Emissions Inventory (NEI) indicates that agriculture is 
the primary source of ammonia in Uintah and Duchesne 
counties (https://www.epa.gov/air-emissions-inventories 
/2017-national-emissions-inventory-nei-data; data down-
loaded 14 October 2021), and that oil and natural gas 
production is the primary emitter of VOCs (https://www. 
epa.gov/air-emissions-inventories/2017-national-emis 
sions-inventory-nei-data; data downloaded 24 June 2021) 
and NOx (EPA NEI: https://www.epa.gov/air-emissions- 
inventories/2017-national-emissions-inventory-nei-data; 
data downloaded 18 May 2021). NOx emissions are 

dominated by diesel engines associated with drilling and 
fracking, lateral compressors, and artificial lifts (Gorchov 
Negron et al. 2018). Previous versions of the EPA NEI 
have been shown to have biases for both NOx and VOCs 
in the Uinta Basin; NOx emissions from oil and gas are 
likely overestimated and VOC emissions are likely under-
estimated in the NEI (Ahmadov et al. 2015; Francoeur 
et al. 2021; Gorchov Negron et al. 2018). Despite the 
overestimates for NOx, top-down estimates suggest that 
oil and gas development and the Bonanza Power Plant on 
the Uintah and Ouray Reservation are major sources of 
NOx in the region (Ahmadov et al. 2015); mobile sources 
and other fuel combustion also make up a significant 
fraction (EPA 2017 NEI).

NOx lifetime is controlled primarily by HNO3 pro-
duction via N2O5 heterogeneous chemistry in winter 
(Baasandorj et al. 2017; Kenagy et al. 2018). In previous 
studies in the Uinta Basin, HNO3 formation through 
heterogeneous uptake of N2O5 contributed approxi-
mately six times more than daytime formation (Wild 
et al. 2016). Daytime versus nighttime HNO3 formation 
could not be assessed with the current dataset; however, 
the high abundances of acetone and acetaldehyde 
observed (Table S1) suggest appreciable OH chemistry 
and potentially more daytime NOx conversion than 
previously measured. HNO3 can then be converted to 
NH4NO3 if sufficient ammonia is present, with the gas– 
particle equilibrium also a function of temperature and 
relative humidity. Nocturnal heterogeneous production 
of HNO3 leads to aerosol nitrate formation in the upper 
part of the PCAPs during pollution episodes (McDuffie 
et al. 2019), which is mixed to the surface during the day 
(Baasandorj et al. 2017). High time resolution data are 
not available for PM at DINO, and it is not possible to 
determine if there is a morning peak due to mixing from 
aloft. However, meteorological data from DINO show 

Figure 6. Timeline of IMPROVE speciated aerosol data from DINO from November 2018 to May 2020. Also shown is calculated light 
extinction from particles (bext, p) calculated from the IMPROVE data.
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diurnal wind shifts typical of mountain-valley areas 
(Figure S4), with winds from the southwest primarily 
during daylight hours in winter. Higher time resolution 
PM measurements are needed at DINO; however, the 
met data alone suggest likely diel variability in PM that 
was not captured in this study, driven by mixing and 
transport from more developed regions within the Uinta 
Basin.

Also shown in Figure 6 are calculated light extinction 
values for the aerosol phase from the second IMPROVE 
equation (Pitchford et al. 2007). Although PM10 mass is 
relatively constant throughout the year, there is a large 
increase in light extinction in winter due to hygroscopic 
growth of ammonium nitrate and the larger mass scat-
tering efficiency of NH4NO3 relative to coarse mass. 
Light extinction is inversely proportional to visual 
range, with particle light extinction of 10 Mm−1 corre-
sponding to a visual range of nearly 200 km in summer, 
while particle light extinction of 100 Mm−1 yields 
a much lower visual range of ~35 km in winter. This 
large difference results in haze visible from DINO dur-
ing winter. A webcam at DINO, installed at the same 
time as the IMPROVE monitoring site, is located less 

than 1 km north of the sampling site and faces southwest 
toward the Uinta Basin. The images in Figure 7 repre-
sent typical light extinction values for DINO during 
winter and summer. Layered haze is clearly visible in 
the image from winter (7 January 2019; Figure 7a), 
obscuring some of the more-distant landscape features 
that are evident in the summer image (27 June 2019; 
Figure 7b). The haze is confined to lower levels, consis-
tent with measurements in other Utah basins that 
showed higher mass concentrations within the first few 
hundred meters of the surface (Franchin et al. 2018; 
Silcox et al. 2012) and previous VOC observations in 
the Uinta Basin that showed that the most-polluted areas 
in winter are found at the lowest elevations (Helmig 
et al. 2014). There was near-complete snow cover pre-
sent during the wintertime haze event, coupled with low 
temperatures (Tavg = −6°C), a shallow mixing layer, and 
clear skies. Ozone concentrations did not exceed 52 
ppbv. The image in Figure 7a does not correspond to 
an IMPROVE sampling day; however, hourly light scat-
tering measurements from the collocated nephelometer 
reached nearly 200 Mm−1 on this day. The summertime 
image corresponds to low aerosol light scattering 

Figure 7. Photos from the NPS air quality webcam network taken in (A) winter (7 January) and (B) summer (27 June) 2019. Both images 
were taken at 13:45 MST.
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(10 Mm−1), with very little ammonium nitrate during 
this period and ozone mixing ratios comparable to 
7 January 2019.

Although nitrate dominates the fine mode in winter, 
NH4NO3 generally does not extend into the coarse 
mode. Coarse mode (PM10 – PM2.5) composition for 
NH4NO3, ammonium sulfate ((NH4)2SO4)), soil, and 
sea salt is shown in Figure 8. In the figure, reconstructed 
mass for each of the species is calculated in the same 
manner as for fine mass to allow for a direct comparison. 
However, a significant fraction of particulate nitrate may 
be in a form other than NH4NO3 in the coarse mode, 
where nitrate can be associated with sea salt or soil dust 
(Hrdina et al. 2021; Lee et al. 2008). Elements associated 
with soil dominate the coarse mode and make up the 
majority of the mass in spring and summer (not shown). 
Some nitrate is evident in the coarse mode in winter, 
particularly in late January when elevated nitrate was 
also present in the fine mode (Figure 6). However, 
coarse mode nitrate represents a small fraction of the 
total nitrate and does not appear to be a major sink for 
HNO3, as has been proposed for the Salt Lake Valley 
(Hrdina et al. 2021).

In the IMPROVE network, where ammonium is typi-
cally not measured, it is assumed that the measured 
PM2.5 species nitrate and sulfate are in the forms of 
(NH4)2SO4 and NH4NO3. In this study, a suite of cations 
including ammonium was analyzed from IMPROVE 
samples. Throughout the study, the dominant cation 
measured was ammonium, accounting for 88% of the 
cations measured in moles. From the IMPROVE mea-
surements, ammonium concentrations were consistent 
with sulfate being in the form of ammonium bisulfate 
(NH4HSO4). However, although nitrate is expected to be 
retained on the IMPROVE nylon filters (Yu et al. 2005), 
a fraction of the ammonium will likely be lost (Yu et al. 

2006), leading to an underestimation of ammonium. 
Weekly integrated ion concentrations from the denu-
der/filter-pack sampling, which includes a denuder 
downstream of the filter to capture any ammonia lost 
from the filter, thus accounting for all ammonium, sug-
gest a more fully neutralized sulfate. The denuder/filter- 
pack measurements indicate the loss of ammonium 
from the nylon IMPROVE filters. Because the denu-
der/filter-pack sampling uses weekly integrated values 
and IMPROVE is one-in-three-day sampling, these 
losses cannot be fully quantified.

Particulate and gas-phase concentrations from the 
denuder/filter-pack samplers are shown in Figure 9. 
Figure 9a shows gas-phase NH3 and particulate NH4

+. 
Ammonium concentrations are similar to or greater than 
ammonia from mid-December through the beginning of 
February, consistent with elevated haze during this period. 
Nearly all NO3

− during this period is in the form of 
particulate nitrate, indicating near-complete conversion of 
NO3

− to the aerosol phase (Figure 9b). Although this is the 
maximum haze observed during the winter, ~1 μg m−3 

ammonia remains. The nitrogen ratio, or the ratio of 
oxidized nitrogen (HNO3(g) + particulate nitrate) to 
reduced nitrogen (NH3(g) + particulate NH4

+), can be 
used to determine the limiting reagent for NH4NO3 for-
mation (McDuffie et al. 2016). A nitrogen ratio greater 
than one implies that oxidized nitrogen is in excess, while 
a ratio less than one suggests that NH4NO3 formation is 
limited by nitric acid. This nitrogen ratio is shown as the 
black line in Figure 9a. To calculate the nitrogen ratio, 
NH4

+ associated with (NH4)2SO4 is subtracted from the 
reduced nitrogen total. During one week (13 January 2020 
to 21 January 2020), the ratio exceeded one, indicating 
a limitation from reduced nitrogen. This week marked 
the end of a 3-week period with average temperatures 
falling below −10°C, the coldest period of the winter. For 

Figure 8. Coarse mode species determined for part of the study. Coarse-mode composition was only measured for part of the study, 
and carbon fractions were not measured. Although classified here as ammonium nitrate, the coarse nitrate is more likely composed of 
nitrate associated with reacted soil dust.
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most of the winter, however, the nitrogen ratio was less 
than one, indicating that the formation of NH4NO3 in the 
Uinta Basin was limited by HNO3, similar to results in 
other Utah valleys (Franchin et al. 2018; Kuprov et al. 2014; 
McDuffie et al. 2019). Should additional HNO3 be avail-
able, additional particulate NH4NO3 could form, adding to 
haze levels and further impairing visibility. Similarly, 
reductions in NOx emissions, and thus reductions in avail-
able HNO3, would result in improvements to visibility in 
winter at DINO. This differs from measurements in the 
Bakken region of North Dakota (Evanoski-Cole et al. 2017) 
and in the Pinedale Anticline in western Wyoming (Li et al. 
2014) in winter, which showed that NH4NO3 formation 
was often limited by availability of NH3. SO2 and SO4

2- are 
also shown in Figure 9c; due to the large difference in their 
molecular weight, the amounts of S in SO2 and SO4

2- are 
plotted in the figure. As with VOCs and NO3

−, the mid- 
December to early-February period corresponds to the 
highest sulfate concentrations, with the majority of the S as 
SO4

2-. As was the case for VOCs, for all condensed species 

the winter period had the highest ambient concentrations 
for the denuder/filter-pack measurements, reflecting 
a buildup of pollutants during periods when inversions 
were likely present.

Comparison of the two winter periods

It is instructive to compare the measurements made dur-
ing the two winters of the study. In Figure 10, aerosol fine 
mass from the IMPROVE network and 8-h average ozone 
from the GPMP are plotted for the entire study period. 
Also shown in the figure are NAM-12 mixing depths, 
solar radiation, temperature and wind speed from the 
met station at DINO, and snow depth from nearby 
Vernal, Utah (https://mesonet.agron.iastate.edu/; data 
downloaded 26 August 2020). The 2018–2019 and 
2019–2020 winter seasons (21 December to 21 March) 
are shaded in gray. During the first winter, aerosol con-
centrations were elevated throughout the winter season, 
not returning to lower values until April 2019. Elevated 

Figure 9. Weekly integrated samples from the denuder/filter-pack. (A) ammonia (NH3), particulate ammonium (NH4
+) and the ratio of 

oxidized to reduced nitrogen (N ratio); (B) nitric acid (HNO3) and particulate nitrate (NO3
−); and (C) sulfur in the form of sulfur dioxide 

(SO2) and sulfur in the form of particulate sulfate (SO4
2-).
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values corresponded to lower temperatures, persistent 
snow cover, lower wind speeds, and shallower mixing 
depth. As solar radiation increased in late winter, there 
was a corresponding increase in ozone, leading to several 
periods where 8-h ozone exceeded 70 ppbv in February 
and March. A similar pattern was observed for fine aero-
sol in the second winter, with concentrations decreasing 
as warmer temperatures, less snow cover and greater 
mixing occurred at the site. However, this occurred 
much earlier in 2020 than in 2019, in early February. 
The differences in haze for the two years can be seen in 
Figure S5, depicting webcam images from 
24 February 2019 and 24 February 2020, with haze at 
low elevations in 2019 but not 2020. During this second 
winter, there was less snow cover overall, most snow was 
gone when solar radiation increased, and ozone mixing 
ratios were reduced, with no 8-h values greater than 70 

ppbv. Lower minimum ozone concentrations were also 
observed in the second winter, coincident with the lower 
snow depth.

Elevated levels of PM in winter have previously been 
shown to be associated with snow cover (Chen et al. 
2012; Green et al. 2015; Whiteman et al. 2014). Snow 
cover decreases surface heating and promotes atmo-
spheric stability, while the colder, more humid condi-
tions on snow-covered days also promote ammonium 
nitrate formation (Chen et al. 2012; Green et al. 2015; 
Whiteman et al. 2014). Using data from the Utah DEQ 
site in Vernal (https://www.epa.gov/outdoor-air-quality 
-data/download-daily-data, data downloaded 
16 September 2021), Figure 11 demonstrates the impact 
of snow on elevated PM2.5 concentrations over a ~10- 
year period. Figure 11 shows winter data from the 
Vernal site from December 2010 through March 2021; 

Figure 10. Comparison of the two winter periods, including (A) reconstructed fine mass from the IMPROVE network (24-h) and weekly 
averaged temperature; (B) 8-h averaged ozone from the NPS GPMP; (C) weekly averaged snow depth from Vernal, UT, and wind speed 
from the on-site met station; and (D) weekly averaged mixing depth from NAM-12 and solar radiation from the on-site met station.
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PM2.5 data were not available for winter 2014–2015. The 
number of days with elevated PM2.5 (>10 μg m−3) is well 
correlated with the number of days with snow depth 
greater than 2 inches, supporting the important role of 
snow in the Uinta Basin for wintertime PM2.5. Although 
elevated PM2.5 is observed at the site, maximum 24-h 
concentrations are typically in the 20–30 μg m−3 range 
and do not exceed the NAAQS for PM2.5. However, such 
elevated levels produce a visible haze diminishing the 
scenic quality. If we assume an aerosol with 
a concentration of 30 μg m−3, with composition split 
evenly between ammonium nitrate and organics, and 
a relative humidity of 90%, this corresponds to a visual 
range of approximately 10 km. Compared to summer, 
when visual range is typically near 200 km, this is 
a dramatic reduction in visibility. Given the number of 
days with elevated PM2.5 since 2010, these data suggest 
there is a persistent issue with visibility impairment in 
the Uinta Basin in winter.

Summary and conclusion

Dinosaur National Monument attracts 300,000 visitors 
each year, with nearly 40,000 visitors in the months of 
November–April (https://irma.nps.gov/STATS/). In 
addition to incredible dinosaur fossils, DINO has hiking 
trails and scenic vistas for visitors to enjoy. These activ-
ities can be limited when air quality is degraded by high 
levels of pollutants in winter. Previous studies have 
documented high wintertime ozone in nearby Uinta 
Basin, driven by NOx and elevated levels of VOCs 

from regional oil and gas development, coupled with 
temperature inversions and enhanced photochemistry 
from persistent snow cover. Persistent snow cover and 
inversions also can impact haze levels. In this study, we 
use long-term monitoring data, coupled with expanded 
measurements for part of the study period, to better 
characterize air quality at DINO. As for other regions 
in the Uinta Basin, elevated levels of ozone were 
observed at DINO, with several days exceeding 70 
ppbv during the first winter of the study. Elevated 
ozone levels occurred when snow cover and stagnant 
conditions extended later in the season, when solar 
radiation levels begin to increase from their wintertime 
minimum. In the second winter, snow cover was nearly 
gone by March, and 8-h ozone did not exceed 70 ppbv. 
Wintertime haze was observed at DINO during both 
winters, with 24-h light extinction values exceeding 
100 Mm−1 at least three times each winter. These ele-
vated haze levels were dominated by ammonium nitrate, 
greatly reducing visual range near the surface to ~35 km. 
High levels of organics were also observed in winter; 
a better understanding of this high organic fraction is an 
important topic left to future research. Analysis of long- 
term monitoring data at nearby Vernal, Utah suggests 
that visibility impairment is a persistent problem in the 
Uinta Basin, impacting visibility at DINO up to 50 days 
per year.

VOC measurements collected during the second 
half of this study also showed elevated values during 
winter. VOC concentrations were dominated by 
light alkanes, particularly in winter, consistent with 

Figure 11. Number of days in Vernal each winter with PM2.5 > 10 μg m−3, relative to the number of days with more than 2 inches of 
snow depth.
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oil and gas extraction activities being the primary 
source in the region. Local meteorological measure-
ments, coupled with modeled mixing depth, suggest 
that the high VOC and aerosol concentrations 
observed were the result of temperature inversions, 
trapping locally emitted pollutants in the basin and 
allowing them to accumulate to high levels. Nearly 
all measured pollutants decreased in spring as tem-
peratures increased and conditions were no longer 
favorable for inversions.

High levels of pollutants due to stagnant conditions in 
winter are adversely impacting Dinosaur National 
Monument. Although highly elevated ozone was not 
observed for both winters in this study, high levels of PM 
were observed each year in winter. Despite elevated ammo-
nium nitrate concentrations, additional gas-phase ammo-
nia was available during the study period, such that any 
further increases in NOx emissions in the region are likely 
to lead to even greater haze levels in winter. Thus, while 
emissions controls have been successful in helping to 
reduce NAAQS ozone exceedances in the region 
(Mansfield and Lyman 2021), further reductions in NOx 

emissions would have the added benefit of limiting winter-
time haze at the park.
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