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Abstract

During recent years, elevated ozone (O;) values have been observed repeatedly in the Upper
Green River Basin (UGRB), Wyoming during wintertime. This paper presents an analysis of
high ozone days in late winter 2011 (1-hour average up to 166 ppbv). Intensive Operational
Periods (IOPs) of ambient monitoring were performed which included comprehensive surface
and boundary layer measurements. On IOP days, maximum Oj; values are restricted to a very
shallow surface layer. Low wind speeds in combination with low mixing layer heights (~50 m
above ground level around noontime) are essential for accumulation of pollutants within the
UGRB. Air masses contain substantial amounts of reactive nitrogen (NOy) and non-methane
hydrocarbons (NMHC) emitted from fossil fuel exploration activities in the Pinedale
Anticline. On IOP days in the morning hours in particular, reactive nitrogen (up to 69%),
aromatics and alkanes (~10-15%; mostly ethane and propane) are major contributors to the
hydroxyl (OH) reactivity. Measurements at the Boulder monitoring site during these time
periods under SW wind flow conditions show the lowest NMHC/NOj ratios (~50), reflecting
a relatively low reactive NMHC mixture, and a change from a NOy-limited regime towards a
NMHC limited regime as indicated by photochemical indicators, e.g. O3/NOy, O3/NO,, and
03/HNOs; and the EOR (Extent of Reaction). OH production on IOP days is mainly due to
nitrous acid (HONO). On a 24-hr basis HONO photolysis on IOP days can contribute ~83%

to OH production on average, followed by alkene ozonolysis (~9%). Photolysis by ozone and

HCHO photolysis contributes about 4% each to hydroxyl formation. High HONO levels

(maximum hourly median on IOP days: 1,096 pptv) are favored by a combination of shallow
boundary layer conditions and enhanced photolysis rates due to the high albedo of the snow
surface. HONO is most likely formed through (i) abundant nitric acid (HNOs3) produced in

atmospheric oxidation of NOy, deposited onto the snow surface and undergoing photo-

HONO production is confined to the lowermost 10 m of the boundary layer. HONO, serves as

the most important precursor for OH, strongly enhanced due to the high albedo of the snow

aromatics (toluene, xylenes) and alkanes (ethane, propane), eventually leading to an increase

in ozone.

Key word index: wintertime ozone, Upper Green River Basin, HONO, oil and gas production
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1 Introduction

The Upper Green River Basin (UGRB) has one of the largest natural gas reserves of the
United States (US). In 2009, the proven gas reserves for the Jonah field (11.1 billion cubic
meters) ranked seventh and for the Pinedale Anticline field (13.8 billion cubic meters) ranked
third among the top 100 natural gas fields in the US (EIA, 2009). Oil and Gas extraction
including drill rigs, production equipment and compressor stations are operating continuously
and represent the only significant emission source in the UGRB with overall emissions of 9.9
metric tons/day of reactive nitrogen (NOy) and 41.7 metric tons/day of volatile organic
compounds (VOC) (WDEQ, 2011).

The UGRB is a high plateau located about 2,000 m above sea level (asl). It is surrounded by
mountain ranges which reach heights up to 3,500 m asl to the West (Wyoming Peak) and
4,200 m asl to the Northeast (Gannett Peak). Winters are usually cold and frequently
associated with snow cover. During recent years, elevated hourly ozone values above 150
ppbv have been observed in the UGRB during wintertime (Schnell et al., 2009; Carter and
Seinfeld, 2012). As of July 2012, the U.S. Environmental Protection Agency (EPA) declared
the UGRB as a non-attainment area for the 2008 ground-level 8-hour ozone standard, which is
75 ppbv. Recent publications have focused on some observational findings in the UGRB in
the year 2008 (Schnell et al., 2009) or sensitivity analysis using a box model approach
together with VOC (Volatile Organic Compound) incremental reactivities for selected ozone
episodes in 2008 and 2011 (Carter and Seinfeld, 2012). Still, there are major uncertainties in
our understanding of the occurrence of high ozone levels in the UGRB under wintertime
conditions. Apart from specific meteorological conditions for the UGRB (i.e. low mixing
layer heights, light winds, extensive snow cover, at times recirculation of air masses), these
include processes in the nitrogen oxide (NOy) and VOC cycles, such as the role of nitric acid
(HNO3) and the radical precursors such as formaldehyde (HCHO) and nitrous acid (HONO).
In particular, high daytime HONO levels were found (Rappengliick, 2010 and 2011).
Although HCHO levels were moderate, the sources and role of HCHO in the UGRB is not
fully understood, particularly with regard to the overall relatively low alkene reactivity as
shown by Carter and Seinfeld (2012). A better quantification of these hydroxyl (OH) sources
is needed to improve the description of ozone chemistry in the UGRB, which is required to
develop efficient strategies to reduce pollution in that area.

In this paper we analyze high ozone days in late winter 2011 (1-hour average up to 166 ppbv)

observed in the area of the Boulder station and describe the meteorological and chemical
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processes leading to these extreme events using the comprehensive surface and boundary
layer measurements collected during the Upper Green Winter Ozone Study (UGWOS) 2011
(MSL, 2011).

2 Methods

Surface air quality data used in this paper were collected continuously at the Boulder site and
Boulder South Road site from January - March 2011 (for Boulder South Road site data see
also Field et al., 2011). Boundary layer measurements including radiosonde and ozonesonde
launches were performed at the Boulder site during Intensive Operational Periods (IOPs).
Data from the tethered balloon were obtained at the "Tethered Balloon" site. S1 lists the
details of the instrumentation and Figure 1 shows the location of these sites in the UGRB
including the locations of oil and gas wells.

Surface measurements included routine measurements for ozone (Os), reactive nitrogen
compounds (NO/NO,/NOy), total non-methane hydrocarbon (NMHC), methane (CH4) and
trace level measurements for nitrogen monoxide (NO), nitrogen dioxide (NO,), and total
reactive nitrogen (NOy). Additional measurements included nitric acid (HNO3), nitrous acid
(HONO), formaldehyde (HCHO), carbon monoxide (CO) and online speciated NMHC. If not
otherwise indicated the term NMHC denotes total, i.e. non-speciated NMHC measured at the
Boulder or "Tethered Balloon" site. A specific measurement design was applied for the
HONO measurements. The sampling unit for the HONO measurements was attached to a
small tower. The sampling unit stayed at the surface (10 cm above the ground) for 15 min,
then moved to the top of the tower (1.80 m above the ground), where it stayed for another 15
min, afterwards the unit returned back to the surface and resumed a new cycle. Upward and
downward motions lasted 2 min and were accomplished by a step motor. The purpose was to
explore whether HONO gradients close to the surface could be detected. Note: for comparison
of HONO data with any ancillary chemistry and meteorological data obtained in this study
(e.g. as shown in table S2), HONO data collected at 1.80 m above the surface was used.

At all sites, basic meteorological measurements were made. Additional details beyond the

information provided in S1 can be found in MSI, 2011._Here we briefly describe the

methodology for the HONO measurements. For the UGWOS 2011 study a commercially

available LOPAP® (Long Path Absorption Photometry) instrument was used (QUMA
Elektronik & Analytik GmbH, Wuppertal, Germany). The LOPAP® is described thoroughly

in Heland et al. (2001) and Kleffmann et al. (2002). It is a wet-chemical in situ instrument




116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148

which consists of an external sampling unit where ambient gaseous HONO is directly

sampled in a stripping coil using a mixture of sulfanilamide in hydrochloric acid. No sampling

lines are used thus minimizing sampling artifacts on surfaces. The stripping reagent is

transferred through an insulated transfer line (length: 3 m: outer diameter 5 cm; kept at 20°C)

to the instrument where it is converted to an azodye by the reaction with N-

naphtylethylendiamine-dihydrochloride. The absorption, more precisely the logarithm of the

ratio between the spectral intensity at 650 nm and 550 nm, is measured in long path

absorption tubes made of Teflon AF2400 using a two channel minispectrometer (Ocean

Optics S2000). In the external sampling unit two stripping coils are used in series. In the first

channel HONO as well as possible interferences are determined, while in the second channel

only the interferences are quantified. The difference of these two channels yields the HONO

signal.
For routine zeroing ultra-high purity nitrogen (UHP N2) was applied every 8 hrs for 30 min

directly to the inlet of the external sampling unit by a 1/32" PFA tubing which was partially

inserted into the tip of the stripping coil. A linear (or polynomial) fit was calculated for the

stable reading and used as the zero baseline. Calibrations were always preceded by zero-

measurements. For calibration itself the stripping solution was replaced by 0.01 mg NO»- per

liter stripping solution, while UHP N2 was flowing into the inlet of the external sampling unit.

Final calibration values were calculated using the calibration standard concentration and the

measured gas and liquid flow rates.

The sampling time is 30 s. The response time, i.e. the time it takes for the signal to go from

100% to 10% of the initial value or from 0% to 90% of the final value, changes every time a

new set of peristaltic pump tubing is installed, vet is stable for any given set of tubings. The

response time was determined for each set of tubing and ranged between 3.45 - 6.15 min. The

time correction used to create the time stamp reported was equal to the sum of the time delay

and half the response time, which ranged accordingly between 6.67 - 10.08 min. This time

stamp was used to properly allocate air samples to the bottom or up position of the small

tower.

The LOPAP® instrument has been tested against DOAS measurements both in smog chamber

studies as well as in field campaigns (Kleffmann et al., 2006). Excellent agreement was

obtained between these techniques during daytime as well as nighttime. The UH LOPAP

instrument recently participated in a large intercomparison chamber instrument (Rédenas et

al., 2011) and in a recent field intercomparison (Pinto et al., 2013). So far, interferences were
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found to be negligible in most atmospheric air masses (Heland et al., 2001; Kleffmann et al.,

2002). Some interferences were found for nitrites (Rodenas et al, 2013), however at nitrite

levels orders of magnitude above atmospheric concentrations. The instrument has been tested

under polar conditions (Kleffmann and Wiesen, 2008:; Villena et al., 2011). Interferences with

peroxynitric acid (HO,NO,) were found to be less than 0.5% (Ammann, 2013).

3 Results and discussion

3.1. General observations

The Upper Green River Basin had continuous snow cover throughout the winter months
January-March 2011. Figure 2 shows that ambient temperature was below freezing most of
time, ranging from -28.0°C in early February to +5.1°C in mid-March. Also displayed in the
same figure are ambient ozone observations. A slight increase in background ozone from 45
ppbv in January to about 50 ppbv in March is discernible. Apart from this longer term
variation, it can clearly be seen that at times significant day-to-day variations in the ozone
mixing ratios may occur. While decreases of ozone are reflecting NO titration effects, strong
increases of ozone well above the ozone background level are likely due to a combination of
dynamic and photochemical processes. During the time frames February 28 - March 02 and
March 9 - 12, 2011, the highest hourly ozone readings were observed with up to 166 ppbv at
the Boulder surface site on March 02. IOPs were performed during these two periods (IOP#1:
02/28-03/02; IOP#2: 03/09-03/12), which included additional information about the vertical
distribution of meteorological parameters as well as some selected trace gases. The following
discussions will focus on the time period 2/28 — 3/16/2011. This time period includes the two
IOPs and has the most complete data availability with regard to continuous as well as discrete
measurements. The non-IOP days during this time frame will be used as reference days.
Figures 3a and b display mean diurnal variations of O3, NO, NO,,NMHC, CH,4, NOy, HNO3,
HONO, and HCHO split into IOP and non-IOP days. Most species show 2-3 times higher
mixing ratios on IOP days compared with non-IOP days throughout the day. Ozone shows
this enhancement during the afternoon and early evening only. Primarily emitted species like
NO show maximum values during the time frame 9:00-12:00 MST (Mountain Standard
Time). Species which also can be formed secondarily (e.g. NOy, HNO3;, HONO, and HCHO)
exhibit enhanced levels during sunlit daytime hours from about 07:00 - 18:00 MST, in
particular on IOP days. Ozone mixing ratios start to increase by 09:00 MST, reach maximum

levels around 15:00 MST and remain at higher levels until early evening. Quite surprisingly,
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HONO mixing ratios are high during the daytime on non-IOP days and even higher on IOP
days (maximum median around noontime 1,096 pptv) which, compared to other locations, is
quite unusual (see e.g. Stutz et al., 2010a). Conventional thinking suggests that HONO levels
would instead decrease due to both photolysis and to increased mixing in the boundary layer
during the day. The median HONO levels on IOP days are similar to those observed at a
highly frequented Houston highway junction (Rappengliick et al., 2013).

A statistical summary for IOP and non-IOP days is given in S2. In the following discussion,
we refer to median values. It shows that in the morning hours (0500-0900 MST), the median
mixing ratios of most species are enhanced by a factor of 2 on IOP days vs non-IOP days.
Some are almost unchanged (e.g. HNO;, NOy, ozone). During photochemically active
daytime periods (11:00-17:00 MST), the median of most compounds is enhanced by 50-
100%, HCHO is enhanced by 171% and HONO by as much as 278%, which hints to
significant secondary daytime formation of these species. During the nighttime period, NOy
(mostly composed of NO;) and HNO; show the highest enhancements on IOP days (121%
and 138%, respectively). HONO and HCHO are also enhanced (98% and 64%, respectively).
Overall, on IOP days trace gases relevant to O; formation are all significantly enhanced
throughout the day compared with non-IOP days.

The only major anthropogenic emissions in the remotely located UGRB are associated with
oil and gas extraction. As a benchmark for this study we compare some results to a highly
polluted urban area. Luke et al. (2010) report results of reactive nitrogen compounds for
petrochemical sources (e.g. Parrish et al., 2009; Lefer and Rappengliick, 2010; Olaguer et al.,
2013). An investigation of the same daytime periods shows that, while NOy is significantly
higher in the urban air of Houston (about 2-4 times higher when compared to IOP days at
Boulder), the picture is different for NOy. Although NOy is higher in Houston in the morning
and during the night (275% and 186%, respectively), it is lower in Houston than in Boulder
during daytime on IOP days. These differences are largely due to HONO and HNO;. While
HONO is slightly lower in the morning and during the night, it is about three times higher
during the daytime on IOP days. HNOj3 on the other hand is higher throughout the day on IOP
days in Boulder compared to the Houston case. On non-IOP days at Boulder, HONO and
HNOj; levels are mostly lower than in Houston. The HNO; fraction of NOy is around 18%
during daytime on non-IOP days, while it is around 22% during daytime on IOP days (Luke et
al., 2010, report an overall daytime HNO; fraction of 15.7% of NOy in Houston). For HONO

. ’{ Deleted: emissons
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the corresponding numbers are around 2% (non-IOP days) and 4.5% (IOP days), while Luke
et al. report an overall daytime HONO fraction of 1.7% of NO,.

Luke et al. (2010) also report temporally highly resolved data for particulate nitrate NO3™ (p-
NO3’). Median values were 0.234 ppbv (05:00-09:00 CST), 0.091 (11:00-17:00 CST), and
0.135 ppbv for nighttime (21:00-05:00 CST). At Boulder, 24 hour samples were collected.
Although not exactly comparable, it may provide us with some estimate. On IOP days, the
median value for p- NOs™ was equivalent to 0.58 ppbv (maximum equivalent to 1.54 ppbv),
while on non-IOP days the corresponding values were equivalent to 0.47 ppbv and 0.74 ppbv,
respectively, which indicates that p- NOs™ may be higher at the Boulder site than in Houston.
S3 shows a comparison of NOy measurements versus individual NOy, compounds for the
Boulder site. Particulate data was only collected on a 24 hour basis. Therefore this data set
only comprises a small number of observations. The deviation from the 1:1 line is within the
accuracy of the NOy and the combined individual NO, measurements (see S1) for ranges
above 20 ppbv. For NOy values below 20 ppbv, NO, tends to be larger than the sum of the
individually measured NO, components. According to S3, still some fraction of NO,
compounds may be missing, even when particulate NO; was included. Potential candidates
for this NO, deficit include the nitrate radical (NOs), dinitrogen pentoxide (N2Os),
nitrylchloride (CINO,), peroxy acetylnitrate (PAN) and alkyl nitrates. While NO3, N»Os, and
CINO; would be present at nighttime (e.g. McLaren et al., 2004; Edwards et al., 2013), PAN
and alkyl nitrates are produced photochemically and tend to reach maximum values during
daytime (e.g. Hayden et al. 2003; Sommariva et al., 2008 and references therein). No
measurements of these species were performed at the Boulder site, however some
assumptions can be made. Maximum NO; and N,Os levels typically range from about 50 pptv
and 300 pptv, respectively, in polluted continental air masses (McLaren et al., 2004) to about
150 pptv and 500 pptv, respectively, in urban areas (Stutz et al., 2010b). NO3; and N,Os can
constitute 7-30% of NO, (McLaren et al., 2004 and references therein). NO3 is formed
through the reaction of NO, with Os. It is likely that this reaction may be efficient at the
Boulder site due to the observed appreciable ambient levels of NO, and O3 (see S2 and Figure
2). Loss mechanisms for NOs include reactions with alkenes and biogenic hydrocarbons, and
reaction with NO; to form N,Os. As alkenes and biogenic hydrocarbons are found at low

levels in the UGRB (Field et al. 2012a; 2012b), while abundant NO, is present, the latter

reaction to form N,Os is likely the dominant removal process for NO;. In addition, low

ambient temperatures would favor this process. The homogeneous and heterogeneous



248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280

hydrolysis of N,Os may ultimately lead to appreciable amounts of gaseous HNO; and
particulate nitrate according to McLaren et al, 2004. While no direct measurements of CINO;
were performed at the Boulder site, particulate chloride (C17) data show low median levels of
0.015 pg/m’ (based on 6 24-hr filter samples). This may indicate that CI™ is not abundantly
available to form CINO, in appreciable amounts, likely less than 600-800 pptv found in the
Uintah Basin in Utah (Edwards et al., 2013). Earlier studies in the UGRB also included PAN

to 400 pptv as an estimated 24 hour average, while corresponding ozone values were 85 ppbv

and 51 ppbv, respectively, i.e. PAN was ~1% of the ozone mixing ratios, which lies in the

range observed in remote areas (e.g. Rappengliick et al., 2003). Most important precursor

candidates for PAN in the UGRB will be ethane, toluene and xylenes. As high PAN values

would also coincide with high NOy values, we assume that PAN would only account for a
negligible amount of around 1% percent of the NOy, budget based on the results shown in S3.
Alkyl nitrates may account for about 10% of NO, (Sommariva et al., 2008 and references
therein). As alkyl nitrates have an atmospheric lifetime of more than a week they may
accumulate under favorable meteorological conditions and contribute to the NO, budget not
only during the day, but also at night. We predominantly found lower values for NOy at night
(see Figure 3b), i.e. at a time when the missing NOy components NO3, N,Os, CINO,, and also
alkyl nitrates would contribute most to the NO, budget. This may explain the deficit found in
the NO, budget at NO, mixing ratios below 20 ppbv.

Corresponding analysis for NOy oxidation products NO, (NO, = NO,-NO,) versus the sum of
individual NO, compounds NO,;, i.e. HNO3;, HONO and p-NO; based on a 24 hour data base
yielded NO, [ppbv] = ENO,; [ppbv] * 1.09 - 0.38 ppbv (r*=0.87) for IOP days and NO, [ppbv]
= INO, [ppbv] * 1.12 + 0.28 ppbv (r*=0.82) for non-IOP days, which is of similar magnitude
as found in Houston (Luke et al., 2010), for instance. Luke et al. point out that higher
nighttime NO,/NO,; ratios and the magnitude of NO, - NO, differences may point to the
presence of nighttime CINO,. Based on our limited data we cannot make similar statements,
but cannot rule out this possibility. Our measurements did not include PAN. Using our
previous assumptions of about 400 pptv as an estimated 24 hour average value, PAN could
contribute up to 5% of the NO, budget. The atmospheric lifetime of PAN (tpa,) is primarily

determined by the following reactions:

CH;C(0)OONO, — CH;C(0)00 + NO» (1)
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CH;C(0)00 + NO; — CH3C(O)OONO, )
CH;C(0)00 + NO — CH;C(0)O + NO, 3)

The atmospheric lifetime of PAN thus critically depends on the NO,/NO ratio and also the
ambient temperature, since reaction constant k; is proportional to exp(-1/T). Based on

reactions (1)-(3), Tpan can be calculated according to Ridley et al. (1990):

1, k[NO,]
- 1 2 2
Tpan k1( + k3[N0]

) “

For the Boulder site, the shortest T, for IOP#1 was 10.6 days and for IOP#2 2.6 days and
reached almost 1 day on the last day of the field study (March 16) when temperature reached
+5.1°C. It is thus unlikely that PAN may serve as a NO, source and contribute to ozone
formation under the environmental conditions found during the study. However, it can serve

as a reservoir for NOy and radicals and remove NO, and radicals out of the UGRB.

3.2. Role of Meteorological Parameters

3.2.1 Dependence on Wind Direction

S4 and b display daytime and nighttime wind roses of Os, primarily emitted pollutants NOy,
NMHC, CHy4, and trace gases that may have both primary and secondary sources, i.e. NOy,
HNO;, HONO, and HCHO. S4a and b include both IOP and non-IOP days in order to obtain
larger and more representative data sets. Regardless of IOP and non-IOP days, night-time data
will most likely be useful to point to potential emission sources as photochemical processes
are at a minimum.

The daytime ozone wind rose clearly shows enhanced mixing ratios for SSW to WSW and
SE/ESE directions (median 64-73 ppbv). During nighttime, maximum median ozone of about
60 ppbv occurs under NNE-ENE wind directions. These wind directions only have small
amounts of NO, (median about 1.5 ppbv; not shown) and are likely more aged air masses.
Primarily emitted NOy, NMHC, and CH4 display pronounced enhancements during the
daytime in the similar directions as for O3;. During nighttime there are significant peaks under
SW-W wind directions. While NOyx and NMHC are distinctly enhanced (NOx ~10 ppbv,
NMHC ~900 pptv), still CH4 with about 4 ppm is a factor of 2 above its background levels.

10
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This hints to sources which emit nitrogen oxides, NMHC and CHj, or different sources located
in the same area which may overlap. This is likely consistent with locations of compressors
and drill rigs operating during January — March 2011 (which emit primarily NOy) relative to
well head production equipment (which emits primarily CH4 and NMHC).

NOy, HNO3;, HONO, and HCHO (S4b) largely follow the same directional pattern as NOy and
hydrocarbons (S4a). However, contrary to the primarily emitted pollutants NOx, NMHC, and

incomplete combustion in either mobile or stationary sources (Zweidinger et al., 1988;

Altshuller, 1993: Chen et al., 2004; Dasgupta et al., 2005; Rappengliick et al., 2013). Also,

HONO can be emitted primarily from various combustion processes (Kirchstetter et al., 1996;

Kurtenbach et al., 2001; Rappengliick et al., 2013) with traffic emissions being an important

contribution to ambient HONO (Sarwar et al., 2008).

fraction of NOx in NO, (see S2). Interestingly, HONO clearly shows an anisotropic
dependence on wind direction, both during night- and daytime, which indicates a point source
rather than an area source like the surface. During daytime, HONO mixing ratios are highest
from WSW to SSW (median 477 pptv to 545 pptv, respectively), while at night maximum
mixing ratios occur under WSW wind direction (median 347 pptv). While the nighttime
HONO peak for WSW flow is in accordance with those for other trace gases and hints at a
point source, the high daytime HONO levels (see also S2) are at odds with the conventional
understanding of HONO diurnal variability, suggesting that additional processes other than

point source emissions (e.g. Czader et al., 2012 and references therein) may be important.

3.2.2 Backward Trajectories

For further analysis, we calculated HYSPLIT (HYbrid Single-Particle Lagrangian Integrated
Trajectory) backward trajectories (Draxler and Hess, 2013, Rolph, 2013) based on 12 km
resolution meteorological data provided by NAM (North American Mesoscale model).
Uncertainties stated by Draxler and Hess are in the range of 15-30% of the travel distance. As
an additional test, we calculated back and forward trajectories within the UGRB for the times
of interest and found only negligible difference among those. Although, there might be some
limitations associated with the accuracy of backward trajectories, they at least may provide

information about major regimes. The results of trajectory calculations are shown in Figure 4

11

_ { Deleted: also

_ -| Deleted: This indicates their dual
nature, i.e. primarily emitted (as reflected
in the nighttime data) and, in addition,
secondarily formed (as seen in the
daytime data).

_ { Deleted: similarily




346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378

and they indicate three major regimes during the 2/28 — 3/16/2011 period. Non-IOP days
mostly showed consistent air mass flows out of the NW wind sector (example shown
3/8/2011). Also, they are associated with higher wind speeds and enhanced atmospheric
dispersion. This coincides with the generally low to modest levels of pollutants (S4a and b).
The days with the highest ozone levels during each IOP may show recirculation processes
during the day (as for March 03, 2011); however, they are usually characterized by the fact
that at least once during the day, trajectories eventually pass through the area Southwest of
Boulder before arriving at Boulder. According to Figure 1, air masses would then pass the oil
and gas well locations of the Pinedale Anticline and also a large number of compressor
facilities (Figure 5). According to the trajectories on March 12, air masses would have passed
this sector at the most 1-2 hours before arrival at Boulder and would have stayed in that
region for about 1 hour. As seen in S4a and b, air masses coming from the SW quadrant carry
maximum amounts of both primary and secondary pollutants. As shown later, they are also
associated with the highest VOC reactivity and a change of NOy sensitivity towards a VOC

sensitivity regime.

3.2.3 Boundary Layer Height

Tethersonde data taken on IOP days indicate very shallow boundary layer heights. Based on
the data in S5 and using approaches by Stull (1988), average morning boundary layer heights
(09:00-11:00 MST) would be estimated to be about 35 m above ground level (agl) around
noon (11:00-13:00 MST), around 50 m agl in the early afternoon (13:00-15:00 MST), reach a
daily maximum around 80 m agl, and in the late afternoon (15:00-17:00 MST) decrease to
around 45 m agl. This is largely in agreement with SODAR data (not shown). Figure 6 shows
vertical profiles of ozone and wind direction on IOP days. Generally, IOP days were
characterized by W to NW flows above 600 m agl and appreciable temporal and spatial
changes in wind direction below this level. These lower level changes are also reflected in the
backward trajectories previously shown in Figure 4. Below 600 m agl, windspeed was
generally less than 5 m/s. Above 600 m agl, wind speed rapidly increased above 10 m/s (not
shown). The strong changes in atmospheric flow around 600 m agl certainly helps to maintain
inversions and stable boundary layer conditions beneath this layer throughout IOP days. Since
surrounding mountain ranges of the UGRB reach heights up to 3,500 m asl to the West
(Wyoming Peak) and 4,200 m asl to the Northeast (Gannett Peak), the boundary layer air

masses are easily trapped within the basin and recirculation processes as shown for March 02
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in Figure 4 are likely. This is in accordance with earlier wintertime meteorological studies in
similar areas of the Rocky Mountains (Yu and Pielke, 1986).

Figure 6 shows that ozone exhibits a distinct behaviour associated with the atmospheric
dynamic pattern: above 600 m agl, ozone mixing levels are quite stable around 60 ppbv
regardless of the day and time of the day. It represents background ozone levels in the well
mixed lower troposphere. Below 600 m agl, ozone mixing ratios clearly show diurnal changes
with lower than background values in the early morning and strongly enhanced values in the
afternoon. The maximum deviations are clearly restricted to a very shallow surface layer.
There is no evidence of ozone carry over from previous days. Ozone deposition over dry
surfaces is about 0.4 cm/s (Hauglustaine et al., 1994); however, it is about 0.07 cm/s over
snow surfaces (Hauglustaine et al. 1994), i.e. ozone removal through turbulent diffusion is
significantly reduced. Recent studies over polar snow indicate even lower deposition
velocities in the range of 0.01-0.07 cm/s (Helmig et al., 2009). As deposition may play a
minor role during snow covered periods in the UGRB, the ozone deviation from the
background ozone level is instead determined by removal (e.g. nighttime titration) and
daytime in-situ formation processes.

As an example, Figure 7 shows selected data obtained by the tethersonde system for the IOP
day March 02, 2011. The results for AT (Delta-T in the plot) indicate well defined inversion
and stable conditions in levels with AT > 0 °C. Again, it can be seen that highest ozone levels
are restricted to the surface levels. Precursors such as NO, and NHMC may exhibit a layered
distribution. Highest levels may occur close to the mixing layer height as defined by AT. This
hints to pollution plumes which may have originated from either elevated sources and/or
sources which show some plume rise due to higher than ambient temperatures. Potential
ozone Oy, as expressed by the sum of O3 and NO; provides information about the potential
presence of Oz formation processes. Using the tethersonde data and segregating it into time
frames like in S5, we obtain S6. This figure shows two main features: (i) formation of O3
from early morning to the afternoon throughout the surface layer and (ii) apart from the late
afternoon, a tendency towards higher Oy values in higher layers of the surface layers. Highest
Ox mixing ratios at the surface occur only in the late afternoon.

In an attempt to investigate other trace gases for which no vertically resolved data is available,
we segregated surface data into 5 m bins of hourly SODAR mixing layer height (MLH) data
and split it into day- and nighttime observations. Results are shown in S7. For ozone, daytime

data is clearly higher than nighttime data regardless of the MLH. However, during daytime,
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maximum ozone levels are observed under lowest MLH. Speciated NMHC data obtained at
the Boulder South Road site generally show enhanced values under MLH < 40 m agl and
decreasing concentrations with increasing MLHs regardless of the time of day. However,
while higher nighttime concentrations of speciated NMHC classes are found at lower MLHs,
during daytime, the lowest MLHs are associated with lower concentrations of NMHC classes.
Assuming NMHC sources which do not change emission strength during the day, this points
to photochemical degradation of NMHCs in the lowermost surface layers. The change in the
median values is about -20% for alkanes, - 45% for alkenes, and almost -50% for aromatics.
CO does not change significantly with MLH and time of day. NOy shows significantly higher
values during daytime and, contrary to NMHC classes, there is no change at lowermost MLHs
when comparing daytime with nighttime observations. However, nighttime data clearly shows
decreasing NOy levels with increasing MLHs. Both HCHO and HONO show higher values
during the daytime than nighttime regardless of MLHs. In accordance with other primary
pollutants like NMHC and NOx, HCHO and HONO exhibit a trend towards lower mixing
ratios with increasing MLHs during nighttime.

In general, results from IOP days, such as March 02 and 12, indicate that slightly variable
boundary layer heights are essential for accumulation of both primary and secondary
pollutants. The occurrence of low boundary layer heights in presence of snow cover in
mountainous regions is in accordance with previous model simulations (Bader and McKee,
1985). These studies also showed that these conditions can hold a stable layer until very late

in the day.

3.2.4 HONO and relationships with radiation and relative humidity

Some photo-enhanced heterogeneous reactions are currently being discussed as likely daytime
HONO sources (Kleffmann, 2007). S8 shows a comparison of HONO data obtained close to
the surface (10 cm above the surface) and at about 1.80 m above the surface. The plot contains
all data of the 2/28-3/16/2011 period, as segregation into IOP and non-IOP days would have

resulted into patchier time series with larger intermittent data gaps. To some extent S8 may

provide some general characterization. S& reflects the main results of Figure 3b with higher

HONO levels during the daytime. However, two additional observations are evident: (i)
scatter in the HONO data is greater at the 1.80 m level, where maximum concentrations are

found in the morning and early afternoon. The absence of these early morning high levels in
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the surface data suggest that the observed maximum at 1.80 m may be due to transport of

HONO rather than a surface source most likely due to the stratified properties of the planetary

boundary layer (PBL) with suppressed vertical mixing during these times (see chapter 3.6),

coinciding with the strongest solar irradiation, and surpass those at the 1.80 m level. This
suggests a strong surface source of HONO which is most efficient around noontime.
According to Villena et al. (2011), HONO photolysis can be the most important OH radical
source in polar regions under clean conditions (e.g. in polar regions), in particular when
HONO was not correlated to CO and NO,, which would otherwise hint to direct emissions.
From S8 and S4b, it is evident that daytime photochemical processes contribute to HONO
formation at the Boulder site, while transport is important throughout the day. Potential direct
combustion related emissions will be discussed later.

As pointed out by Stutz et al. (2004), relative humidity may be favorable for HONO
formation, at least in urban environments. S9 shows that on IOP and non-IOP days, HONO
levels are higher during the day than at night, regardless whether the measurements were
taken close to the surface or at 1.80 m agl. During nighttime, photochemical processes are at a
minimum. A trend towards higher HONO levels with increasing higher relative humidity can
be discerned, with a maximum around 80%,. Again, this does not seem to depend on the
measurement height. A dependency of the HONO/NO; ratio on relative humidity as described
by Stutz et al. (2004) could not be identified in our data set, likely due to the fact that the
snow cover itself provided a constant amount of water, which would be in line with

observations by Wojtal et al. (2011) for aqueous surfaces.

3.3. Role of Emissions and Chemistry

3.3.1 Potential combustion emissions for radical precursors HCHO and HONO

Primary sources for HCHO and HONO are important sources for the hydroxyl radical (e.g.
Ren et al., 2013; Czader et al., 2013). While HCHO may have a variety of primary sources, its
secondary formation during daytime usually exceeds primary HCHO emissions significantly
(e.g. Rappengliick et al., 2010 and references therein). This is also reflected in the Boulder site
data when comparing daytime HCHO data on IOP vs. non-IOP days (see S2 and Figure 3b).
However, secondarily produced HCHO does not provide a net OH source as the formation of

OH already consumed OH.
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Unfortunately, there were no CO measurements taken at the Boulder site, but linear regression
analysis of CO versus NOy calculated for the Boulder South Road site indicate CO [ppbv] =
6.14 x NO [ppbv] + 140 [ppbv] (1*=0.55) over all wind directions for the entire time period
2/28-3/16/2011. The slope is very close to values obtained for urban traffic rush hour, which
is 6.01£0.15 ppbvv CO / 1 ppbv NOy (Rappengliick et al., 2013). While the correlation
coefficient is significantly weaker than found in the Rappengliick et al. (2013) study (1*=0.91),
which may be due to higher degree of mixing of different air masses, it indicates the presence
of combustion sources; under remote unpolluted conditions CO and NOyx would be almost
unrelated (see e.g. Villena et al., 2011).

As previously mentioned, compressors and drill rigs were operating during January — March
2011 in the area located upwind of the Boulder site under SW flow conditions. These units
emit primarily NOy relative to well head production equipment which primarily emits CHy4
and NMHC. As indicated in S4a and b, enhanced levels of primary pollutants occur under
SSW-W flows during daytimes and under SW-W flows during the night. In an attempt to
identify potential emission sources for HCHO and HONO, we performed correlation analyses
exclude daytime photochemical processes and SW-W wind directions which showed peak
values for all species in accordance with S4a and b. NO,/NO, ratios were around 0.35 under
these wind flow conditions and thus, significantly less than 0.6, indicating freshly emitted
pollutants.

S10 clearly shows the close relationship between HONO and NO,, NOy, and HNOs; as
observed at the Boulder site. The good, although somewhat weaker, correlation of HONO
with total NMHC at the Boulder site is most likely due to the fact that emission sources which
emit NOx may be located close to NMHC sources. HCHO shows overall weaker correlations
with NOxy, total NMHC, and CH4 compared with HONO. HCHO has a longer atmospheric
lifetime than HONO (~6-7 hrs for HCHO vs. ~5-7 min for HONO at local noontime

conditions during the UGRB study) and thus some appreciable background, which may also

include remnants of previous day formation of HCHO. This background may get mixed into
freshly emitted plumes and cause higher data scatter. In any case, according to S10, HCHO
shows stronger correlation with total NMHC and CHy4 than with NOy, while for HONO it is
the opposite behaviour. This hints to different source categories for HONO and HCHO.

Based on the CO/NOy observations at the Boulder South Road, we assume that NO, at the

Boulder site would also be primarily related to combustion sources. In a recent traffic related
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emission study, measurements of HONO versus NOy yielded a slope of 15.86+0.82 pptv
HONO / 1 ppbv NOy (r*=0.75) and a slope of 25.00+1.06 pptv HCHO / 1 ppbv NOy (1*=0.80)
for HCHO versus NOy (Rappengliick et al., 2013). The slopes of HONO versus NOy for the
Boulder nighttime data under wind direction 180°-270° and the Houston traffic related
measurements are almost identical. In the traffic emissions study, Rappengliick et al. argued
that the high HONO/NOy emission ratios were likely due to heavy duty vehicles. In the case
of the Upper Green River Basin, stationary diesel powered compressors may act similarly.

This may likely be favored in addition by altitude effects, as it has been demonstrated for

diesel vehicles up to an altitude of 2,400 m asl (e.g. Bishop et al., 2001; Wang et al., 2013) In

particular it seems that NO, emissions increase at the expense of NO emissions (Yin et al.,

2013). For HCHO versus NOy, the slopes are significantly lower than found in traffic related

combustion emissions. The correlation coefficient is also weaker. It is likely that different
emission sources overlap. Since HCHO shows a closer correlation with total NMHC at the
Boulder site and even closer with CHy as shown in S10, it is likely that well head equipment,
in addition to co-located compressors, may contribute to HCHO emissions. Interestingly,
contrary to HCHO, HONO displays a stronger correlation with total NMHC than with CHa.
This may further support the ideas that HONO emissions are more related to combustion
(compressors) and HCHO has some overlapping emissions originating from drill rig

operations.

3.4. NMHC versus NO, limitation of ozone production

Observation based methods like photochemical indicators such as O3/NO,, O3/NO,, and
03/HNO; and the EOR (Extent of Reaction) can be used to evaluate whether ozone
production at a given location may be VOC or NOy limited (Sillman, 2002; Sillman and He,
2002). The EOR is defined as:

&)

0.67
FOR - (1 N, J

13-NO,

Sillman and He (2002) point out that the photochemical indicators also depend on the

chemical environment, in particular for O3/NO, (which may not be applicable for highly

polluted scenarios). They classified relatively clean environments (O3 < 80 ppbv), moderately

polluted (100 - 200 ppbv O3) and highly polluted environments (O3 > 200 ppbv). According to
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Sillman and He, photochemical indicators would tend to increase with decreasing ozone

values. It is not certain, if these photochemical indicators can be applied to the environment

found in the UGRB without modifications, as the radical pool is largely dominated by the

photolysis of HONO, at least in the lowermost layer of the PBL (see discussion in chapter

3.6). While there might be some limitations to this concept, we followed this approach in an

attempt to explore whether an ensemble of photochemical indicators would at least point

towards common tendencies with regard to VOC and NOy limitation. S11 lists ranges of

indicator values which are representative of different regimes. We calculated the
photochemical indicators for the Boulder site. For this analysis, we focus on the IOP days, as

those were the days with maximum ozone levels. As shown in Figure 3a ozone mixing ratios

are usually below 80 ppbv before 11:00 MST and afterwards above 80 ppbv. It is common to

all photochemical indicators that they display significant changes throughout the day

depending on the wind direction (Figure 8)._ While there are no consistent patterns throughout

the day among all photochemical indicators, some general tendencies for the most critical
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not in the VOC limited regime assuming that photochemical indicators would be higher in the

case where O3 < 80 ppbv. From 13:00-15:00 MST, i.e. the time period with O3 > 80 ppbv, all

indicators either point towards a NOy limited or a transitional regime. Any change from a

transitional regime, where ozone production can be most efficient and can reach maximum
values as shown by Mao et al. (2010)._The periods with the lowest values for photochemical
indicators generally coincide with minimum values of the NMHC/NOy ratio as observed at
the Boulder site (Figure 9). This minimum value is about 50 and represents a relatively high
value compared to urban areas (Mao et al., 2010). This could be due to relatively low NMHC
reactivity, either caused by low temperatures or a NMHC mixture which is mostly composed
of slow reacting hydrocarbons (e.g. alkanes such as ethane and propane), or a combination of

both._Carter and Seinfeld (2012) found that regimes sensitive to VOC or NOy may vary from

year to year and depend on the specific location in the UGRB. For the Boulder site in 2011

they determined a VOC sensitive regime, which largely agrees with our analysis for the

morning hours on IOP days. Carter and Seinfeld also state that under such conditions
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additional OH generated by an increased level of HONO would favor O; formation, while

NOy saturation would also have the potential to cause additional HONO formation. Carter and

Seinfeld (2012) modeled the Boulder 2011 case based on the HONO data presented in this

paper and found much better simulations of Os; compared to the baseline scenario, when

HONO was added, which is very encouraging. In addition to the Carter and Seinfeld analysis

our paper also considers diurnal variations of the NMHC/NOy ratio, including any

fluctuations in the NMHC mix, which is also subject to wind directional changes, at least for

the Boulder site. As mentioned above, our data shows that there is likely a transition phase

after the morning NO, saturation conditions towards a VOC saturation regime, which is not

described by Carter and Seinfeld and would require diversified speciated regulatory mitigation

strategies.

3.5. OH reactivity

In order to describe the importance of individual or classes of trace gases with regard to
photochemical processes, it is important to consider both the reactivity and the amount of
these trace gases in ambient air. One way to do this is to calculate the propene equivalent J as

proposed by Chameides et al. (1992):

J — CJ kOH (J) (6)
kOH (C3H6)

with C; being the mixing ratio of hydrocarbon compound J in ppbC or any other compound J
in ppbv, the reaction rate of this compound with OH (kon) and normalized to the reaction rate
of propene with OH (kou(CsHg)). This approach expresses any individual or classes of trace
gases in terms of propene units. However, it is an approximation as reactions other than with
OH, i.e. with O3, NOs, and Cl, are neglected. In our approach, we merge data from the
Boulder South Road site (speciated NMHC, CH4, CO, NOy) with data collected at the Boulder
site (HCHO, HONO) to have a most comprehensive data set. During the winters of 2011 and
2012 nineteen canister surveys of speciated NMHC were performed at sites throughout the
UGRB. Boulder and Boulder South Road are located three miles from each other. The
Boulder site is closer to the spine of the Pinedale Anticline development and concentrations at
this site are generally slightly higher than Boulder South Road. While the 1 for the

comparison of data from these two sites for each of four surveys during February and March
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2011 were each greater than 0.97, there is some variation of slope between the two sites with
values ranging from 1.2 to 1.7. The two Boulder sites share the characteristic of measuring air
that is influenced by a wide range of oil and gas emission sources (Field et al. 2012a; 2012b)
with similar contributions between NMHC classes. When considering speciated NMHC
alkanes are most correlated and aromatic are least correlated. Although there might be slight
differences in the atmospheric chemistry settings of both sites, we believe that this will not
have major impacts on the general findings. Figure 10 displays the diurnal variation of the
fractions of the propene-equivalent on IOP days. Within the speciated NMHC obtained at the
Boulder South Road site, the most important contributions to the overall OH reactivity stem
from aromatics (50-60%), alkanes (30-40%) and the remaining ~10% alkenes. As expected,
the contribution from alkynes and isoprene is negligible due to their low reactivity (alkynes)
and low mixing ratios (isoprene). Although CH4 accounts for the largest fraction of all
hydrocarbons (ranging from 90% around noon to 95% in the morning hours on a ppb basis),
its propene-equivalent fraction is quite modest with 1-2% due its low reactivity. This pattern
does not change much throughout the day and is not much different on non-IOP days (not
shown). It should be noted that in terms of absolute propene-equivalents, OH-reactivity on
IOP days reaches up to 48 ppbC before noon compared to 31 ppbC around the same time on
non-IOP days. While alkanes contribute to the propene-equivalent about twice as much on
IOP days than on non-IOP days, the contribution by aromatics increases by about 30%,
whereas the contribution by alkenes stays about the same. When other compounds are
included (CO, NOy, HCHO, HONO), it becomes apparent that NOy plays an important role
both in terms of contribution to reactivity as well as to the diurnal change of contributions. On
IOP days aromatics contribute about 35-40%, alkanes 20-30%, NOy 20-40%, and alkenes
about 5-10% to the overall propene-equivalent. The remaining ~5% are due to CO, HONO,
HCHO, alkynes, and CHy4. The contribution from NOy reaches its maximum from 05:00 -
09:00 MST. The picture is different on non-IOP days, where NOy contributions are
significantly lower throughout the day. More specifically, the contributions to the propene-
equivalent on non-IOP days would be: aromatics 40-60%, alkanes, 20-40%, NOx 10-35%,
alkenes 5-10%, and ~5% for the remaining trace gases CO, HONO, HCHO, alkynes, and
CHa.

Figure 11 displays OH reactivity based on the sum of the reaction rate coefficients multiplied

by the mixing ratios of reactants with OH (Mao et al., 2010):
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kOH = Z kOH+VOC, [VOCz ] + kOH+CO [CO] + kOH+NO [NO]

(7)
+ kOH+N02 [NO,]+ kOH+HN03 [HNO, ]+ ...

Figure 11 clearly shows that on IOP days OH reactivity is higher than on non-IOP days by a

factor of 2. During the daytime on IOP days, the magnitude of OH reactivity is comparable to

that found in direct OH measurements for urban air in Houston, Texas (Mao et al., 2010) or in

Mexico City (Sheehy et al., 2010) . Contrary to the urban Houston case, where NOy may

contribute up to 50% to OH reactivity during the rush hour, for the Boulder case NOy may
contribute up to 69% throughout the day. This may be due to NOy emission sources in the
Boulder area whose emissions strength does not change much throughout the day (e.g.
compressors). Another distinction is that, at Boulder, alkenes may contribute around 5% to the
overall OH reactivity while for the Houston case, it can be up to 35%. The contribution from
alkanes is in the 10-15% range at Boulder, while in Houston it is about 5-10%. The
contribution of aromatics is about the same for both cases (10-15%).

In accordance with S4a and b, also the absolute propene-equivalent displays similar
distribution with highest values under SW wind directions. The reactivity mix does not
change that much with wind direction (i.e. mostly aromatics, alkanes, and NOy), mostly from
SW. Figure 12 shows that while alkanes contribute 80-85%, aromatics around 10-15%, and
alkenes less than ~5% of NMHCs on a mass basis, aromatics contribute 50% and alkanes
around 45% to the propene-equivalent as observed at the Boulder South Road site. Still,
contributions by alkenes are low. Contributions from CHy4 and isoprene are negligible.

The major finding is that on IOP days in the morning hours in particular, NOy (and to some
extent HONO as it is closely associated with NOy), aromatics and alkanes (the latter ones
largely dominated by ethane and propane) are major contributors to the OH reactivity and
propene equivalent at Boulder. Highest reactivities are found in air masses arriving at the
Boulder site under SW flow conditions. This time period and wind flow condition largely
coincide with the lowest NMHC/NOy ratios observed at the Boulder site and a switch from
NOy limited to transitional, if not VOC limited regime, with the largest ozone production
efficiency as described in the previous chapter 3.4. Under VOC limited conditions, it is likely
that highly reactive aromatics, such as toluene and xylenes, may be most efficiently
competing with other NMHC:s in reactions with OH. NOy reactions with OH in turn will cause

substantial formation of HNOs.
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3.6. Role of HONO

As discussed, major removal processes for OH at the Boulder site involve reactions with NOx,

aromatics, and alkanes. Sources for OH are photolysis processes of Os, aldehydes (foremost

Recent studies suggest that major OH formation occurs through HONO photolysis in the

morning, HCHO photolysis in late morning, and O3 photolysis throughout the day, whereas

photolysis of H>O, and alkene ozonolysis are of minor importance during the day (Elshorbany

et al., 2009; Ren et al., 2013; Czader et al., 2013). According to an analysis by Elshorbany et

al. (2009), HONO photolysis can contribute to about 52% of radicals on a 24-h average,

followed by alkene ozonolysis (about 20%), HCHO photolysis (about 15%) and ozone

photolysis (about 4%) in an urban area. On the other hand, in unpolluted polar regions HONO

is suggested to be a major radical source (98%) and ozone photolysis would account for the

remaining 2% (Villena et al., 2011). Mao et al. (2010) report that contributions to the radical

pool from HONO photolysis may be highest in high NO, environments.
The primary production of hydroxyl radicals from the photolysis of O3, P(OH)yim 0s. the
photolysis of HCHO, P(HO;)prim ncno. the photolysis of HONO, P(OH)urim Hono. and from

alkene ozonolysis, P(OH)yrim alkenes can be calculated as follows (see also Elshorbany et al.,

2009; Sorgel et al., 2011):

P 2T [03].k0(.D)+H20 [H#,0] ©
- kO(‘D)+H20 [HZO] + kO(‘D)+02 [02 ] + kO(‘D)+N2 [NZ ]
P(HOZ)primiHCHO =2-Jyeno [HCHO] (€))]

P(OH)primHONo = JHONO [HONO] - k0H+NO [NO] ’ [OH] - kHONO+NO [HONO] : [OH]M)

P(OH) prim _alkenes = Z k03 +alkene [alkene] : [03 ] : (D OH (] 1 )

where photolysis rates for photolysis of O( 1D) (Joupy), HCHO (Jucno). and HONO (Jrono).
temperature dependant reaction rates (Atkinson et al.. 2004; 2006) and ®oy. the OH yield of

gas-phase reactions of ozone with alkenes, are used (Rickard et al., 1999).

22

/ { Deleted: Nighttime a

Deleted: For the Boulder site, we
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Figure 13 displays results of calculation of OH-productions due to the above processes, for - /{
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IOP and non-IOP days. Photolysis of CINO, is not included. As mentioned earlier we

presume that CINO, may not be present in appreciable amounts based on the low levels of
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resembles the results by Elshorbany et al. (2009) for an urban area. The contributions to

hydroxyl formation on non-IOP days were as follows: HONO photolysis (~54%), alkene

that the calculated OH-production due to HCHO photolysis represents an upper limit as we
did not distinguish between primary and secondary HCHO in these calculations. These results
are different from the simulation analyses for a site in the Uintah Basin, Utah (Edwards et al.,
2013). Potential reasons may include that Edwards et al. assumed a uniform increase of O;

precursors by a factor of 2 under cold pool events, that the site may have been exposed to a

Deleted: However, both reach about the
same magnitude in the early afternoon
(close to 50%). The picture is different on
non-IOP days, where HONO surpasses
the OH-contribution by ozone photolysis
in the early morning hours only. The
absolute contribution to OH-production
caused by ozone photolysis and HCHO
photolysis on IOP days does not differ
much from non-IOP days. In both cases
the photolysis of HCHO contributes
mostly less than 10% (on IOP days 2-7%)
to the overall OH-production and is thus
not important.

different ambient chemical matrix (e.g. HCHO is significantly higher, while HONO is
significantly lower at the Horse Pool site/UT compared to the Boulder site/WY) and that they
assumed a primary fraction of 50% of the observed daily integrated HCHO mixing ratio.

In environments with a significant amount of NOy the dominant terminal loss mechanism for

OH is the reaction with NO,, leading to the formation of HNOs:

NO;+OH+M—>HNOE+M (M:N;, O;) (12)
which translates into:
L(OH) = kN02+0H [NOZ] (13)

Thus a photostationary state OH concentration can be calculated as follows:
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[OH ]PSS = _ (14

Figure 14 shows that OH concentrations can reach very high values during the time period
11:00-16:00 MST on IOP days. These are in the ranges found in New York City (Ren et al.,
2003), Houston (Mao et al., 2010), Mexico City (Sheehy et al.. 2010) and in the River Pearl

Delta (Lu et al., 2012), and at times exceed those. On non-IOP days maximum OH mixing

ratios are significantly lower, and are confined to noontime. The OH chain length ranges

between 10 and 13 between 12:00-15:00 MST on IOP days, which is of a similar magnitude

as found in Houston and Mexico City, and significantly higher than in New York City (Mao

et al., 2010). Figure S13 clearly shows that the OH net production occurs around noontime

and is on the order of 4x10” molecules cm™ s, In urban areas the peak OH net production

occurs during morning rush hours (Mao et al., 2010) at similar or higher magnitude than in

our study, and decreases significantly afterwards. In NO, rich environments such as New

York City the OH net production is maintained around noontime, albeit lower than during

rush-hours and slightly lower than in our study.

Based on the calculated OH concentrations it is possible to determine the photostationary state

concentration of HONO using the following equation:

k0H+N0 [OH ] [N 0]

HONO |p45 =
[ ]PSS J yiono + Korr-nono [OH ]

(15)

[HONO]pss_was ~26% of the observed ambient HONO mixing ratios on IOP days and 44%

on non-1OP days during 11:30-15:30 MST, when P(OH)yrim Hono Was at a maximum, which is

significantly less than observed in the urban area of Santiago de Chile, for instance (~66%:;

Elshorbany et al., 2009). These low fractions of [HONO]pss indicate that a strong daytime

source for HONO must be present. High daytime HONO/NO, ratios are also usually

considered an indicator for strong additional photochemical HONO sources (Elshorbany et

al., 2009). Figure 15 shows that the HONO/NOy ratio is about the same value for IOP and

non-IOP days throughout the nighttime. In particular, in the morning hours from 05:00 - 09:00
MST, when maximum levels of primary pollutants are present (Figure 3a), the HONO/NOy
ratio tends to be at a minimum and is between 2-5% in both cases, which is similar to other

locations. However, it increases significantly from 12:00-14:00 MST on non-IOP days
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At the Boulder site no speciated
photolysis rates measurements were
available. As a surrogate, we plotted
measured incoming ultraviolet (UV)
radiation in Figure 14. On IOP days,
incoming UV radiation was on the order
of 10% higher than on non-IOP days.
Data in Figure 14 shows that HONO
increases as incoming UV radiation
increases. T
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(median values ~10%) and from 11:00-16:00 on IOP days (median values up to 30%).
According to Villena et al. (2011) the magnitude of the HONO/NO ratio is similar to the

magnitude of the ratio of the corresponding atmospheric lifetimes. Based on the calculated

Juono_photolysis rates an atmospheric lifetime for HONO of about 5-7 min between 11:30-
15:30 MST on IOP days can be deduced. Using the calculated OH concentrations and

temperature dependant reaction rates for reactions with OH and Os; a corresponding

atmospheric lifetime of ~19 min for NO, can be retrieved, which translates into a ratio of both

lifetimes on the order of ~26, which is close to the observed average median HONO/NOy

ratios for that time period, which is ~21. On non-IOP days, the atmospheric lifetime of NOy is
much longer (almost 1 hr), the ratio of the HONO and NO, lifetimes is ~12, the observed
HONO/NOy ratio is ~9. This indicates that more HONO is being formed in photochemical

processes, most likely through NO, conversion, on IOP days during these time periods. At the -

wind flow) do not vary much during this time of the day on IOP days, and NO, deposition

velocity onto snow surfaces is low (Hauglustaine et al., 1994), rapid oxidation of NO, leads

to a decrease in NO, mixing ratios. Reactions of NO, with OH and O3 will lead to the

formation of HNOj; accelerated through the enhanced availability of radicals due to the strong

HONO photolysis source. This decrease in ambient NOy levels indicate that these removal

processes exceed other sources for NO,, e.g. through photolysis of HONO.

For the Boulder site, it is the photolysis of HONO, which makes a significant difference to

around noontime and the overall 24-hr production of OH due to HONO photolysis is 6 times

higher on IOP days versus non-IOP days. While also the contribution by HCHO photolysis to

hydroxyl formation is enhanced by 3-5 times, the contribution by ozone photolysis and alkene
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measurements were available. As a surrogate, we plotted measured incoming ultraviolet (UV)
radiation in Figure 15. On IOP days, incoming UV radiation was on the order of 10% higher

than on non-IOP days._We calculated photolysis rates using the TUV model (for specific

details see figure caption of Figure 13). Median noontime levels on IOP days were 3.14x107

[s"] for Jo(ipy. 1.78x10 [s™] for Jnop. 7.87x107 [s™] for Junos. 3.64x107 [s] for Juono, and

4.74x107 [s'] for Jucuo. Likewise, photolysis rates were reduced by about 10% on non-IOP
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days. Those high photolysis rates are primarily due to the high snow albedo, already relatively

high solar zenith angles in March, high altitude (2,160 m) and relatively low latitude (42.7° N)

of the UGRB. Some of these factors differ significantly from conditions found in polar

regions. Generally, data in Figure 15 shows that HONO increases as incoming UV radiation

HONO is being produced through photo-enhanced formation processes which are most
efficient when snow cover is present.

It has become evident that ambient HONO concentrations are higher than can be accounted
for by direct emissions and that heterogeneous processes on surfaces may lead to enhanced
ambient HONO levels. In particular, these processes tend to occur on surfaces with adsorbed
water in the dark (Finlayson- Pitts et al., 2003; Jenkin et al., 1988; Kleffmann et al., 1998)
based on the following reaction (Goodman et al., 1999; Kleffmann et al., 1998):

2NOj(ads) + H2O(ags) = HONOags) + HNOj3(ags) a1 )

Recently, an additional nighttime formation of HONO that was not related to NO, was
reported on aqueous surfaces in the marine boundary layer by Wojtal et al. (2011), assuming a
surface nano layer saturated with NO, precursors and no irreversible loss of HONO from that
layer. Wojtal et al. observed that HONO/NO; ratios would increase during the night from 3-
30% and even higher on some occasions, with HONO levels about 1 ppbv at night. While we
suspect that the snow surface could have been saturated with NO, precursors due to
appreciable amounts of these compounds in ambient air (see Figures 3a and b), we did not

observe increasing HONO/NOy ratios throughout the night as shown in Figure 15, Also,

= ST ~

HONO mixing ratios were 3-10 times lower compared to the Wojtal et al. study.

Over the last decade a variety of photo-enhanced HONO formation mechanisms have been
discussed to explain observations of elevated daytime HONO levels (Kleffmann, 2007)..
These include: (i) the photolysis of surface adsorbed nitrate or nitric acid (Zhou et al., 2001;
Zhou et al., 2002; Ramazan et al., 2006), (ii) the photolysis of ortho-nitrophenols (Bejan et al.,
20006), (iii) light-induced NO; reduction on surface adsorbed humic acid films (Stemmler et
al., 2007), (iv) gas-phase reaction of electronically excited NO,, due to photolysis, with water
(Li et al., 2008), and (v) the conversion of HNO; to HONO on primary organic aerosol
(Ziemba et al., 2010).
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As mentioned in chapter 3.1., observations at the Boulder site were characterized by
remarkably high ambient levels of HONO, HNO3, and p-NO3™ which on IOP days were higher
than in urban air measurements, e.g. in Houston, Texas. HONO showed close correlation with
HNOs not only during nighttimes (S10) but, contrary to NO, and NOy, also during daytime
regardless of IOP or non-IOP days with correlation coefficients ranging from 0.73 and 0.80.
Contrary to Ziemba et al. (2010), who found that HONO was anticorrelated with HNO3
during morning traffic rush hours, our observations do not show any anticorrelation during
any time period. We thus assume that conversion of HNO; to HONO on primary organic
aerosol will be negligible in the UGRB. HNO; on IOP days formed a higher fraction of NOy
than in Houston (22% vs 16%). Its fraction of NO, ranged between 30-40%, with maximum
values found under SW wind directions. Again, corresponding values in Houston were only
about 20% (Luke et al., 2010). Particulate NO5 at the Boulder site was closely related to EC,
elemental carbon, (r*=0.85) and OC, organic carbon (r*=0.73), but only showed poor
correlation with sulfur (r2=0.09) and sulfate (r2=0.03). This fingerprint is likely associated
with fossil fuel combustion in industrial processes (Jacobson, 2012). Bjorkman et al. (2013)
studied dry deposition velocities for HNO3 and p-NO;™ onto snow surfaces in the arctic. They
found that the dry deposition velocity for particulate NOj;™ critically depends on the particle
size; still, for particle sizes around 7 pm, the dry deposition velocity is significantly lower
than for HNO;. Overall, the dry deposition of p-NOs only accounts for 1-7% of the total
nitrate dry deposition (Bjérkman et al., 2013). According to reaction (8) HNO3(.qs) can already
be formed through NO»qgs). Dry deposition velocity of HNO3 onto snow surfaces is about 50
times greater than for NO, (Hauglustaine et al., 1994). Using median data for NO, and HNO;
mixing ratios as shown in S2 dry deposition flux of HNOs onto the snow surface may be
about 8 - 65 times greater than for NO,, with maximum values during daytime, as HNO3
mixing ratios surpass those of NO,. While reaction (8) would likely contribute to HONO
formation throughout the day as shown by Wojtal et al. (2011) over aqueous surfaces, we
assume that deposition of HNO;s would be of critical importance, in accordance with studies
by Zhou et al. (2003).

When adsorbed on a surface, the following reactions may occur (Mack and Bolton, 1999;

Zhou et al., 2002; Zhou et al., 2003):

HNOsq5) + hv — [HNO3] (aas) azn
[HNO3]" (ads) — HNOads) + OCP)(as) a
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(2003), the production yield of HONO from surface HNOj; photolysis is almost independent
of relative humidity between 20%-80%, although some moisture is necessary. Thus snow
cover would provide a favorable substrate. On the other hand, the negligible dependence on
relative humidity may explain, at least partly, why we did not find a clear correlation of
HONO with relative humidity.

Figure S14 shows that generally the HONO extra source, which balances the OH production

rate due to HONO photolysis (dOH/dt -HONO: see Figure 13) correlates better with Joip)
(R,,=0.86; R . ,=0.85)and Juno3 (R},,=0.82; R ,,=0.88) than with Jxo» (R}, =0.71;

R’ ,op=0.85). According to Villena et al. (2010) and Elshorbany et al. (2012) a better

correlation of the daytime HONO extra source with Jo(ip) would point to photolysis of HNO3

as_a potential HONO source, whereas a better correlation with Jnop_ would point to

photosensitized conversion of NO, on humic acid surfaces.

Following the approach by Villena et al. (2010) we determined the correlation of the HONO

extra source with photolysis rates for each day. In our case we used photolysis rates based on

TUV calculation. In Figure S15 the slopes m of each daily correlation of the HONO extra

source versus Jnoz_(mJnoz) are plotted against median daytime NO, mixing ratios for the

same time periods. For these plots any days with daily median NO mixing ratios > 500 pptv

were excluded to avoid potential bias due to freshly polluted air masses. The results are

segregated for IOP and non-IOP days. A similar approach is shown for mJynos_ against

median daytime HNO; mixing ratios. The following observations can be deduced: (i) in both

cases IOP days show higher mJ noo. unos_values, (ii) the slopes of mJ noo. Hno3_are steeper on

IOP days than on non-IOP days, and (iii) correlation coefficients R* of mJNo2. HNO3. VErSus

NO,_and HNOs, respectively, are higher on IOP than non-IOP days. While this indicates

photo-enhanced HONO formation on IOP days, the stronger correlation coefficients in the

case of mJunos_versus HNO; mixing ratios (R},,=0.97; R . .=0.89) compared with the

case_of mJno>_versus NO, mixing ratios (R,,=0.84; R’ ,,,=0.39) would indicate that

photolysis of HNO; may play an important role for HONO formation. According to Villena et
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al. (2010) the correlation of mJ/noz against the product of [NO,]x1/v (v being the horizontal

windspeed) used as an indication for turbulent vertical mixing, was even stronger, suggesting

a ground surface source. In our study, correlations of mJynos_versus HNO; mixing ratios

(RIZOP_V=0.98' R,f(mf]op_v=0.97) as well as mJnop_versus NO, mixing ratios (RIZOP_V=0.95;

R 1op_»=0.85) also became stronger when windspeed was included.

As mentioned earlier Figure S8 provides some general characterization of HONO mixing

ratios obtained at 1.80 m above the ground versus HONO mixing ratios obtained 10 cm above

the ground. Quantitative flux measurements were not performed based on the small tower

measurements. However, some additional estimates on PBL properties can be deduced based

on meteorological measurements obtained at the Tall Tower site located about 10 km

Southeast of the Boulder site (2,149 m; 42.4241°N; -109.5609°W: see Figure 1). For

describing atmospheric stability the Bulk Richardson number Rp can be applied (Stull, 1988):

_gA® Az

o S a0y + ] 20

where @)_V is the virtual potential temperature averaged over a given time interval, Az_the

difference between two altitudes, A®, the difference of the virtual potential temperature over

Az, averaged over a given time interval, AU and AV the differences of the windspeed in u

direction and v direction, respectively, over Az averaged over a given time interval, and g the

gravitational constant. The Bulk Richardson number relates the thermal buoyancy to

mechanical shear. For our calculations we used the meteorological data obtained at the 3 m

and 25 m level. In the absence of relative humidity measurements at the 25 m level we

calculated Rp using potential temperature instead of virtual potential temperature. Figure 14

indicates that on IOP days most of the time the PBL is stable and behaves like a laminar

stratified flow. This likely explains why figure S8 does not indicate a vertical gradient of

HONO mixing ratios and that the layers seem to be decoupled from each other. It is only

during the time frame 11:00-16:00 MST that the PBL becomes turbulent. During this time

frame also the mixing layer height tends to increase, albeit slightly, until the maximum

atmospheric instability is reached. More importantly, this time frame also coincides with the
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time period of maximum OH mixing ratios as shown in Figure 14 and the development of a

vertical gradient in HONO mixing ratios as indicated in Figure S8. This is the time frame

when vertical exchange processes from the surface may occur. During other times of the day

these processes are largely suppressed.

The distribution of trace gases within the atmosphere depends on their atmospheric lifetime

and the atmospheric turbulent diffusion. The turbulent diffusion time At is determined by:

()
2K

z

At = (21)

Likewise, a diffusion distance can be defined:

Az = 2K _-At (22)

where Az _is the vertical distance traveled by an eddy and K, _is the turbulent diffusion

coefficient or eddy diffusivity. K relates vertical fluxes of matter with properties of the PBL

(e.g. Stull, 1988 and references therein):

Fo_-K oC _ _ku.z oC

23
C oz D, Oz (2)

where F is the vertical flux, C the mixing ratio of a trace gas, k =0.4 the von Karman

constant, u, the friction velocity, and ®,, an empirically derived stability function. ®,, can

be described as a function of the Bulk Richardson number for specific cases (Arya, 1998):

®,=1-R, 025<R, <1 (24)
1
@, =(1-15-R,)s R, <0.25 (25)

In our study K, can only be calculated for cases R, <1, i.e. for the time frame 11:00-16:00

MST (see Figure 14). For this time frame and for a height of 3 m the median K, was 348 cm™

s . ranging from 253-840 cm™ s'l, which is about 5-10 less than observed above the
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snowpack at Summit, Greenland (Honrath et al., 2002), but of the same magnitude found in

Alert, Canada (Zhou et al., 2001). Given the maximum mixing layer height of about 58 m

(Figure 14) this translates into a turbulent diffusion time of more than 13 hrs likely causing

the development of vertical gradients of trace gases whose atmospheric lifetime is shorter than

13 hrs. Given an atmospheric lifetime of 5-7 min for HONO around noontime, when turbulent

mixing is present, HONO mixing ratios may have decreased due to photolysis by 15% by the

time it reaches the 1.80 m sampling level and by 63%. when it reaches about 4.40 m, which is

significantly lower than found in Alert, which was 11 m (Zhou et al., 2001). At Boulder

HONO will almost be completely removed (by 99.6%) when it reaches 10 m above the

surface level. This means that OH formation due to HONO is likely confined to the lowermost

10% of the PBL., while other OH formation processes due to photolysis of HCHO, O3 and

alkene ozonolysis may be active throughout the PBL. HONO measurements were taken at 10

cm and 1.80 m above the ground, which translates into turbulent diffusion times from the

ground of 0.15 s and 46.5 s, respectively. During the time frame 11-13:00 MST of Figure S8 a

vertical HONO gradient is visible. The average HONO photolysis rate during that time frame

is 3.44x107 s'. Considering an average HONO mixing ratio at 10 cm of ~700 pptv and a

vertical turbulent diffusion time of 46.35 s from the bottom sampling location to the 1.80 m

sampling location an average HONO mixing ratio of ~600 pptv at the 1.80 m level would be

expected, a decrease of ~14%. The data of S8 indicates an average HONO mixing ratio of

~500 pptv, which would imply a doublefold decrease. Given the uncertainties and limitations

in our assumptions on the atmospheric stability as retrieved from the "Tall Tower" site, the

HONO small tower observations at the Boulder site, and the TUV calculated HONO

photolysis rate, the results are reasonable.

Zhou et al. (2003) calculate HONO formation rates based on surface HNO; photolysis. We

adopted this approach to explore whether this process may balance the median HONO

photolysis rate of 10,700 pptv/hr at the Boulder site around noontime on IOP days. According -

F,=a-J-v-C-t (26)

where o represents the fraction of the average of the individual median values for the diurnal

radiation. This value is about 25% and is used to determine the fraction of deposited HNO;
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exposed to noontime photolysis rate Juyos (s'). The parameter v is the average HNO; dry
deposition velocity, C is the ambient HNO; concentration (moles m>) and t (s) is the
accumulation time since the last precipitation. Zhou et al. applied the following values for
their calculation: Jyyos = 2.5%x10° s, v = 2x10? m s™, C = 700 pptv = 3.1x10™ moles m>,
and t =24 hrs = 86.400 s. Zhou et al. calculated a HONO production rate of ~150 pptv/hr for a
100 m boundary layer height. For the estimate at the Boulder site, we consider a different
HNO; concentration and also assume a different photolysis rate Jyno3; due to higher albedo.

The median HNOs mixing ratio on IOP days at Boulder was 2.1 ppbv (which equals 9.37x107

moles m™). According to the TUV model Juno3.s,~2.5 times higher over surfaces with LSJ%%

albedo (e.g. over snow) compared with standard surfaces. For the Boulder site the effective \j\\

active layer for HONO is the lowermost 10 m of the PBL. This would result in a HONO

\
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contribute to the HONO flux. As outlined earlier we found a robust HONO/NO, emission
ratio of 15 pptv HONO / 1 ppbv NOy during nighttimes under SW flow conditions. In the
quadrant southwest of Boulder multiple facilities related to oil and gas drilling activities are
distributed over an area of ~300 km”. According to the WDEQ inventory (WDEQ, 2011), the
overall NOy emission from these facilities is ~1180 kg/hr with about 91% originating from
drill rig and completion emissions. The overall NO, flux in this area would be ~4,000 pg m™
hr''. Assuming a boundary height of 50 m agl this would result in an increase of ~39 ppbv/hr
for NOy and an increase of ~585 pptv/hr for HONO using the emission ratio of 15 pptv
HONO / 1 ppbv NOy. Given an average windspeed of 1.4 m s between 11:00-16:00 MST on

IOP days and a distance of about 3-5 km between the Boulder site and most local sources we

estimate that photolysis will have removed 85% (for the closest sources) and up to 90% (for

the most distant sources) of ambient HONO by the time air masses would reach the Boulder

site based on a HONO lifetime of ~5-7 min during the same time period Thus during the

around noontime on IOP days, which is in very good agreement with the photolysis rate of

extremely shallow boundary layer during the wintertime season in the UGRB is causing high
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HONO levels. This occurs from two processes: i) HNO; produced during atmospheric
enhanced heterogeneous conversion to HONO and ii) through combustion related emission of
HONO. HONO, in turn, will serve as the most important precursor for OH, strongly enhanced

due to the high albedo of the snow cover. The first process is the most dominant process,

4 Conclusions

During the periods February 28 - March 02 and March 9 - 12, 2011, designated Intensive
Operational Periods (IOPs), high hourly ozone readings up to 166 ppbv were observed at the
Boulder surface site, located in the Upper Green River Basin, Wyoming. These values were
well above the estimated surface background ozone of ~40 ppbv and lower tropospheric
measurements were performed and observations of vertical distributions of meteorological
parameters and selected trace gases were carried out. The observed high ozone levels likely
result from a combination of multiple factors.

Maximum ozone values are restricted to a very shallow surface layer. There is no evidence of
ozone carry over from previous days. Ozone levels may remain stable as ozone deposition
velocity onto snow surfaces is low. On IOP days, slightly variable wind directions (including
around noontime) are essential for accumulation of both primary and secondary pollutants
within the UGRB. IOP days are usually characterized by the fact that, at least once during the
day, trajectories eventually pass through the area Southwest of Boulder before arriving at the
Boulder site. Recirculation processes within the basin may also occur. Air masses would then
pass the oil and gas well locations of the Pinedale Anticline and also a large number of
compressor facilities at the most 1-2 hours before arrival at Boulder and would have stayed in
that region for about 1 hour. Compressors and drill rigs emit primarily NOy, relative to well
head production equipment, which emits primarily CH4 and NMHC. While compressors and
drill rigs would also emit HONO and to some extent HCHO, well head production equipment
would only contribute to emissions of HCHO. This is largely supported in an analysis of
nighttime ratios of HONO and HCHO versus NOy, NMHC, and CHy4 in air masses coming
from this area. In general, these air masses contain maximum amounts of both primary and

secondary pollutants. They are also associated with the highest VOC reactivity and a change

33

. {Deleted: N

_ -| Deleted: The high altitude of the

7 UGRB (2,000 m asl), which we did not

consider in our calculations, may likely
intensify these processes.

- { Deleted: Intensive

- { Deleted: reciruclation

/{ Deleted: of

L - { Deleted: ity

C [ Deleted: ity




1052
1053
1054
1055
1056
1057
1058
1059
1060
1061
1062
1063
1064
1065
1066
1067
1068
1069
1070
1071
1072
1073
1074
1075
1076
1077
1078
1079
1080
1081
1082
1083
1084

On IOP days in the morning hours in particular, NOy (up to 69%), then aromatics and alkanes
(~10-15%; mostly ethane and propane) are major contributors to the OH reactivity and
propene equivalent at Boulder. Highest OH reactivities (up to 22 s™) are found in air masses
arriving at the Boulder site under SW flow conditions. This time frame (and also wind
direction) largely coincides with the lowest NMHC/NOy ratios at the Boulder site and a
change from a NOy-limited regime towards a VOC limited regime, which implies reaching or
passing the transitional regime where ozone production can be most efficient and can reach
maximum values. This is supported by photochemical indicators such as O3/NO,, O3/NO,,
and O3/HNOs3 and the EOR (Extent of Reaction). The NMHC/NOy at the Boulder site during
these periods is ~50 and represents a relatively high value compared to urban areas. This
could be due to relatively low NMHC reactivity, either caused by low temperatures or a
NMHC mixture which is mostly composed of slow reacting hydrocarbons (e.g. alkanes), or a
combination of both. Under VOC limited conditions, it is likely that highly reactive aromatics,
such as toluene and xylenes, may be most efficiently competing with other NMHCs in
reactions with OH. NO, reactions with OH in turn will cause substantial formation of HNO;.

OH production on IOP days is mainly due to HONO. Until noon HONO photolysis

processes range between 2-7% each. On a 24-hr basis HONO photolysis on IOP days can

contribute ~83% to OH production on average, followed by alkene ozonolysis (~9%).

Photolysis by ozone and HCHO photolysis contributes about 4% each to hydroxyl formation.

The contributions to hydroxyl formation on non-IOP days were as follows: HONO photolysis
(~54%), alkene ozonolysis (~28%), ozone photolysis (~13%), and HCHO photolysis (~5%).

We conclude that ultimately, NOy emitted into the extremely shallow boundary layer during

the wintertime season in the UGRB is causing high HONO levels (maximum hourly median
on IOP days: 1,096 pptv) through (i) HNO;3 produced in atmospheric oxidation of NO,

deposited onto the snow surface and undergoing photo-enhanced heterogeneous conversion to
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confined to the lowermost 10 m of the boundary layer. HONO, in turn, serves as the most

important precursor for OH, strongly enhanced due to the high albedo of the snow cover
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(toluene, xylenes) and alkanes (ethane, propane), eventually leading to an increase in ozone.

’ The data do, not suggest that relative humidity favors the presence of high levels of HONO.
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relative humidity (Zhou et al., 2003) or the limitation of our data, which always showed
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relative humidity well above 50% during nighttimes. | -~ | UGRB (2,000 m asl), which we did not

consider in our calculations, may likely
intensify these processes.
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S1: Overview of air quality instrumentation used in this study (1-min data available, unless noted otherwise). At all sites standard meteorological

systems.

Boulder site Method Model Accuracy Precision Detection
42.7186°N, -109.7531°W; Limit
2,160 m asl
0O, UV Photometric T-API 400E 0.5% 0.6 ppbv
NO” Chemiluminescence Super Snooper by AQD +5.4% +3 pptv 2 pptv
NO,” Chemiluminescence Super Snooper by AQD w/Blue Light Detector +13.6% + 6 pptv 2 pptv
NOy*) Chemiluminescence Super Snooper by AQD w/molybdenum converter | + 14.8% + 4 pptv 2 pptv
HNO; Redox Denuder Difference home-built instrument by AQD +26.9% + 50 pptv 0.1 ppbv
HONO™ Long Path Absorption Photometry | QUMA-LOPAP +10% 5% 1-2 pptv
HCHO™™ Fluorometric Hantzsch Reaction | AL 4021 £2% 10% 60 pptv
NMHC/CH," Flame lonization Detection Baseline-Mocon Series 9000 NMHC/CH, analyzer | 5% +5% 0.1 ppmv
Speciated particulates” IMPROVE_A/TORTOT URG-3000N Carbon Sampler Total OC: 2-6 % <10 % 0.45 pg/cm’
Total EC: 2-6% <10% 0.06 pg/cm?
Elements: X-ray Fluorescence Met One SASS Speciation Air Sampler System
Major ions: lon Chromatography <10%
Mixing Layer height” Doppler Sodar ASC Model 4000 miniSodar 15m
Radiosondes” GPS-based Upper Air Sounding InterMet iMet-3050 403 MHz GPS + 0.5 m/s (horiz.)
System + 5° (horiz.)
+0.2°C
+2%
Ozone sondes” Titration of ozone in KI EN-SCI Corp. KZ-ECC O; sondes +10% 2-3 ppbv
Boulder South Road
42.6840°N, -109.7083°W;
2139 m asl
NOY UV Photometric Thermo Scientific 42i <£5% <5% 0.4 ppbv
coV NDIR Thermo Scientific 48i TLE <+5% <10 % 0.04 ppmv
Speciated NMHCs GC/FID Perkin Elmer Ozone Precursor Analyzer <£3% <5% 0.01 ppbv




Tethered Balloon site
42.6822°N, -109.8089°W;
2,143 m asl
Temperature® HOBO U23 Pro V.2 £0.21°C (0° to 50°C)
+0.28°C (at - 20°C)
+0.5°C (at - 30°C)
Relative Humidity” HOBO U23 Pro V.2 +2.5 % (10%-90% RH)
+4.5 % (at 100% RH)
0, UV Photometric T-API 400E 0.5% 0.6 ppbv
NO/NO,/NO? Chemiluminescence T-API 200E 0.5%>50 | 0.4 ppbv
ppb
NMHC/CH,*? Flame lonization Detection Baseline-Mocon Series 9000 NMHC/CH, analyzer | = 5% + 5% 0.1 ppmv

—_—
— OO0 0

1) houtly data, 2) available as integrated 24 h measurements, 3) available on IOP days

4) surface-based instrumentation collecting data through a system of solenoid valves in the balloon inlet package which allowed the measurements to cycle between
tethersonde height levels (4 m, 33 m, 67 m, and 100 m) and provided a measutement at each level every 12 minutes.

*) Reidmiller et al. (2010), **) Heland et al.,, 2001; Kleffmann et al., 2002, Rédenas et al., 2011, **¥) Rappengliick et al., 2010
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14 S2. Results for selected time periods for the Boulder site. Data in [ppbv], except for CH4s and NMHC [ppmv]. Hourly data presented.
15

16
17 1OP days
18
0500-0900 MST 1100-1700 MST 2100-0500 MST
Q' Q' Q' Max. Q' Q' Q' Max. Q' Q' Q' Max.
0O; 42.7 46.6 48.7 50.9 63.2 73.0 119.6 165.8 46.3 51.0 58.7 87.7
NO 0.019 0.310 1.408 23.535 0.315 0.575 2.093 18.681 BDL 0.002 0.012 0.550
NO, 1.416 5.362 10.862 25.815 0.791 1.863 3.229 29.012 1.899 3.353 9.748 29.648
NO, 1.523 7.107 13.457 49.350 1.213 2.710 5.757 42.367 1.904 3.355 9.757 29.666
NOy 3.045 9.587 15.977 55.398 5.902 11.287 19.498 66.443 4914 7.848 13.170 30.493
HNO; 0.283 0.893 2.549 10.906 1.225 2.484 5.951 15.795 0.481 1.295 2.477 6.525
HONO 0.130 0.317 0.442 1.360 0.201 0.510 0.972 1.397 0.093 0.164 0.363 0.908
HCHO 0.100 0.401 0.603 2.180 0.295 0.855 1.252 1.995 0.137 0.313 0.577 1.182
CH, 2.00 2.65 3.40 9.30 2.00 2.80 3.90 6.1. 2.00 2.30 2.80 6.10
NMHC 0.10 0.45 0.73 1.20 0.20 0.60 1.20 2.20 0.20 0.30 0.50 2.00
9

20 9 Q: first quartile (25“‘ percentile)
21 " Q,: second quartile (median)

22 9 Q;: third quartile (75" percentile)
23 BDL: below detection limit
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25
26 S2. continued.
27
28
29  non-IOP days
30
0500-0900 MST 1100-1700 MST 2100-0500 MST
Q' Qf Q' Max. Q' Qf Q' Max. Q' Q' Q' Max.
03 40.1 45.4 49.1 59.5 533 65.0 81.9 116.4 47.6 50.0 53.6 77.4
NO 0.038 0.399 1.778 6.591 0.181 0.672 1.376 20.737 BDL 0.002 0.007 0.053
NO, 2.199 3.399 5.804 22.054 0.573 0.970 2.366 17.994 0.953 1.516 2.420 9.674
NO, 2.255 4.455 6.243 25.725 0.817 1.617 3.685 38.730 0.962 1.516 2.446 9.677
NO, 4.300 7.961 10.569 26.068 4.460 7.226 13.191 43.660 3.401 4.381 6.621 12.383
HNO; 0.509 1.044 1.300 4.383 0.682 1.295 3.050 8.556 0.180 0.544 0.869 2.398
HONO 0.062 0.150 0.255 0.590 0.065 0.135 0.250 1.030 0.045 0.083 0.128 0.628
HCHO 0.126 0.209 0.360 0.926 0.219 0.316 0.593 1.346 0.110 0.191 0.286 1.105
CH, 2.00 2.25 2.65 4.30 2.00 2.25 2.80 6.10 2.00 2.10 2.30 4.30
NMHC 0.10 0.20 5.25 1.40 0.10 0.25 0.60 1.60 0.10 0.20 0.30 1.00
31
32 ) Qy: first quartile (5™ percentile)
33 ) Q,: second quartile (median)
34 ) Qs: third quartile (75lh percentile)
35  BDL: below detection limit
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56  S4a. Wind directional dependence of selected trace gases for day- and night-time conditions
57  (night-time defined as time periods with solar radiation less than 1 W/m?). Units shown in

58  brackets refer to the radial direction of the corresponding trace gas plot.
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81  S5. Potential temperature profiles on IOP days based on tethersonde measurements segregated
82  into selected time frames.

&3

84



&5
86
&7
88

&9
90

91
92
93
94
95

—@-11:00-13:00 MST
80 (@ 13:00-15:00 MST

100 T
90 =@-(09:00-11:00 MST ; \

; rY
; o
) { /
. X

40 50 60 70 80 90 100 110 120
O, [ppb]

Altitude agl [m]

S6. Profiles of potential ozone Ox (Ox=03;+NO;) on IOP days based on tethersonde

measurements segregated into selected time frames.
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S7. Selected trace gas mixing ratios versus mixing layer heights (MLH) for day- and night-

time conditions on IOP days (night-time defined as time periods with solar radiation less than

1 W/m?). Speciated NMHC, CO, and NOy data from the Boulder South Road site.
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130
131  S8. Box-Whisker plots for the mean diurnal variations of HONO mixing ratios at 1.80 m

132 ‘ above ground and close to the surface (10 cm above the ground) during the period 28/2 -
133 3/16/2011.
134
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S9. HONO mixing ratios versus relative humidity for day- and night-time conditions on IOP

and non-IOP days (night-time defined as time periods with solar radiation less than 1 W/m?).

13



155

156  S10. Results of correlation analysis of HCHO and HONO versus selected other trace gases at
157  the Boulder site for nighttime conditions and wind direction 180°-270°. All data 10-min

158  values, apart from correlations which include NMHC or CHy, which are hourly values.

159

a*) b*¥) r’

HCHO vs CH, 0.223 -148.4 0.71
(£0.040) | (£158.7)

HCHO vs NMHC 0.493 258.3 0.66
(+0.098) | (£102.6)

HCHO vs NO, 15.44 3247 0.60
(*1.45) | (#312)

HONO vs CH, 0.188 2259 0.70
(£0.036) | (£138.5

HONO vs NMHC 0.441 91.2 0.77
(£0.070) | (£69.2)

HONO vs NO, 16.82 148.5 0.80
(£0.95) (#19.1)
HONO vs NO, 15.20 161.5 0.79
(£0.88) (#19.1)
HONO vs HNO; 100.92 88.1 0.80
(£5.95) (£22.6)
160 .
161 ) a: slope in [pptv/ppbv]
162 ) b: intercept in [pptv]
163
164
165
166
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168
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173

174
175

176
177
178
179
180
181
182
183

184
185
186

187

S11. Values of indicator ratios for NO-sensitive, transitional, and VOC-sensitive conditions

according to Sillman (2002)_and Sillman and He (2002). Photochemical indicators for the

moderately polluted case (80 ppbv < O3 <200 ppbv), unless otherwise stated.

Indicator Median VOC Transition Transition Median NO, <
sensitive (O, <80ppbvyy | | 8 s gqsit{vg o
0;/NOy 5 11-15 6-8 11
03/NO, 6 15-20 8-10 14
03/HNO; 9 na.”’ 12-15 20
EOR” EOR < 0.6 na.”’ 0.6 <EOR < 0.9 EOR > 0.9

*) Extent of Reaction
*x)

no information given by Sillman and He (2002), but presumably higher than for the moderately polluted case.

S12. Average minimum values of photochemical indicators at the Boulder site and time

periods and wind directions associated with these minimum values.

Indicator Average minimum median Average minimum median values
values and time of occurrence and wind direction of occurrence
0,/NOy 3.1 (09:00 MST) 3.2 (SSW)
05/NO, 10.1 (14:00 MST) 9.2 (SSW)
0O3/HNO; 14.1 (09:00 MST) 11.0 (W)
EOR” 0.53 (08:00 MST) 0.55 (WSW)

") Extent of Reaction
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190 | S13. Calculated production and loss rates of OH production, as well as net production rate of
191 OH on IOP and non-IOP days.
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193

194 | S14. Median diurnal variation of HONO extra source and Jino3, JNo2. and Jo(ip), normalized

195 | to their corresponding daily maximum median value on IOP and non-IOP days.
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197
198 | S15. Correlations of mJno, and mJynos_versus daily median NO, and HNO; mixing ratios on
199 | IOP and non-IOP days. Days with daily median NO mixing ratios greater than 500 pptv were
200 | excluded.
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