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ABSTRACT: The Salt Lake Valley experiences severe fine particulate matter
pollution episodes in winter during persistent cold-air pools (PCAPs). We
employ measurements throughout an entire winter from different elevations to
examine the chemical and dynamical processes driving these episodes.
Whereas primary pollutants such as NOx and CO were enhanced twofold
during PCAPs, O3 concentrations were approximately threefold lower.
Atmospheric composition varies strongly with altitude within a PCAP at
night with lower NOx and higher oxidants (O3) and oxidized reactive nitrogen
(N2O5) aloft. We present observations of N2O5 during PCAPs that provide
evidence for its role in cold-pool nitrate formation. Our observations suggest
that nighttime and early morning chemistry in the upper levels of a PCAP
plays an important role in aerosol nitrate formation. Subsequent daytime
mixing enhances surface PM2.5 by dispersing the aerosol throughout the PCAP. As pollutants accumulate and deplete oxidants,
nitrate chemistry becomes less active during the later stages of the pollution episodes. This leads to distinct stages of PM2.5
pollution episodes, starting with a period of PM2.5 buildup and followed by a period with plateauing concentrations. We discuss
the implications of these findings for mitigation strategies.

1. INTRODUCTION

The Salt Lake Valley (SLV), with a population of ∼1 000 000,
experiences elevated levels of particulate matter with
aerodynamic diameter less than 2.5 μm (PM2.5) in the winter
months, with 24 h averaged values reaching up to 60−80 μg
m−3 (refs 1−4). These PM2.5 pollution episodes are closely
related to the passing of high-pressure ridges that favor the
formation of persistent cold air pools (PCAPs) in Utah’s
topographic basins.1,3,5 Under these conditions, the atmos-
pheric boundary layer is stably stratified and/or confined by a
capping inversion associated with warm air advection aloft. In a
stably stratified atmosphere, mixing is limited, and pollutants
emitted near the surface accumulate, leading to elevated levels

of primary and secondary pollutants including PM2.5. Despite
large interannual variability in the number and intensity of
PCAPs, a typical winter in the Salt Lake City Basin sees about
six multiday PCAPs, comprising 18 days above the National
Ambient Air Quality Standard (NAAQS) for the 24 h PM2.5 of
35 μg m−3 (refs 3,6,7). However, the fundamental chemical
processes governing the formation of secondary aerosol in the
SLV remain poorly understood. A better understanding of
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these processes is crucial to enable prediction and to formulate
effective control strategies.
The principal component of PM2.5 in Utah valleys is

ammonium nitrate (NH4NO3), which accounts for up to 70−
80% of the total mass during the pollution episodes. In contrast,
ammonium sulfate is a minor contributor.8−15 Secondary
ammonium chloride and organic aerosol can account for 10−
15%9 and up to 15−20% of total PM2.5 mass,6,10,15 respectively,
on highly polluted days. Literature on the relative abundances,
vertical and spatial variability, and sources of the aerosol
precursors in the SLV is sparse although previous work
indicates that NH4NO3 formation in this airshed is HNO3
limited during winter PM2.5 pollution episodes.6,9

NH4NO3 is formed in the atmosphere via a reversible
reaction between gaseous ammonia (NH3) and nitric acid
(HNO3).

16,17 NH3 is emitted predominantly from agricultural
sources, including animal husbandry and fertilizer applications.
Other sources include automobile emissions, waste disposal and
recycling, industrial processes, and volatilizations from soil and
oceans.18−20 In contrast, HNO3 is formed in the atmosphere as
a secondary oxidation product of NOx. During the day, this
conversion occurs primarily via:

+ →OH NO HNO2 3 (1)

At night, the nocturnal chemistry of NO3 and N2O5 leads to
HNO3 formation via:

+ → +NO O NO O2 3 3 2 (2)

+ + ⇄ +NO NO M N O M3 2 2 5 (3)

+ →N O H O 2HNO2 5 2 (l) 3 (4)

At colder temperatures, characteristic of the SLV in winter,3

the equilibrium in reaction 3 shifts strongly to the left, favoring
reactions of N2O5 over those of NO3.

21,22 Reaction 4 is the
most-important heterogeneous reaction globally for the
removal of NOx and formation of soluble inorganic nitrate.21,23

The heterogeneous uptake of N2O5 on chloride-containing
particles can also release ClNO2, a daytime chlorine radical
precursor, which can influence morning radical chemistry.24−26

+ → +− −N O Cl (aq) ClNO NO (aq)2 5 2 3 (5)

The relative contribution of daytime versus nighttime
chemical pathways to HNO3 formation during wintertime
PM2.5 pollution events in the SLV remains uncertain. Based on
surface observations of HNO3 and PM2.5, Kuprov et al.10

suggested that the daytime pathway was the most important.
However, surface observations do not adequately characterize
the chemical composition or processes occurring aloft. Due to
the combination of inefficient mixing, particularly at night, and
fresh emissions near the surface, the atmospheric composition
and associated chemistry are expected to be highly altitude-
dependent.23,27−30 Under wintertime PCAP conditions charac-
terized by low temperatures, limited solar insolation, fog and
cloudiness, and high PM2.5 mass loading,

3,31 HNO3 production
via N2O5 heterogeneous uptake could be a dominant process.
Therefore, observations of NO3, N2O5, and related species are
essential to determine the role of nighttime chemistry and to
establish when, where, and how HNO3 and aerosol nitrate
formation occurs.

Figure 1. Topographic map (UTM zone 12 projection, 50 m elevation contours) of the northeastern part of the Salt Lake Valley, highlighting the
locations of the main observational sites. Sites with extended observations of chemistry (orange dots), ceilometers (blue squares), a Doppler wind
lidar (green triangle), and radiosonde launches (black circle) are shown. Automatic temperature dataloggers are shown in red.
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Here, we present detailed chemical and meteorological
observations in Salt Lake City, Utah from a moderately elevated
site near the foothill of the Wasatch Mountains. This study
aims to improve scientific understanding of the chemical and
meteorological processes governing PM2.5 pollution episodes.
We compare the chemical and meteorological conditions at the
surface and higher elevations by using a wide suite of surface
observations from sites at different elevations. We then examine
the processes important for the temporal evolution of PM2.5
pollution, present the first observations of N2O5 in the SLV,
and discuss the implications for mitigation.

2. METHODS
Measurements of a wide suite of chemical and meteorological
parameters were made in the SLV from December 10, 2015 to
February 28, 2016 as part of the wintertime PM2.5 study. Figure
1 shows the locations and elevations of the observation sites. All
trace gas and particulate measurements were made from the
main site on the roof of the William Browning Building at the
University of Utah (UU) at ∼28 m AGL. The UU site is
located along the northeast sidewall of SLV, roughly 155 m
above the valley floor, away from major interstates and large
industrial sources. The site is, however, impacted by local traffic
and meteorological phenomena typical for basin sidewalls
including diurnal, thermally driven circulations. Observations at
UU included PM2.5 mass concentrations, CO, O3, NOx (NO
and NO2), CO2, CH4, H2O, N2O5, and NO3, with analytical
details provided in the Supporting Information. To contrast the
chemical conditions on the valley floor and at higher elevations,
we utilized near-surface NOx, CO, and PM2.5 data collected at
two additional sites located on the valley floor: Hawthorne
Elementary (HW) and Neil Armstrong Academy (NAA) (see
the Supporting Information).
The supporting meteorological measurements investigated

the formation, evolution and breakup of PCAPs. PCAPs were
identified using the valley heat deficit (VHD),3 a bulk
thermodynamic measure of atmospheric static stability
calculated based on twice-daily atmospheric sounding data.
Previous research3 has shown that daily NAAQS PM2.5
exceedances are likely to follow when VHD first exceeds 4.04
MJ m−2. VHD is calculated as

∫ ρ θ θ= −c z z dzVHD ( )[ ( )]p
1288 m

2200 m

2200 m (1a)

where 1288 and 2200 m are the valley floor and mean ridgeline
elevations in the SLV, potential temperature θ(z) and air
density ρ(z) are obtained from radiosonde soundings, cp is the
specific heat of air at constant pressure, and dz is 10 m. 4.04 MJ
m−2 is the climatological mean heat deficit for days when daily
PM2.5 concentrations exceeded half of the daily PM2.5 NAAQS
of 17.5 μg m−3. Details of all meteorology observations,
including vertical profiles of temperature and wind, aerosol
backscatter from three ceilometer deployments, and near-
surface turbulence parameters, are provided in the Supporting
Information.

3. RESULTS AND DISCUSSION
3.1. Overview of This Study. Figure 2 gives an overview of

key meteorological and chemical variables observed during this
study. These include (Figure 2a) the observed hourly averaged
PM2.5 mass concentrations at UU (red) and HW (blue), the 24
h PM2.5 levels (HW) relative to NAAQS for the 24 h PM2.5 of

35 μg m−3 (blue circles versus dashed red line), and the twice-
daily VHD (gray bars). Hourly averaged trace gas mixing ratios
for CO, CH4, NOx, and O3 and minute-averaged N2O5 mixing
ratios are shown in Figure 2b−d. Hourly averaged incoming
solar radiation and temperature recorded at UU are illustrated
in Figure 2e. PM2.5 concentrations measured at UU and HW
(red and blue lines, Figure 2a) were nearly identical despite the
different altitude of these sites. The homogeneity of PM2.5
within the valley is one of the unique aspects of these
wintertime pollution episodes, consistent with observations of
Silcox et al.,2 and has been observed in other mountain
valleys.32,33

As shown in Figure 2a, PM2.5 levels are highly episodic, with
24 h values varying from <2 to ∼60 μg m−3 around a winter
mean of 14.9 μg m−3. A total of six multiday episodes with
elevated PM2.5 levels was observed during the 2015−2016
winter season, and they correspond to periods of strong
atmospheric stability, as indicated by elevated VHD values.3

The 2015−2016 winter episodes are examined below and
compared against episodes from past winter seasons to
determine common patterns. Four of these pollution episodes
(December 1−4, 2015; January 11−15, 21−24, and 26−29,
2016) were short-lived episodes with moderate PM2.5 levels (24
h means: <35 μg m−3) that lasted 4−5 days. The pollution
episode of December 26 2015−January 5 2016 was a
combination of two short PCAP episodes that were separated

Figure 2. Time series of (a) 24 h and an hourly averaged PM2.5 mass
concentration at the UU and HW sites and valley heat deficit (b)
mixing ratios of CO and CH4; (c) mixing ratios of NO, NO2, and
NOx; (d) O3 and N2O5 mixing ratios; and (e) solar radiation and
temperature measured at the UU site. The time series illustrates the
episodic nature of enhancements in PM2.5 and primary pollutants
during PCAP events (1−6).
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by a 3 day hiatus when the VHD remained below the threshold
value3 of 4.04 MJ m−2. The February 6−16, 2016 pollution
episode was the longest-lived pollution episode of the season,
with the highest PM2.5 values and eight consecutive daily
exceedances. This episode is examined in detail in section 3.4.
The overview of trace gas observations (Figure 2b−d) shows

that CO, CH4, and NOx were elevated during PCAP episodes,
reaching up to 1.2 ppm, 3 ppm, and 200 ppb, respectively, at
UU (Figure 2b,c). However, the daily maximum O3 was ∼10−
45 ppb, with lower levels during the pollution episodes (Figure
2d). N2O5 was detectable at UU on most nights (Figure 2d).
Nighttime O3 and N2O5 were nonzero at this site during clean
periods and even at times during the pollution episodes. The
highest observed N2O5 mixing ratios were 0.3 and 1.52 ppb
during and outside pollution periods, respectively, with an
average nocturnal value of 0.076 ppb for the study period.
3.2. Spatiotemporal Variation of Pollutant Concen-

trations. Figure 3 shows the mean diurnal cycles of hourly

averaged concentrations of (a) NO, (b) O3, and (c) PM2.5
measured at UU, HW, and NAA to illustrate the differences in
chemical conditions at the valley floor (HW and NAA) versus
higher elevations on the valley sidewall (UU). At HW, NO
concentrations are on average 2 and 4 times greater than the
levels seen at NAA and UU, respectively, and exhibit a morning
peak reaching up to 55 ppb at ∼8 AM when this site is

impacted by fresh emissions from nearby roads and highways.
The morning NO peak at UU is ∼3 times lower than the peak
at HW and lags HW by 1 h. This time lag likely reflects the
transport and mixing of pollutants from the center of the valley
toward the valley sidewall. Daytime O3 levels are comparable at
the three sites with a peak concentration of ∼30 ppb (Figure
3b). However, considerable variation in O3 is seen during
nighttime, with the highest O3 observed at UU. This indicates
that while O3 is titrated on the valley floor at night due to the
presence of high NOx, it is still present at higher elevation sites
with lower NOx, allowing nighttime chemistry through
reactions 2−4 to take place. Compared to differences in O3
and NOx, PM2.5 mass concentrations exhibit less variability
across different sites. This homogeneity in PM2.5 is consistent
with conversion of gas-phase precursors to secondary aerosol
and a lifetime of PM2.5 on the order of several days, long
enough to allow for the dispersion of PM2.5 across the basin.
Chemical and meteorological conditions during and outside

pollution episodes are discussed in detail in the Supporting
Information. During pollution episodes, the basin atmosphere
as a whole remains stably stratified throughout the day, and
pollutants remain trapped; however, the lower portion of the
PCAP becomes statically unstable during the day (Figure S1).
Our observations indicate slower transport of pollutants across
the valley during pollution episodes due to more stagnant
conditions with low wind speeds and high atmospheric stability.
Pollution episodes are characterized by higher NOx concen-
trations, higher relative humidity, colder temperatures, and
lower O3 concentrations (Figure S2). Enhancements of up to
factor of 4 in NOx and lower O3 with a daily maxima of ∼20
ppb and an average nighttime value of ∼7 ppb are observed at
UU during pollution episodes. Unlike NOx, Ox (NO2 + O3)
exhibits less variation with a modest enhancement in the
afternoon during pollution episodes. The weak Ox enhance-
ment seen in the afternoon could be a measure of local
photochemistry.

3.3. Stages of PM2.5 Episodes: PM2.5 Buildup and
Plateau Period. A comparison of the longest-lived episode of
winter 2015−2016 with major episodes of past winters shows
that there are features common to all major episodes that have
occurred in the SLV since 1999. We examine two major
episodes from past winters in Figure 4 because extended
pollution episodes provide the best illustration of the distinct
stages of the meteorological and chemical evolution. These
stages include a period of PM2.5 buildup, a period of high but
plateauing PM2.5 concentrations, and a PCAP breakup period
with decreasing PM2.5 concentrations (Figure 4a). The initial
stage is characterized by a period with a steady increase in
PM2.5 and frequently cloud-free conditions. PM2.5 levels first
rise to ∼60 μg m−3 over 5−7 days at a rate of 6−10 μg m−3

day−1 (refs 2 and 3). If the PCAP conditions persist, the next
stage is a period of plateauing PM2.5 that frequently coincides
with a fog-filled or cloud-topped PCAP. As shown in Figure 4a,
the VHD (gray bars) remained above the threshold value of
4.04 MJ m−2 during the January 2004 episode. The threshold
for 24 h PM2.5 appears to be approximately 60 μg m−3 in the
SLV as the daily mass concentrations rarely exceed this level.
This observation is consistent with the climatological analysis
conducted by Whiteman et al.3 However, if a short interruption
in PCAP conditions occurs during the later stage of a pollution
episode, as in December 2001, it drives PM2.5 enhancements
above the typical threshold (Figure 4b), as discussed in section
3.5.

Figure 3. Diurnal variation of (a) NO and (b) O3 mixing ratios and
(c) PM2.5 mass concentrations at HW, NAA, and UU sites during this
study. The NOx and O3 levels show a considerable variation from site
to site with lowest NOx and highest O3 observed at the UU site. In
contract, PM2.5 levels are relatively homogeneous across the valley.
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3.4. Case Study: February 6−16, 2016 Episode.
Chemical and meteorological conditions during this pollution
episode are examined in Figures 5, 6, and S3. NOx accumulates,
reaching values as high as ∼200 and ∼100 ppb at HW and UU,
respectively, and eventually converging at both sites. This
convergence is indicative of a valley-wide buildup of NOx,
particularly during the later stages of the pollution episode
(Figure 5b). Peak O3 and N2O5 concentrations and production
of nitrate radicals (PNO3

) (see eq 2a below) exhibit an opposite
trend decreasing over time (Figure 5c,d) consistent with
oxidant titration by excess NO:

+ → +NO O NO O3 2 2 (6)

O3 is completely titrated at night at HW, which is rich in
NOx, consistent with a near-surface layer with excess NOx that
is devoid of oxidants. In contrast, at the higher elevation UU
site, O3 levels as high as 20 ppb are still present at night during
the PM2.5 buildup period, indicating favorable conditions for
HNO3 formation. However, O3 becomes depleted at the higher
elevation after day 5−6, which suggests spreading of the oxidant
limited condition to higher elevations.

The production rate of NO3 radicals via reaction 2, PNO3
, is

shown in Figure 5d:

=P k [O ][NO ]NO 2 3 23 (2a)

PNO3
as measured at surface level during daytime does not

lead to N2O5 or soluble nitrate production due to NO3
photolysis and reaction with NO. However, if the surface
level composition during late afternoon is representative of the
mixed pollution layer in the convective boundary layer (CBL),
then late afternoon surface-level PNO3

will approximately reflect

nighttime PNO3
aloft. Accumulation of NOx within a newly

formed shallow nocturnal boundary layer leads to the observed,
rapid O3 titration and limited nighttime chemistry, even though
nighttime chemistry may be active in the remainder of the
PCAP aloft. Figure 5d shows that late afternoon PNO3

is on the
order of 2 ppb hr−1 at the onset of the pollution episode but
decreases to 0.5 ppb hr−1 later in the event. Thus, there is a
potential for significant nighttime production of aerosol nitrate
in the elevated levels of the PCAP through nighttime N2O5

Figure 4. (a) Time evolution of PM2.5 pollution during a long-lasting episode. It shows the distinct stages of PM2.5 pollution episodes that consist of
periods of buildup followed by a plateau of PM2.5 at a threshold value of ∼60 μg m−3. (b) An example long-lived episode with 24 h PM2.5 levels
exceeding the threshold of 60 μg m−3. During this episode, an interruption in atmospheric stability led to a brief ventilation, which gave rise to a
buildup of elevated 24 h PM2.5 levels above the typical threshold.
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production. This potential decreases over time due to the
observed decrease in PNO3

. Observed N2O5 mixing ratios
decreased from ∼200 ppt at the beginning to levels below the
instrumental detection limit of 8 ppt (3σ, 1 s) later in the
pollution episode (Figure 5c). The temporal evolution of the
vertical profiles of T and RH during the episode and their effect
on NH4NO3 dissociation constant (Kp) and phase transitions
are discussed in Figure S3. Our observations indicate
interesting time and altitude-dependent features of Kp and
equilibrium state during PCAPs.
3.4.1. PM2.5 Buildup Period. This period is characterized by

lower NOx and higher O3 and N2O5 concentrations in the
upper pollution layer at night. Figure 6 illustrates the time-
height cross section of aerosol back scatter (β) recorded at HW
and the corresponding surface observations of PM2.5 concen-
trations, N2O5, NOx, and O3 mixing ratios at HW and UU
during the PM2.5 buildup period. During these 3 days, β shows
a trend to higher values, corresponding to a general increase in
PM2.5 concentrations. Besides the general trend reflecting the

buildup of pollution, a diurnal evolution pattern is revealed that
reflects both meteorological and chemical processes. Increases
in back scatter in the lower part of the basin atmosphere are
typically seen during nighttime and in the early morning hours
immediately after sunrise. RH increased over time but remained
below the deliquescence RH (DRH) of NH4NO3 and exhibited
less vertical variation at the early stage of the pollution episode
(see Figure S3d). This indicates a minor role of hygroscopic
growth of NH4NO3 on β during this period. Also, due to stable
conditions as indicated by the weak winds aloft (arrows in
Figure 6) and near the surface at night, the effect of transport
on β is expected to be small. Hence, we attribute the increase in
β to enhancements in aerosol concentration through
condensation of ammonium nitrate at night and early morning.
During these nights, N2O5 levels up to ∼200 ppt were observed
between ∼1700 and ∼0800 MST the next morning, providing
evidence for aerosol nitrate formation via reactions 2−4. Early
morning increases in the aerosol back scatter observed at ∼8−
10 AM MST reflect a brief period of active chemistry leading to
an increase in aerosol concentrations up to 200 m AGL
following sunrise.
The development of a surface-based CBL and daytime

mixing of aerosols to elevated layers within the PCAP is
indicated by a deepening of elevated β values through the
afternoon hours (Figure 6). This mixing process, also indicated
in the pseudovertical temperature profiles measured along the
basin sidewall (Figure S1), reaching levels of ∼400 m AGL is
further corroborated by surface observations of turbulence
kinetic energy and in lidar observations of the vertical wind
velocity variance (not shown). Corresponding surface observa-
tions exhibit a rapid increase in PM2.5 and a decrease in NOx
(Figures 6 and S2a,c) consistent with the transport of aerosol-
rich, low-NOx air from aloft to the surface. Surface aerosol
composition measurements at NAA lend further support as
NH4NO3 accounted for the majority of the PM2.5 (∼73%)
during this episode in accordance with previous studies and
showed a day-to-day enhancement consistent with the observed
PM2.5 buildup. Surface-based mixing continues until sunset,
setting up the potential for nighttime chemistry in the upper
levels of the PCAP during the following night.
A similar pattern can be seen in aerosol back scatter profiles

and the diurnal changes of PM2.5, CO, and NOx during 2015−
2016 winter and past winter episodes. This coupling between
the chemistry and transport is similar to PM2.5 characteristics
observed in other valleys33−39 and the Great Lakes Region40,41

during winter. Enhanced NH4NO3 layers have also been
observed outside the winter season within nocturnal boundary
layers (at ∼100 m AGL)29,30 and at higher altitudes.42,43

Through vertical mixing, NH4NO3-rich upper layers can
contribute to the particulate matter near the ground,42 as
observed in SLV. However, NH4NO3 enhancements observed
at higher altitudes in warmer seasons are mostly driven by a
negative temperature gradient and the positive gradient in RH
with altitude.42,43 In contrast, chemical factors and the vertical
distributions of the precursor gases appear to be the main
drivers of the vertical characteristics of cold pool NH4NO3.
Using tethered balloon measurements, Ferrero et al.35−37

studied the aerosol accumulation over Italian valleys within the
mixing layer under stagnation conditions and reported that the
relative contribution of the fine fraction enriched in secondary
inorganic ions increased with altitude within the mixing height
and above, which was attributed to the aerosol aging due to
coagulation and condensation.35,36 Measurements at the surface

Figure 5. Time series of (a) hourly and 24 h mean PM2.5 and VHD,
(b) NOx, (c) O3 and N2O5 mixing ratios, (d) calculated PNO3

, (e) wind

speed and RH, and (f) incoming solar radiation and T observed during
the February 6−16 episode. After a period of initial PM2.5 buildup,
which is characterized by rising PM2.5 and NOx levels with moderate
levels of O3 and N2O5 present at night at higher elevations, the nitrate
formation appears to slow down at later stages of the pollution episode
as the aerosol layer becomes oxidant deprived.
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and on a tower (90 m) in San Joaquin Valley during a PM2.5
episode show similar vertical features of O3 and NOx as
observed in the SLV and increases in accumulation-mode
particles and nitrate concentrations aloft during the nighttime
and early morning, consistent with an aloft nighttime nitrate
formation mechanism.34 In accordance with the chemistry and
transport features observed in the SLV, CMAQ modeling of
wintertime NH4NO3 in the Great Lakes Region predicts a
substantial vertical gradient in nitrate partitioning with
concentrations of HNO3 and N2O5 and NO3

− formation
maxima aloft (100−500 m) and estimates that the nighttime
HNO3 formation pathways can account for 72% of the total
nitrate production in winter.40,41 To the best of our knowledge,
observations of N2O5 in the SLV represent the first N2O5
measurements under PCAPs conditions and provide evidence
for the importance of nighttime pathways in cold-pool nitrate
formation.
3.4.2. PM2.5 Plateau Period. This period is characterized by

excess NOx, oxidant depleted conditions, low temperatures, and
high (∼100%) RH above the DRH in the lower portion of the
PCAPs (Figure S3e,f). Figure 5c,d shows reduced O3 and PNO3

during this stage of the episode, indicating a reduced rate of
NOx oxidation and, thus, NO3

− production. If the rate of NO3
−

production becomes slow enough to be balanced by aerosol
loss processes such as deposition, increased dissociation of
NH4NO3 at the top of the PCAP as indicated by the
enhancement in the Kp (Figure S3b,c) or transport out of
the PCAP, then the observed lack of further increases in PM2.5
would represent an approximate steady state. Further evidence
for this hypothesis is presented below in section 3.5, together
with suggestions for further observational tests. Meteorological

effects, such as the transition to a cloud-topped PCAP and a
change from daytime surface-based mixing processes to mixing
processes due to cloud-top cooling may also play a role in
diluting the pollutants during this period.

3.5. Potential Oxidant Sources and the Role of
Oxidant Injections. Photochemical generation of free radicals
is weak during wintertime due to reduced solar insolation, low
ozone, and low absolute water vapor concentrations that
combine to significantly reduce OH radical generation from
ozone photolysis.44 Potential radical sources that may drive
early morning chemistry are photolabile nighttime radical
reservoirs, such as ClNO2 and HONO, which are known to
form and accumulate overnight and photolyze in the
morning.23,45 Given the presence of aerosol chloride in the
SLV9 and the evidence of N2O5 chemistry at night, chlorine
activation via reaction 5 could be an important radical source.
Morning ClNO2 photolysis leads to production of Cl + NO2.
The Cl radical will most likely propagate through reaction of
hydrocarbons and subsequent peroxy radical cycling to produce
additional HOx radicals. In the high-NOx conditions of a PCAP,
these HOx radicals will then further increase the oxidation of
NO2 to NO3

−, leading to an additional, morning source of
NH4NO3. The amount of this morning production depends on
the chain length of radical propagation and is beyond the scope
of this manuscript to quantitatively predict. However, ClNO2
activation has the potential to increase soluble nitrate formation
beyond what would occur from nighttime chemistry alone.
Photolysis of carbonyl compounds may also be important for
daytime radical generation in the SLV, especially if there are
significant direct emissions of formaldehyde from mobile and
other urban and residential wood combustion sources.46

Figure 6. Time−height cross-section of aerosol back scatter coefficient β (color contours) at HW during the initial 3 days of the buildup period of
the February 6−16, 2016 pollution episode. The wind lidar retrieved vertical profile of horizontal winds is shown as vectors. Bottom panels show
corresponding HW (blue) and UU (red) surface PM2.5, NOx, and O3. N2O5 concentrations at UU are shown in pink. The increase in β around
midnight and 8−11 AM MST indicate an aerosol nitrate formation that takes place at night and early in the morning in the upper layer. A
subsequent mixing within a surface-based CBL disperses and transports the aerosol-rich air to the top of the aerosol layer and down to the surface,
leading to the enhancements in surface PM2.5 levels and the decrease in surface NOx between 11 and 12 MST.
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An alternative source of oxidants is the injection of
background air from outside the PCAP, often seen in the
aerosol back scatter profiles. Possible processes are nocturnal
down-valley circulations in the tributary canyons, the lake
breeze from the Great Salt Lake, or ventilation of the pollution
layer due to a partial mix-out of the cold-air pool associated
with a synoptic disturbance. Tropospheric background O3
mixing ratios in Utah in winter are typically 30−50 ppb,47

and thus, the background air is enriched in O3 compared to the
oxidant limited air within the PCAP. Hence, the influx of
background air into an oxidant limited photochemical regime
can supply oxidants that fuel the nitrate formation while
diluting the pollutants, thereby having competing effects on
PM2.5 concentrations.
Since 1999, there have been only a handful of episodes

during which 24 h PM2.5 levels exceeded the plateau threshold
of ∼60 μg m−3. These episodes were influenced by factors such
as injection of cleaner air due to a partial mix-out. Figure 4b
shows an example of such an episode, with PM2.5 levels
reaching up to ∼80 μg m−3. The VHD (gray bars) dipped
below the PCAP threshold value of 4.04 MJ m−2 on day 7−8,
indicating a brief ventilation or partial mix-out. As shown, the
influx of the background air led to an initial drop in PM2.5
followed by an increase in PM2.5 levels above the typical PM2.5
plateau threshold. If oxidant limitation in the conversion of
NOx to nitrate is the explanation for the apparent steady state
observed during other PCAP events, and if mixing with O3 rich
air from above the PCAP is a significant oxidant source, then
the evolution of PM2.5 to higher levels during this event is
consistent with mixing of O3 rich air providing a source of
oxidant. However, testing this hypothesis requires further
observations of vertical profiles of NOx, O3, and other trace
gases, together with atmospheric chemical modeling.
3.6. Implications. Our observations indicate that active

nighttime and early morning chemistry leads to aerosol nitrate
formation in the upper part of the PCAPs during pollution
episodes. Subsequent mixing of aerosol-rich air from upper
layers to the surface during the day likely contributes to the
observed midmorning surface PM2.5 maxima. However, over
time, the system becomes NOx saturated as the PCAP persists,
quenching the oxidants for both nighttime chemistry and
photochemistry within the pollution layer. If the system is
indeed oxidant limited, and if NOx emissions primarily have the
effect of removing oxidants, then control strategies based on
NOx reduction could perturb the observed PM2.5 plateau
typical of most PCAPs in the SLV, indicating a nonlinear
response of this system to changes in precursor concentrations.
Because of the complex coupling between chemistry and

transport, attribution of the limiting reagent for the NH4NO3
formation is difficult. NH4NO3 formation is likely limited by
the availability of HNO3 in the SLV based on the sensitivity of
PM2.5 to oxidant availability and the timing of PM2.5
enhancements. However, it is possible that different regimes
are present as a function of altitude and time during the
pollution episodes, especially if there is a strong vertical
gradient in NH3. As pollution builds up in a PCAP, the system
appears to turn into a more HNO3-limited regime. However,
NH3 could potentially be the limiting reagent at higher
elevation during the initial PM2.5 buildup period in areas such as
the SLV, where the system is close to the transition between
NH3- and HNO3-limited regimes.10 More information on the
relative abundances of total nitrate and ammonium in the upper
layers is needed to determine which precursor limits NH4NO3

formation and to what extent. Detailed vertically resolved
measurements of gas and aerosol species involved in NH4NO3
formation would help to constrain chemical pathways and
thermodynamic equilibrium.
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constant (Kp) and the deliquescence relative humidity (DRH). 38 
 39 
S1. Sites and observations 40 
 41 
a. Valley floor sites used for comparison.  The Hawthorne Elementary School (HW) is the Utah 42 
Division of Air Quality's main air quality monitoring site for Salt Lake City (SLC), where PM 43 
(PM2.5, PM10, PM10-2.5), PM2.5 speciation, trace gases, and meteorological parameters are 44 
monitored according to EPA guidelines1. HW is located on the valley floor in a residential 45 
neighborhood in southeast SLC, where it is impacted by emissions from nearby major roads, 46 
residential heating and wood-burning, and local businesses. The Neil Armstrong Academy 47 
(NAA) is situated on the valley floor on the northwestern side of the SLV, where it is impacted 48 
by local emissions and proximity to the Great Salt Lake. A suite of trace gas and particulate 49 
measurements, including NOx, CO, O3, PM2.5 mass concentration and composition2 50 
measurements were made at this site as part of the Community Scale Air Toxics Study during 51 
the sampling period.  52 

b. Meteorological observations.  Twice-daily radiosondes were launched at 0500 and 1700 MST 53 
by the National Weather Service from the Salt Lake City International Airport (KSLC). In 54 
addition, pseudo-vertical temperature profiles3 were compiled from surface-based 55 
measurements obtained from a line of automatic temperature data-loggers (Hobo, Onset 56 
Computers, Bourne, MA) that ran up the northeastern valley sidewall. Wind profiles within the 57 
basin were derived from a Doppler wind LiDAR (Halo Photonics Streamline, UK). To evaluate 58 
atmospheric mixing, turbulence variables were measured with sonic anemometers (CSAT3, 59 
Campbell Scientific, Logan, UT) at the valley floor (HW) and valley sidewall (UU) sites. Three 60 
Vaisala CL31 ceilometers were deployed at the HW, UU and Red Butte (RB) sites, recording the 61 
attenuated backscatter coefficient β between 40 and 7700 m AGL with a 10-m vertical and 16-s 62 
temporal resolution. Aerosol backscatter profiles provide only a qualitative measure of changes 63 
in aerosol concentrations, as the scattering characteristics of particulates vary with chemical 64 
composition and size distribution.  65 

c. Chemistry observations at University of Utah (UU).  Extensive chemistry measurements were 66 
made on the roof of the William Browning Building at UU part of the Wintertime PM2.5 Study. 67 
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One-hour-average PM2.5 mass concentrations were determined using a TEOM 1400ab with 68 
8500 FDMS. CO, O3 and NOx (NO, NO2) were monitored using a Teledyne Advanced Pollution 69 
Instrumentation CO analyzer (API Model 300 E), a photometric ozone analyzer (API Model 400 70 
E), and a NOx analyzer (API Model T200U) equipped with a NO2 photolytic converter, 71 
respectively. CO2, CH4, and H2O were measured simultaneously by a LGR off-axis ICOS 72 
instrument. N2O5 and NO3 radicals were measured using a custom-built diode laser Cavity Ring 73 
Down Spectrometer (CaRDS)4-5. Ambient air was sampled at ~1.5 m above the roof through ~7 74 
m long ¼” O.D. PFA line with volumetric flow of 20 LPM. A custom made inertial PM impactor 75 
and a flow restriction were connected outside at the tip of the sampling inlet to remove coarse 76 
PM and water from the sample flow and to maintain the sample pressure below 200 mbar, 77 
respectively. The air sample was sent through an automatic filter changer4 to remove particles 78 
larger than 2 µm. The stated accuracy of the technique is ±11% for N2O5

6.  79 

S2. Supplementary analyses 80 

Meteorological and chemical conditions during pollution and non-pollution episodes.   Figure S1 81 
shows selected hourly pseudo-vertical profiles of potential temperature for an example day 82 
within (9 Feb. 2016) and outside (16 Feb. 2016) a pollution episode. Outside the pollution 83 
episode, the diurnal temperature cycle shows a large amplitude, especially near the surface, 84 
where temperatures varied by 15 K. The boundary layer stratification is very stable at night, 85 
with a strong inversion in the lowest 300 m. During the day, however, the inversion is broken 86 
up as a convective boundary layer (CBL) forms near the surface, and the entire basin 87 
atmosphere reaches a dry-adiabatic lapse rate by early afternoon. During persistent cold air 88 
pool (PCAP) conditions, on the other hand, the diurnal temperature amplitude is reduced, and 89 
the surface heating is insufficient for a CBL to extend to, or to break, the capping inversion at 90 
the cold-air pool top. Despite the formation of a near-surface mixed layer during the day, the 91 
basin atmosphere as a whole remains stably stratified throughout the day, and pollutants 92 
remain trapped. 93 

Figure S2 compares the diurnal variation of chemical and meteorological conditions observed at 94 
UU during and outside pollution episodes with mean conditions during the entire sampling 95 
period.  In this work, we used a 24-hour PM2.5 concentration > 20 μg m–3 as a threshold to 96 
select days with sufficiently elevated PM2.5 levels.  Pollution episodes are characterized by 97 
higher NOx concentrations, higher relative humidity, colder temperatures, and lower O3 98 
concentrations.  Along with the enhanced PM2.5 during pollution episodes, the diurnal variation 99 
of PM2.5 concentrations exhibits a more pronounced daytime peak, with PM2.5 levels remaining 100 
elevated at night (Fig. S2a).  In contrast, O3 concentrations are lower during pollution episodes 101 
compared to non-pollution days, with a daily maximum concentration of 20 and 31 ppb, 102 
respectively, and average nighttime values of ~ 7 and 25 ppb, respectively, during and outside 103 
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pollution episodes.  Nevertheless, these observations show that moderate levels of O3 are still 104 
present at UU during pollution episodes.  105 

Fig. S2c reveals NOx enhancements of a factor of 3-4 during pollution episodes compared to the 106 
levels observed outside pollution episodes.  NOx concentrations exhibit a morning peak 107 
reaching up to 32 ppb at 9 AM and 67 ppb at 11 AM under clean and polluted conditions, 108 
respectively.  This delay in the morning NOx peak during PCAPs is consistent with the more 109 
stagnant conditions with low wind speeds and high atmospheric stability, resulting in slower 110 
transport of pollutants across the valley and up to the sidewall UU location.   111 

b. Meteorological evolution of the 6-16 February pollution episode and associated effects on the 112 
vertical variation of the equilibrium dissociation constant and the Deliquescence RH.  Figure S3 113 
shows temporal evolution of the vertical profiles of temperature(T), relative humidity (RH) and 114 
estimated solid NH4NO3 dissociation constant (Kp)7 and the DRH8 during the February 6 -16 115 
episode.  In the early stages of the episode, the vertical variation of T and RH is less 116 
pronounced, and a crystalline state of ammonium nitrate is favored as RH remains below the 117 
DRH9-10 (Fig. S3a,d).  As moisture accumulates in the PCAP, RH increases over time to exceed 118 
the DRH, at which pure NH4NO3 deliquesces, around day 5 and remains near or above the DRH 119 
for the remainder of the episode in the lower part of the pollution layer (PL) (Fig. S3f,e).  This 120 
indicates that NH4NO3 is present in the aqueous state and its formation is more favorable7-8 121 
within the lowest ~300 m AGL later in the episode compared to the beginning, highlighting the 122 
influence of the chemical factors on the observed PM2.5 features.  123 

At the PL top, a significant warming associated with the capping subsidence inversion leads to a 124 
significant decrease in RH (< 40%) and an increase in Kp (Fig. S3) at the later stage of the 125 
episode. It is important to note that this upper part of the PL coincides with the capping 126 
inversion and remains stably stratified throughout the day.  As the RH decreases from a value 127 
above the DRH, particles lose water and become supersaturated until a much lower RH at 128 
which crystallization eventually occurs9, 11.  Reported Crystallization RH (CRH) for NH4NO3 129 
exhibits large deviations between 0 and 30 % and varies with temperature9-10, 12. Hence, it is not 130 
certain whether ammonium nitrate near the PL top will be solid or liquid.  The effect of other 131 
minor constituents, such as sulfate and organic aerosol, has not been included in this 132 
calculation.  Nonetheless our observations highlight the time and altitude dependent nature of 133 
the equilibrium state and Kp during PCAP episodes, which need to be considered for an 134 
accurate prediction.  135 

A further increase in RH above the DRH leads to the hygroscopic growth of NH4NO3(aq)9, which 136 
affects the aerosol backscatter measurements13-14.  For this reason, only changes in backscatter 137 
retrievals obtained at the beginning of pollution episodes were used as an indicator for aerosol 138 
nitrate formation occurring aloft.  It is also worth noting that a good correlation between the 139 
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co-located PM10 and PM2.5 measurements at HW was found, with the fine particle fraction 140 
constituting the majority of PM10 (~ 81%) during the pollution episodes. PM10 showed a similar 141 
temporal evolution as PM2.5 with plateauing levels of PM10, suggesting that an underestimation 142 
of PM2.5 mass concentration due to hygroscopic growth is not the cause of the observed 143 
plateau in PM2.5.  144 

 145 

 146 

 147 

 148 

 149 

 150 

 151 

 152 

Figure S1: Subset of hourly-mean pseudo-vertical potential temperature profiles from 153 
observations along the northeastern Salt Lake Valley sidewall during (9 Feb. 2016) and outside 154 
(16 Feb. 2016) selected PCAP episodes. 155 
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Figure S2: Mean diurnal variation of a) PM2.5 b) O3 c) NOx d) Ox concentrations and e) RH and f) 156 
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temperature measured at the UU site during pollution episodes with 24-hour PM2.5 > 20 μg m–3, 157 
days with 24-hour PM2.5≤20 μg m–3, and the average over the entire observation period.   158 

 159 

Figure S3:  Example vertical profiles of T and Kp during PM2.5 buildup (02/08/2016) and plateau 160 
periods (02/10/2016 and 02/12/2016) (upper panels: (a)-(c)) and corresponding RH and the 161 
DRH profiles (lower panels: (d)-(f)) based on radiosonde ascents at 0500 MST (dashed lines) and 162 
1700 MST (solid lines), respectively.  Horizontal lines show the height of the aerosol layer at 163 
1700 MST based on the ceilometer observations.  164 

 165 
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