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� Secondary pollutants exhibited different behavior.
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a b s t r a c t

The Yakima Air Wintertime Nitrate Study (YAWNS) was conducted in January 2013 to investigate the
drivers of elevated levels of fine particulate matter (PM2.5) frequently present in the region during winter
stagnation periods. An extended stagnation period occurred during the study. For the first four days of
the event, skies were clear and the strong diel variation in air pollution patterns were consistent with the
expected effects of strong low-level nighttime temperature inversions with moderate mixing during
daylight hours. Later in the event a low-level cloud layer formed that persisted over the Yakima Valley for
the next seven days while regional conditions remained stagnant. Coincident with the onset of cloud, the
levels of all measured primary pollutants, including CO2, CO, NOx, particle number concentration, and
black carbon, dropped dramatically and remained low with negligible diel variation for as long as the
cloud layer was present. The observed patterns for these air pollutants are consistent with decreased
stability and enhanced mixing associated with the cloud-topped boundary layer. Interestingly, levels of
secondary pollutants, most notably particulate ammonium nitrate, did not exhibit the same decline. This
difference may be due to shifts in the chemical production of secondary pollutants during cloudy con-
ditions, or may merely reflect a further influence of mixing. The results imply that the best strategies for
managing wintertime air quality during episodes of persistent cloud are likely different from those
needed during clear-sky stagnation events.

© 2017 Published by Elsevier Ltd.
1. Introduction

Severe wintertime particulate pollution episodes are a major
environmental concern in cooler climates, especially in populated
l Science Foundation, United

).
United States.
areas with valley topography. Such episodes are typically driven by
a combination of increased emissions of particulate material (PM)
from burning wood for home heating, increased vehicle emissions
from engine cold starts, and reduced ventilation due to unfavorable
meteorological conditions (Malek et al., 2006; Silcox et al., 2012;
Lareau et al., 2013; Whiteman et al., 2014; Largeron and Staquet,
2016). Managing wintertime air pollution episodes requires
different strategies than are employed during summertime
photochemical pollution episodes. While the latter have been
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studied more extensively, the relative lack of understanding of the
factors impacting wintertime air quality could potentially lead to
ineffective air quality management decisions.

The typical severe wintertime PM episode is associated with
stagnant atmospheric conditions that result from a combination of
meteorological and topographic factors. The stagnation occurs
under a large-scale high-pressure system that leads to subsidence
(downward atmospheric motion), and is normally associated with
clear skies, cold nights, and low surface wind speeds (Wolyn and
McKee, 1989; Whiteman et al., 1999, 2001). During winter when
there is reduced solar heating of the surface, these conditions will
also be associatedwith a shallow planetary boundary layer (PBL). At
night under clear skies, a strong surface temperature inversion can
occur, and this condition can extend through the daylight hours
when snow cover is present. The combination of a shallow, stable
PBL and minimal horizontal advection can lead to the buildup of
high pollutant concentrations, especially when emissions also in-
crease due to activities associated with cold temperatures, such as
wood burning and vehicle cold-starts and idling.

The effects of stagnation are exacerbated by valley topography
where cold-air pooling can occur (Whiteman et al., 2001, 2008;
Lareau et al., 2013; Chachere and Pu, 2016). A cold-air pool forms
when surface cooling leads to low-level atmospheric stability while
the valley topography inhibits horizontal advection, enhancing the
stagnant condition. The result is that persistent cold-air pools can
lead to exceptionally high pollution levels. These events have been
the focus of several studies. Green et al. (2015) compared trends in
several cities in the western United State, and additional targeted
studies there have been conducted in the Treasure Valley in Idaho
(Kuhns et al., 2003; Stockwell et al., 2003), the Cache Valley in Utah
(Malek et al., 2006; Silva et al., 2007), Salt Lake City, Utah (Silcox
et al., 2012; Lareau et al., 2013; Whiteman et al., 2014; Holmes
et al., 2015), and near Reno, Nevada (Chen et al., 2012). Outside of
the U.S., the effects of cold-air pools on PM levels have been
investigated in the Chamonix Valley (Chazette et al., 2005) and the
Arve River Valley (Chemel et al., 2016; Largeron and Staquet, 2016)
in France, and in Nelson, New Zealand (Grange et al., 2013). Current
modeling capabilities have proven inadequate for predicting the
severity of the pollution impacts of these events (Zhang et al., 2014;
Holmes et al., 2015).

The generalized conceptualization of a stagnation event implies
clear-sky conditions, and such conditions have been the primary
focus of past studies. However, the existence of cold-air pools can
also lead to a different meteorological condition, wherein a
persistent low-level cloud layer forms. The presence of clouds in-
hibits surface daytime warming and nighttime cooling and thus
disrupts the typical diel pattern in boundary layer mixing (Wolyn
and McKee, 1989; Whiteman et al., 2001; Zhong et al., 2001).
These dynamics have been described previously (Pataki et al.,
2005), but they have proven difficult to capture in meteorological
models and thus remain challenging to forecast (Reeves and
Stensrud, 2009; Reeves et al., 2011; Hughes et al., 2015; Pu et al.,
2016). The specific impacts of persistent clouds on air pollution
within valley cold air pools have not been thoroughly examined.

In two recent studies, air quality has been measured during
periods of persistent low-level cloud within cold air pools,
revealing notably different characteristics than are observed during
clear sky stagnation conditions (Wallace et al., 2012; Mwaniki et al.,
2014). Unlike the elevated air pollution observed during nighttime
surface inversions under cold clear sky conditions, during these
cloudy events there was instead a significant decline in most air
pollutants, and almost no diel variability. This phenomenon was
first noted in the Treasure Valley in Idaho in the United States
during the winter of 2008e09, when the area became persistently
foggy during a week-long stagnation period.
Here we present a more thorough examination of the phe-
nomenon using observations made in Washington State's upper
Yakima Valley in January 2013, as part of the Yakima AirWintertime
Nitrate Study (YAWNS). Although Yakima is compliant with the
United States federal 24-h fine particulate material (PM2.5) stan-
dard, monitored wintertime PM2.5 concentrations frequently
approach the standard. Yakima is unusual within the region in that
a significant fraction of the wintertime PM2.5 is comprised of par-
ticulate nitrate; YAWNS was commissioned by the Washington
State Department of Ecology to better understand conditions
leading to elevated wintertime aerosol nitrate. An extended
regional stagnation period occurred during the study, beginning on
12 January, leading to the formation of a cold pool within the valley.
Clear skies characterized the first few days of the period, but then a
cloud layer formed over the Yakima Valley that persisted for the
next seven days. We present here a detailed analysis of the air
quality characteristics for the clear and cloudy stagnation periods,
relating the meteorological conditions to observed changes in the
trace gas and particulate pollutants.

2. Study design

2.1. Site description

The YAWNS observations were made from 5 to 27 January 2013,
in Yakima, Washington in the United States (Lat: 46.6� N, Lon:
120.5� W). Yakima is a small city (population 93,101, estimated
2012) located within the Upper Yakima Valley. The valley is boun-
ded by the Cascade Mountains to the immediate west, and by east-
west ridges to the north and south that eventually merge several
kilometers to the east (Fig. S1). The topography forms an enclosed
basin at the surface that restricts horizontal air flow within the
valley. Yakima has a semi-arid climate due largely to it location in
the rain shadow of the Cascade Mountains. January is its second
wettest month (after December), with 29.0 mm of precipitation
falling on average (1981e2010 mean). Mean daily high and low
temperatures during January are 3.7 and �4.6 �C, respectively,
making it the second coldest month of the year on average (again
after December) (NOAA NOWData, 2013).

The Washington State University Mobile Atmospheric Chemis-
try Laboratory (MACL) was deployed for the study to the campus of
Yakima Valley Community College (YVCC) (Lat: 46.58854�, Lon:
120.5283� W, Elev. 327 m), located in a medium-density mixed
residential and commercial neighborhood approximately 1 km
west of the urban center. There were major surface streets
approximately 150 m west and 400 m south of the site. In the
immediate vicinity, there was little vehicle traffic except for small
amounts of student parking. Significant amounts of wood smoke
were emitted in the neighborhoods near the sampling site due to
use of wood fuels for wintertime home heating (VanderSchelden
et al., 2017).

2.2. Measurements

The MACL trailer provided a temperature-controlled environ-
ment for operating the instrumentation during the study. A10-m
crank-up tower mounted on the trailer elevated sensors and sam-
pling inlets above the immediate surroundings. For YAWNS, the
primary trace gas sampling line was mounted at 10 m, a heated
aerosol sampling inlet was mounted at 9 m, and a dedicated NOx/
NOy inlet line was located at 8 m above ground level. A full dis-
cussion of the MACL facility and the instrumentation used during
the YAWNS study can be found in the project report (Washington
Department of Ecology, 2014); those measurements used for the
present analysis are briefly described here. Most instruments
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reported data at time intervals of one minute or less. For our
analysis, all data are averaged to 30 min.

2.2.1. Trace gases
Sample air for the most of the trace-gas instrumentation was

supplied by a common line, a 1.2 cm outer diameter PFA tube that
was attached to the tower at a height of approximately 10 m.
Ambient air was drawn through the sample line into the MACL at
30 L min�1, and individual instruments sub-sampled from this
common inlet. Instruments were protected from particle contam-
ination by in-line Teflon membrane filters. As previously described
by Wallace et al. (2012), the NOx/NOy analyzer had its own inlet
system mounted to the metrological tower approximately 8 m
above ground level.

NO, NO2, and NOy were measured using a two-channel chem-
iluminescence NO detector (Air Quality Design). NOy was measured
continuously on one channel by conversion to NO with a molyb-
denum oxide catalytic converter. The other channel measured NO
for 30 s then NOx (NOþNO2) for 30 s in an alternating cycle. During
the NOxmeasurement, NO2 was photolyzed to NO using a blue light
converter, and the difference between the measured NOx and NO
was reported as NO2. Carbon monoxide (CO) was measured using a
vacuum UV florescence instrument (Aerolaser GmbH, Germany).
The instrument allows fast response and sensitive measurements
of CO; the response time is approximately 1 s and the detection
limits is approximately 50 pptv. Carbon dioxide was measured by a
LiCor 840A analyzer. Ozonewasmeasured by UV absorption using a
Daisibi 1008 monitor.

VOCmeasurements weremade using a proton-transfer-reaction
mass spectrometer (PTR-MS, Ionicon Analytik, GmbH, Austria). The
PTR-MS continuously measures organics in air by chemical ioni-
zation using H3Oþ as a proton transfer reagent ion (Lindinger et al.,
1998). Compounds of interest in urban atmospheres that can be
measured with this approach include aromatic compounds such as
benzene and toluene, simple alcohols (methanol and ethanol) and
aldehydes (formaldehyde, acetaldehyde). The instrument is insen-
sitive to small alkanes, acetylene, and ethylene. For monoaromatic
compounds that have geometric isomers, the sum of all contrib-
uting compounds is reported. For example, the sum of xylene iso-
mers and ethylbenzene are reported collectively as the C2-
benzenes.

2.2.2. Particles
Particulatematerial was sampled from the tower through a 12m

long, 1.2 cm outer diameter heated copper tube with an inlet
approximately 9 m above ground level. The heated inlet was
temperature-controlled at 10 �C and the aerosol was dried using a
Nafion dryer before distribution to the sampling instrumentation.
Total flow through the aerosol inlet line was 4 L min�1. The total
particle number concentration was monitored with a TSI Model
3776 condensation particle counter.

The composition of the non-refractory submicron particulate
material wasmeasured using an Aerodyne high-resolution time-of-
flight aerosol mass spectrometer (HR-AMS) (DeCarlo et al., 2006;
Canagaratna et al., 2007). During YAWNS, the HR-AMS was oper-
ated in V-modewith a 2-min averaging interval; only mass spectral
(MS-mode) data are used in this analysis. The instrument's vapor-
izer was set to 600 �C, and flow, velocity, and ionization efficiency
(IE) calibrations were performed following standard procedures.
The measured m/z range was 12e673 and the average resolutions
were 3400, 3700, and 4000 at m/z 28, 32, and 184, respectively. A
collection efficiency (CE) of unity was used here for all HR-AMS
data, based on strong correlation to the TEOM PM2.5 measure-
ments collected at a nearby location. All data were analyzed using
standard AMS software (SQUIRREL v1.52G, PIKA v1.12G) (Sueper,
2010). HR-AMS ions were fit between m/z 12e190 so that the re-
siduals of the difference spectrumwere <5%. The elemental ratio of
oxygen to carbon in the organic aerosol component was calculated
to assess the degree of oxidation (Canagaratna et al., 2015).

Black carbon (BC) mass in individual particles between ~80 and
650 nm was measured using a Single Particle Soot Photometer
(SP2) (Schwarz et al., 2006). The SP2 was adjusted following the
recommendations of Laborde et al. (2012) and the incandescence
signal was calibrated using fullerene soot particles (Alpha Aesar;
#L20W054) that were size selected using a differential mobility
analyzer. Data analysis was conducted using the Paul Scherrer
Institut Toolkit (Droplet Measurement Technologies, 2013).

2.2.3. Meteorology
Standard meteorological parameters (temperature, pressure,

humidity, wind speed and direction, and precipitation) were
measured via a weather station (Vaisala WXT510) mounted atop
the MACL trailer's sampling tower. Atmospheric PBL heights and
cloud base heights were detected using a ceilometer (model CL31,
Vaisala) located on the trailer roof. This instrument measures the
optical backscatter intensity of light emitted in the near-infrared
(wavelength ¼ 910 nm) up to 4500 m above ground level with a
vertical resolution of 10 m. Structures present in the backscatter
retrieval (up to three cloud base heights and three PBL heights)
were identified using the Vaisala PBL height algorithm (version
3.5), based on the gradient method (Vaisala, Inc., 2010).

Surface energy fluxes weremeasured using two eddy covariance
systems installed at 2.12 and 4.17 m above ground level on a 6-m
tall aluminum tower. Each eddy covariance system consisted of a
three-dimensional sonic anemometer (CSAT3, Campbell Scientific,
Inc.) and an open-path carbon dioxide/water vapor (CO2/H2O)
infrared gas analyzer (IRGA; model LI 7500a, LI-COR, Inc.). Sensor
signals from the eddy covariance systems were recorded at 10 Hz
using a datalogger (model CR5000, Campbell Scientific, Inc.). The
10 Hz raw time-series data collected in this study were processed
and corrected to obtain eddy covariance fluxes using standard ap-
proaches. These procedures have been described in detail in the
project report (Washington Department of Ecology, 2014).

3. Results

3.1. Air quality during YAWNS

During the YAWNS study period in January 2013, the United
States 24-hr PM2.5 ambient air quality standard of 35 mg m�3 was
exceeded in Yakima on two days, 15 and 16 January, with concen-
trations approaching the standard on 25 January as well. Fig. 1
shows the PM2.5 time series for all of January 2013 at both the
Yakima 4th Avenue monitoring station operated by the Yakima
Regional Clean Air Agency (YRCAA), and the Toppenish monitoring
station operated by the Yakama Tribal Nation. Toppenish is located
in the Lower Yakima Valley, approximately 35 km to the southeast
of Yakima. The figure also indicates the periods when regulatory
burn bans were implemented in the region in response to observed
or projected episodes of poor air quality. During a Stage 1 burn ban,
the Washington Department of Ecology prohibits outdoor and
forest burning and the use of uncertified wood stoves or fireplaces.
During amore stringent Stage 2 ban, all wood burning is prohibited,
unless it is the residence's or commercial establishment's sole
source of adequate heat (Revised Code ofWashington, 70.94.473). A
brief Stage 2 ban was implemented on 7 January but was removed
the following day when a frontal passage cleaned out the valley. A
Stage 1 burn banwas implemented on 14 January in response to the
buildup of pollution at the start of the stagnation period. Burn bans
remained in effect until 29 January, changing between Stage 1 and



Fig. 1. Time series of daily (24-h) PM2.5 levels measured at the Yakima and Toppenish monitoring sites during January 2013. Measurements were made using a Federal Equivalent
Method (FEM), meaning that the method is approved by the United States Environmental Protection Agency for regulatory monitoring. Shaded areas indicate Stage 1 (S1) and Stage
2 (S2) burn bans, as labeled. The horizontal line indicates the 24-h National Ambient Air Quality Standard for PM2.5.
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Stage 2. The bans covered all areas overseen by YRCAA in the Upper
and Lower Yakima Valleys.

3.2. Regional stagnation period

A temporal minimum in surface pressure accompanied a frontal
passage through the region on 8 January, which advected in less
polluted air and thus caused a rapid decrease in PM2.5 levels (Fig. 1).
Over the following several days, surface pressure gradually
increased under generally clear conditions. Beginning on 12
January, the surface meteorological conditions in Yakima exhibited
characteristics consistent with a typical clear-sky stagnation event.
Pressure was elevated (>1020 mb), skies were clear, and winds
remained below 2.5 m s�1. Mixing heights were less than 500 m
above ground level (AGL) during daytime and as low as 100 m AGL
at night. Surface temperature and relative humidity showed strong
diel cycles typical of such conditions (Fig. 2). By 14 January, the
nearest twice-daily temperature soundings (at Salem, Oregon,
Quillayute,Washington, and Spokane,Washington, all in the United
States) were consistently showing strong subsidence inversions
with dry air above the surface layer, indicating a significant regional
stagnation event (Fig. S2) (University of Wyoming, 2015).

Beginning on the morning of 16 January, widespread persistent
cloud layer covered the Yakima Valley and much of the Columbia
Basin, lasting until 23 January. Though the strong subsidence
inversion with dry air aloft remained in place, within the Yakima
Valley cloud cover was near complete with cloud base at 500 m or
lower. There was no snow cover during the period. Temperature
and RH remained almost constant. Wind speeds (Fig. S3) were low
during the clear sky stagnation period, averaging 0.9 m s�1 (range:
0.3e2.5 m s�1, 30-min averages); they were only slightly higher
during the cloudy period, averaging 1.2 m s�1 (range:
0.4e2.2 m s�1). The breakup of the cloud layer on 23 January
coincided with a decrease in pressure, an increase in surface mixed
layer depth, and the conclusion of the stagnation event.

3.3. Air quality during the stagnation period

As shown in Fig. 1, the initiation of the stagnation period on 12
January coincided with a progressive increase in PM2.5
concentration, with a diel cycle superimposed. The increasing PM
pollution led to a Stage 1 burn ban being implemented on 14
January; the ban severity was increased to Stage 2 the following
day. PM2.5 levels continued to increase overnight, finally reaching a
peak hourly value of 54 mg m�3 at the Yakima 4th Avenue moni-
toring station on the early morning of 16 January. From that peak,
the concentration then dropped down to 26 mg m�3 by noon, with
the steepest drop occurring between 11:00 and noon (all times
local). The onset of persistent low clouds in the area occurred
around 8:00 that morning.

Based on the unspeciated PM2.5 and meteorological data alone
(which air quality managers have access to in near-real time), it
would be reasonable to attribute the decrease of PM2.5 to increased
wet scavenging within the newly formed cloud, and perhaps the
breakup of the nocturnal surface inversion. Additional reductions
might be ascribed to good community compliance with the Stage 2
burn ban imposed in the region on the evening of 15 January. While
these conclusions would be reasonable in the context of limited
data availability, the richness of the YAWNS observations demon-
strate that a more significant modification to the local air quality
conditions occurred on the morning of 16 January.

The time series for several measured trace gases are shown in
Fig. 3, including carbon dioxide (CO2), carbon monoxide (CO), ni-
trogen oxides (NOx), and C2-benzenes. As the near-surface stag-
nation period began to set in under clear conditions on 12 January,
the temporal variation for observed gas-phase pollutants followed
the typical pattern: elevated concentrations during the night, peak
levels during the early morning and late evening traffic and wood
burning periods, with some reductions during the day. These fea-
tures become prominent beginning on 14 January, coinciding with
the establishment of the strong regional-scale subsidence inversion
and low wind speeds, which further inhibited dispersion of valley
emissions. Particle number concentration (Ntot) and PM2.5, also
shown in Fig. 3, followed similar cycles as the trace gas pollutants
during the clear-sky stagnation period.

The diel patterns of these pollutants for the clear-sky portion of
the stagnation period are shown as the colored traces in Fig. 4. The
clear-sky results include all data collected from 00:00 12 January to
07:00 16 January, in 30-min intervals. Similar concentration pat-
terns are observed for each of the pollutants expected to be driven



Fig. 2. YAWNS time series for meteorological conditions at Yakima. Pressure has been corrected to sea level equivalent.

Fig. 3. Times series for trace gas and total particle number concentrations during YAWNS. Starting at the top, data are presented for carbon dioxide (CO2), carbon monoxide (CO),
nitrogen oxides (NOx), C2-benzenes, and total particle number (Ntot). Also included is the PM2.5 concentration from the Yakima 4th Street monitoring site for comparison.
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predominantly by combustion - CO2, CO, NOx, and Ntot (Fig. 4,
panels a, b, c, and e, respectively). Each daily cycle increases from an
initial relative minimum along with the typical increase in emis-
sions from morning activity. At first these emissions remain near
the surface within the shallow stable nocturnal boundary layer
(mixing layer depth ~100 m, Fig. 1), but after sunrise, as the mixing
depth increases to ~400 m, concentrations show a corresponding
decrease due to increased vertical dilution. Concentrations for each



Fig. 4. Diel mean cycles for the same parameters shown in Fig. 3. In each panel, colored traces represent clear-sky stagnation data (00:00 12 Januarye07:00 16 January), and black
traces represent the cloudy period (12:00, 16 Januarye00:00, 23 January). Vertical bars represent ±1 standard deviation of the data to indicate variability. In the clear-sky stagnation
data, the increasing day-to-day trend in primary pollutant concentrations is a major contributor to the overall variability. Shaded areas represent nighttime. Y-axis scales differ
between panels. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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of these combustion-dominated primary pollutants reach minima
around noon and stabilize at those levels until sunset around 17:00.
After sunset, emissions increase again due to the evening rush hour
and increased home fuel combustion, while simultaneously the
shallow nocturnal boundary layer is reestablished and becomes
strongly stable, causing further buildup of pollution levels. This
buildup continues until emissions decrease in the late evening.

The combined C2-benzenes (Fig. 4d) exhibit a somewhat
different diel pattern than the other trace gas species shown in
Fig. 4. While its morning increase is less clearly defined, the effects
of mixing layer dynamics on the C2-benzenes diel profile are similar
to the other species, with relatively lower levels found during af-
ternoon in daylight, and then increases once the sun sets and the
shallow, stable boundary layer takes hold overnight. Similar pat-
terns were observed for other VOCs, including benzene, formal-
dehyde, and aceataldehyde (Fig. S4).

There was a marked change in the observed trace gas and par-
ticulate pollution patterns after the onset of persistent low cloud on
16 January. The time series (Fig. 3) shows all of the trace gases and
Ntot dropping rapidly during the late morning of that day, and then
remaining very stable at those low levels continuously for several
days. Only when the cloud layer broke on 23 January did the trace
gases and Ntot begin to increase again. The persistence of the low
concentrations observed during the cloudy period is apparent in
diel cycles (Fig. 4, black traces), which include all data collected
from noon on 16 January until midnight on 23 January. While in
most cases there is evidence of small diel patterns during the
cloudy period, particularly the morning and evening rush hours, it
is nonetheless clear that the dominant pattern is for the pollutant
concentrations to vary only minimally throughout the day. These
observed persistent concentrations for each pollutant are very close
to the levels found at the mid-afternoon minima during the clear-
sky stagnation period, suggesting similar dispersion rates of ur-
ban emissions.

The sharp shift in the diel pattern of these pollutants occurred
despite the regional stagnation event continuing as before.



T.M. VanReken et al. / Atmospheric Environment 154 (2017) 236e246242
However, other YAWNSmeasurements reveal that the near-surface
mixing conditions changed with the onset of cloud, suggesting a
likely cause for the observed low pollutant levels. The Monin-
Obukhov stability parameter (Monin and Obukhov, 1954) was
calculated for the YAWNS site using data from the 6-m eddy flux
tower (Fig. 5). Because eddy flux data were not available until late
on 14 January, the stability parameter could not be calculated for
periods before that time. Positive values of the stability parameter
indicate stable atmospheric conditions, while negative values, even
very small ones, indicate periods of atmospheric instability with
increased mixing. Fig. 5 shows that the atmosphere was indeed
stable at night during the clear sky stagnation period, indicated by
the positive stability parameter values on the nights of 14 and 15
January. The surface then becomes unstable each morning- the
stability parameter had negative values on the mornings of 15 and
16 January, with particularly unstable conditions under clear sky
conditions on the morning of 15 January. In marked contrast, once
the onset of cloud occurs, there are no longer any periods of stable
conditions at the surface for the entire remainder of the regional
stagnation event. Despite the continuation of the regional-scale
subsidence inversions, neutral or slightly unstable conditions pre-
vailed at the surface in Yakima for the entire week of 16e23
January.

The temporal and diel cycles for PM2.5 exhibit a less regular
pattern during the stagnation period, both before and after the
onset of cloud. In the time series (Fig. 3, bottom panel, as well as
Fig. 1), the pattern for PM2.5 suggests a general increasing trend
during the clear-sky stagnation period, with a diel pattern super-
imposed. At the onset of cloudy conditions on 16 January, the PM2.5
concentration decreases from a peak of 54 mgm�3 to 26 mgm�3, but
the decline is not as sharp as those observed for other pollutants.
Concentrations continued to trend downward over the next few
days, but never reached the low daytime levels of 5e10 mg m�3

observed during the early part of the clear-sky stagnation period.
The diel pattern for PM2.5 (Fig. 4f) suggests some influence by the
same dynamic factors that affected the other pollutants. Under
clear sky conditions therewas a similar pattern of pollutant buildup
overnight followed by daytime dilution, while during the cloudy
period this cycle was much less pronounced. However, the PM2.5
pattern differs from other pollutants in that it lacks a clear morning
rush hour peak.

An examination of the aerosol composition across during the
Fig. 5. Time series for the stability parameter, calculated using eddy flux measurements. A
from the ceilometer. Eddy flux data were only available beginning late on 14 January; the
stagnation period helps explain the complex temporal pattern
observed for PM2.5. Fig. 6 shows the time series for particulate
ammonium (NH4

þ), sulfate (SO4
2�), nitrate (NO3

�), and organic ma-
terial (Org) as measured by the HR-AMS, and the black carbon (BC)
concentration from the SP2. The oxygen to carbon elemental ratio
(O:C ratio) for Org is also included, as an indication of the degree of
oxidation within the organic aerosol material. Diel plots for these
same parameters are shown in Fig. 7.

The time series reveal that some particulate material compo-
nents - specifically Org and BC - behave very similarly to the
combustion-related trace-gas pollutants shown in Fig. 3.
Conversely, the major inorganic aerosol components e NH4

þ, SO4
2�,

and NO3
� e exhibit much different temporal patterns. These species

do not have the strong diel cycles observed for most pollutants
during the clear-sky stagnation period. Nor do their concentrations
decrease immediately at the onset of low-level cloud; instead, these
species exhibit a much more gradual declining trend beginning on
16 January and continuing steadily until late on 18 January. Even
then the concentrations of these inorganic species are significantly
elevated above what was observed at the beginning of the stag-
nation period.

The diel cycles (Fig. 7) confirm the patterns discernable in the
time series but also reveal further complexity in the behaviors of
BC, Org, and inorganic species during the clear-sky stagnation and
cloudy periods. The diel pattern for BC for both periods is again very
similar to those of the combustion-dominated trace-gas species in
Fig. 3. The pattern for Org is also nominally very similar, suggesting
that local primary emissions are a significant source of organic
PM2.5. Interestingly, the variation in the O:C ratio suggests that
there is temporal complexity for this component that is not
captured in the Org pattern itself. During the clear-sky stagnation
period, the O:C ratio is fairly stable near 0.3 during nighttime hours,
but during daytime it increase progressively until reaching a peak
value above 0.4 in late afternoon. During the cloudy period, the O:C
ratio is generally stable throughout the day, but at values that are
considerably higher (~0.5) thanwere observed during the clear-sky
stagnation. This indicates that during clear-sky conditions the
organic particulate material was relatively more oxidized during
daytime hours, but that the oxidation level was even greater under
the conditions that prevailed during the cloudy period. The
chemical characteristics of the organic aerosol observed during
YAWNS will be explored further in a future manuscript.
lso included again for comparison are measurements of temperature and observations
stability parameter could not be calculated for periods before this time.



Fig. 6. Time series for ammonium (NH4
þ), sulfate (SO4

2�), nitrate (NO3
�), and organic material (Org) as measured by the HR-AMS, and the black carbon (BC) concentration from the

SP2. All concentrations in mg m�3. Also included is the O:C elemental ratio for the organic material (unitless).
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During the clear-sky stagnation period, the diel cycles for inor-
ganic aerosol components were markedly different than for other
pollutants. Patterns are similar for the three dominant inorganic
species, with some interesting apparent differences between the
cloudy and clear periods. Notably, in contrast to Org, which
appeared to be dominated by local primary sources during YAWNS,
nighttime concentrations of the inorganic secondary pollutants
were higher during the cloudy periods than the clear sky period.
During the clear period, the inorganic species remain at low con-
centrations throughout the early morning until sunrise, at which
point they each increase gradually for several hours before stabi-
lizing in mid-afternoon. The species then exhibit sharp ~50% de-
creases in concentration that coincide with sunset. Another relative
maximum for each of the species occurs during evening, but con-
centrations then rapidly decrease again before midnight. These diel
patterns are intriguing, but difficult to interpret given that their
variability exists within a day-to-day temporal trend whose
magnitude is similar to the range of the diel pattern.

The diel cycles for the inorganic aerosol species are also different
from other pollutants during the cloudy period. Most notably, the
species are each consistently observed at the same or higher levels
during the cloudy period than at comparable times during the
clear-sky stagnation period. Sulfate exhibits a generally level diel
profile on average, but both NO3

� and NH4
þ have lower mean con-

centrations during the daytime than at night. For each of the
inorganic species, daytime concentrations were similar for the
clear-sky stagnation and cloudy periods. However, even during the
cloudy period the day-to-day temporal trend for these species
contributed significant variability relative to the diel pattern, and so
the importance of the observed diel cycles is difficult to assess.
4. Discussion

The onset of persistent low-level cloud under regional stagna-
tion conditions during YAWNS led to a sharp decrease in primary
pollutant concentrations, particularly those associated with local
combustion sources. The primary pollutant concentrations
observed throughout the multi-day cloudy period were very
similar to those present during daytime under clear-sky stagnation
conditions, when the PBL height would increase to ~400 m. Surface
winds were similarly low for both the clear and cloudy periods,
averaging 0.9 and 1.2 m s�1, respectively. These results suggest that
the degree of mixing between the PBL and the free troposphere
above was similar in these two cases; the persistent neutral or
slightly unstable conditions present during the cloudy period
further supports this conclusion. The degree to which the presence
of cloud impacts primary air pollutant levels has significant im-
plications for air quality management during wintertime stagna-
tion episodes.

It is less obvious how the meteorological conditions during
YAWNS combined with atmospheric chemical processes led to the
observed concentrations for the inorganic secondary PM compo-
nents, especially NO3

� and NH4
þ. Understanding this process is

important, particularly during cloudy conditions where ammo-
nium nitrate became the major contributor to the PM mass,
exceeding even the organics. For example, during the early morn-
ings in the cloudy period, the mean Org concentration was
<5 mg m�3, while the sum of NH4

þ and NO3
� was ~8.5 mg m�3 (Fig. 7).

The diel patterns suggest that both dynamics and chemistry may
influence the ammonium nitrate levels. Under clear sky conditions,
the mean concentrations show an increasing trend for several
hours immediately after sunrise, and then decrease sharply again at
sunset. The increase is likely due in part to higher residual layer
concentrations mixing downward each morning, but the sharpness
of the reduction at sunset suggests that near-surface chemical
processing could also be a significant contributor. These suggestive
results are interesting, but unfortunately the available data are not
sufficient to support any conclusions. The possible chemical and
dynamic processes influencing the ammonium nitrate levels under
different meteorological conditions cannot be examined



Fig. 7. Diel cycles for the same parameters shown in Fig. 7. In each panel, colored traces represent clear-sky stagnation data (00:00 12 Januarye07:00 16 January), and black traces
represent the cloudy period (12:00, 16 Januarye00:00, 23 January). Vertical bars represent ±1 standard deviation of the data to indicate variability. In the clear-sky stagnation data,
the increasing day-to-day trend in primary pollutant concentrations is a major contributor to the overall variability. Shaded areas represent nighttime. Note that y-axis scales differ
between panels. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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thoroughly without a more complete set of vertically resolved
chemical observations.
5. Conclusions

The YAWNS data set revealed that previous understanding of air
pollution dynamics under regional stagnation conditions was
incomplete. While the expected cycles of strong diel variability and
elevated nighttime pollution levels were observed during clear sky
conditions, the presence of persistent cloud sharply reduced the
average surface concentrations of primary pollutants and hadmore
complex impacts on PM2.5 levels. A key question arising from this
work is how frequently persistent wintertime cloud episodes occur
under regional stagnation conditions, and whether these meteo-
rological events are consistently associated with enhanced dilution
of primary pollutants. Certainly periods of persistent cloud like the
one observed during YAWNS are not rare in the Yakima valley.
Historical meteorological data from the Yakima airport show that
similar multi-day episodes characterized by low clouds and near
constant temperatures and RH occur once or twice each winter.
Simultaneous CO and PM2.5 data were available for one such
episode, in 2004, and showed that CO levels were reduced during
the episode, while PM2.5 levels were slightly elevated. This result is
not dissimilar from what was observed during the YAWNS cloudy
period, suggesting that a more thorough study of the effect would
be worthwhile.

It may be possible to improve wintertime air quality manage-
ment by anticipating the likely mitigating impacts on air pollution
that seem to be associated with persistent low-level clouds. While
meteorological models do not reliably predict such cloudy periods,
such events are clearly identifiable once they set in, and in those
instances it would beneficial for air quality managers to consider
their potential effects. It may be possible in some cases to adjust
policy responses targeting primary PM sources on occasions when
persistent cloud is accompanied by downward trends in the
observed PM2.5 levels. Ultimately though, accurate air quality
forecasting during either clear-sky or cloudy stagnation conditions
requires accurate modeling of the surface mixing layer. The high-
resolution weather forecasting models used by air quality man-
agers do not typically characterize persistent cold air pools satis-
factorily, making reliable air quality forecasts challenging. Research
studies to better understand the meteorology of persistent cold air
pools would be significantly enhanced if the parallel meteorology
and air quality research efforts could be merged more effectively.
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