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Abstract:
The Persistent Cold- Air Pool Study (PCAPS) was conducted in Utah’s Salt Lake Valley from 1 December 2010 to 7 February 2011. The  field campaignstudy’s primary goal wais toan improved understanding of the physical processes governing the evolution of multi-day cold-air pools (CAPs), or “inversions”, that are common in mountain basins during the winter. Meteorological instrumentation deployed throughout the Salt Lake Valley provided multi-scale observations of the processes contributing to the formation, maintenance, and destruction of 10 distinct persistent inversion episodes. The close proximity of PCAPS field sites to residences and the University of Utah campus allowed many undergraduate and graduate students to participate in the study.
Preliminary analyseis of this data reveals that variations in cold-air pool (CAP) thermodynamic structure are attributable to a multitude of physical processes affecting local static -stability, e.g., s. In general, it is found that synoptic-scale processes impact changes in temperatures and cloudiness aloft, while variations in boundary-layer forcing modulate the lower levels of CAPs structure. During episodes of strong winds, In addition, complex interactions between the synoptic- and mesoscale flows, local thermodynamic structure, and local terrain , and CAPs led to were documented, with both partial and complete removal of CAPs noted during episodes of strong winds. The strength and duration of CAP events are is shown to impact affect the local concentrations of pollutants such as PM2.5. The paper concludes with a discussion of Oongoing and future research underway supported by a National Science Foundation grant is described.. 



Capsule:
Research observations elucidate the meteorological processes governing persistent cold-air pools, or “inversions”, impacting Utah’s Salt Lake Valley.

-or-
Research observations elucidate the complex multi-scale interactions of the physical processes modulating cold-air pool formation, maintenance, and destruction.
Persistent cold-air pools, or “inversions”, that affect air quality in urban basins around the world were studied in Utah’s Salt Lake Valley.



1. Introduction
Accumulations of cold air within basins and valleys around the world occur when atmospheric processes favor cooling of the air near the surface, warming of the air aloft, or both. The resulting stable stratification prevents the air within the basin from mixing with the atmosphere above while the surrounding topography prevents lateral displacement and favors air stagnation. When such cold-air pools (CAPs) occur within urbanized basins (and increasingly in rural areas as well), the emissions from vehicles, home heating, and industrial sources can lead to hazardous air quality (Reddy et al. 1995; Pataki et al. 2005, 2006; Malek et al. 2006). 
A cold-air pool (CAP) is a strongly stable and relatively cold layer of air confined within a topographic basin. CAPs occur when atmospheric processes favor cooling of the air near the surface, warming of the air aloft, or both. The resulting stable stratification prevents the air within the basin from mixing with the atmosphere above while the surrounding topography prevents lateral displacement and favors air stagnation.
	CAPs may be classified as diurnal, forming during the night and decaying the following day, or persistent, lasting  multiple days longer than one diurnal cycle (Whiteman et al. 2001). Diurnal CAPs are generally dominated by radiational cooling at the surface and grow in depth throughout the night only to be destroyed the next day following morning by the growth of the convective boundary layer  (CBL) (Kondo et al. 1989; Whiteman et al. 2008). They have been studied in a number of field campaigns (e.g., Peter Sinks Experiment, Clements et al. 2003; Vertical Transport and Mixing Experiment, Doran et al. 2002; Meteor Crater Experiment, Whiteman et al. 2008; Cold Air Pooling Experiment, Price et al. 2011). 
Persistent CAPs , on the other hand, are considerably more complex with their capping layer of . Their strong static stability may arisinge due to a multitude of interacting atmospheric processes occurring across a range of scales. Whiteman et al. (2001) used observations collected during two persistent CAP episodes to illustrate that the thermodynamic structure was modulated by synoptic-scale differential temperature advection, large-scale subsidence, latent heating, radiative flux divergence, local meso-scale flows, and boundary layer convection. A companion modeling study illustrated the impacts of these disparate mechanisms on the evolution of CAPs (Zhong et al. 2001).  (Whiteman et al. 2001). For example, synoptic-scale subsidence occurring aloft may generate an inversion that descends into a large mountain basin capping the air from above (Wolyn and McKee 1989). CAPs These long-lived inversions, which may last for days at a time, typically occur during the winter when insolation is insufficient to destroy their ambient stability (Wolyn and McKee 1989; Reeves and Stensrud 2009; Gillies et al. 2010). The build-up of moisture within a CAP may lead to the formation of stratiform clouds, fog, and light precipitation adversely affecting air and ground transportation.  Such low clouds may also help to prolong CAPs by limiting solar heating at the surface and enhancing infrared cooling from the cloud tops (Wolyn and McKee 1989). 
When persistent CAPs occur within urbanized basins the emissions from vehicles, home heating, and industrial sources accumulate within the stagnant air and can lead to hazardous air quality (Reddy et al. 1995; Malek et al. 2006; Pataki et al. 2005, 2006, See cover photo). Similarly, the build-up of moisture within an inversion, coupled with cold temperatures, may lead to the formation of stratiform clouds, fog, and light precipitation. These clouds not only adversely impact air and ground transportation but may also prolong the CAP by limiting solar heating at the surface and enhancing infrared cooling from the cloud tops (Wolyn and McKee 1989). 
Despite these significant societal impacts, the mechanisms governing the lifecycle of persistent CAPs remain poorly understood and under-observed. Most previous observational studies (e.g. PSEX, VTMX, METCRAX, COLPEX) primarily examine diurnal inversions and do not extend their investigations to long-duration CAPs (Clements et al. 2003; Doran et al. 2002; Whiteman et al. 2008; Price et al. 2011). Those studies that do address persistent inversions tend to be climatological in nature, establishing CAP frequency and the role of synoptic-scale weather in modulating their duration (Wolyn and McKee 1989; Reeves and Stensrud 2009; Gillies et al. 2010). Because these investigations primarily rely on data from the sparsely distributed national weather service (NWS) upper-air network they provide limited perspective on the multi-scale details of the underlying CAP physical processes. 
The most detailed observations of persistent CAPs originate from field studies conducted within the Colorado Plateau (Whiteman et al. 1999) and Columbia River Basin (Whiteman et al. 2001). For example, 
However, because of limited observations and a small sample of events it is unclear how general these results are, or how well the complex physics were handled by the numerical simulations. There remains a need for comprehensive observational studies with sufficient spatial and temporal sampling to adequately resolve the multi-scale nature of the CAP lifecycle.
Parameterizations of sub-grid scale turbulent mixing of heat and momentum in operational numerical forecasts are known to perform poorly in strongly stable environments (Fernando and Weil 2010; Baklanov et al. 2011; Baker et al. 2011). In addition to insufficient research observations, CAP evolution remains particularly difficult to forecast. The coarse resolution of operational weather models precludes accurate representation of strong vertical gradients and necessitates the parameterization of sub-grid scale processes. These parameterizations, such as those for the turbulent mixing of heat and momentum,. As a result, model forecasts projections for CAP strength and duration are seldom accurate (Reeves et al. 2011). For example. For example, a model forecast in which the initialized CAP is poorly resolved may indicate the complete removal of the inversion during the passage of a weak storm, whereas in reality it the inversion maywill remain in place for many more days until a more substantiveal storm arrives. Steps to mitigate health impacts during CAPs (e.g., encouraging reduced driving or curtailing industrial sources of particulates) can be affected by such forecast errors. The resulting forecast errors not only impact projections for general meteorological conditions but also significantly impede prognoses for air quality. 
A three-year research program funded by the National Science Foundation is focused on The need for new observational and numerical modeling research observing and modeling examining the evolution of persistent CAPs. The research objectives of this study underway by researchers at the University of Utah and Michigan State University are: 1) To identify and observe the meteorological processes that lead to the formation, maintenance, and breakup of persistent CAPs, 2) to determine the consequences of these processes on air pollution transport and diffusion in urban basins, and 3) to assess how meteorological models can be improved to provide more accurate simulations of long- lived CAPs. The first two objectives were addressed during a field campaign from 1 December 2010 to 7 February 2011 that we refer to as the Persistent Cold Air Pool Study (PCAPS) as detailed below.long-lived inversions motivates the Persistent Cold Air Pool Study (PCAPS). The PCAPS field study and preliminary data analysis is described in the remainder of this paper.

2. The Persistent Cold-Air Pool Study 
a. The Salt Lake Valley
The PCAPS field campaign was undertaken from 1 December 2010 to 7 February 2011 within the Salt Lake Valley (SLV) of northern Utah, which The Persistent Cold-Air Pool Study (PCAPS) is a three-year research project funded by the National Science Foundation (NSF). The objectives of PCAPS are: 1) To identify and observe the meteorological processes that lead to the formation, maintenance, and breakup of persistent CAPs, 2) to determine the consequences of these processes on air pollution transport and diffusion in urban basins, and 3) to assess how meteorological models can be improved to provide more accurate simulations of long-lived CAPs. The modeling portion of the study is now underway.
a. The Salt Lake Vall
The Salt Lake Valley (SLV) is located on the eastern fringe of the semi-arid Great Basin Great Basin of the western United States (Fig. 1). The regional local topography , known as Basin and Range, is dominated by features a series of steep and narrow north-south oriented mountain ranges separated by broad and gently sloping valleys. The SLV (~1300  MSL) is a small piece (~30 km square) of the basin encompassing much of northwest Utah including the Great Salt Lake. The valley is tucked between 
The SLV itself is confined on three sides by significant mountain ranges. Rising steeply from the valley floor, tthe Wasatch (~3000 m MSL ) and Oquirrh (~2500 MSL) mountains enclose the basin to itsthe east and west, respectively, and separated from the neighboring Utah Valley to its south by the lower Traverse Mountains. The Jordan Narrows gap allows exchange of air between the two valleys (Chen et al. 2004; Pinto et al. 2006) while .a A series of steep major canyons are incised into emanate from the Wasatch with comparatively broad slopes on the eastern slopes of the Oquirrhswhile the less incised Oquirrhs feature comparatively broad slopes. To the south, the SLV is separated from the neighboring Utah Valley by the lower Traverse Mountains through which the Jordan Narrows gap allows the exchange of air between the two basins (Chen et al. 2004; Pinto et al. 2006).The Great Salt Lake as well as a broader basin, encompassing much of northwest Utah, borders the SLV to the northwest. The valley floor spans approximately 40 km from west to east and 20 km from north to south. Overall, the valley’s appreciable size and significant relief make it a favorable setting to study the interaction of atmospheric processes over a range of spatial scales during persistent CAPs.
CAPs form frequently in tIn addition to its topographic configuration, the SLV often accompanied by dense fog (Horel et al. 2002). is climatologically predisposed for the formation of CAPs. During the winter, weak insolation, frequent snow cover, and long interludes between storms generate CAPs on approximately 20% of all days. The mean duration for persistent events is between 2 and 3 days, while the longest recorded episode lasted over 10 days  (Ander, personal communication 2011). The CAPs that forming in the SLV are also broadly representative of CAPs throughout the region, including those affeimpacting Reno, NV, Boise, ID, the Columbia and Colorado River Basins, and Las Vegas, NV (Wolyn and McKkee 1989; Reeves and Stensrud 2009). 
Air pollution levels within the urbanized SLV, home to ~more than 1 million residents, can reach unacceptably high levels during persistent CAPs. One recent study suggests that emergency room visits with a primary diagnosis of asthma are 42 % higher during the late stages of prolonged CAP events as compared to non-CAP days (Utah Asthma Program 2010). During such episodes, 24-h concentrations of fine particulate aerosol with diameters less that 2.5 µm (PM2.5) often exceed the National Ambient Air Quality Standard (NAAQS) of 35 µg m-3 (U.S. EPA 2011; Silcox et al. 2011). High levels of carbon dioxide, carbon monoxide, and ozone also may accompany CAP events (Pataki et al. 2005; 2006). These long-lived inversions also restrict visibility, which significantly detracts from the otherwise scenic snow-capped mountain vistas for which the region is well known. 
b. Experiment design 
The PCAPS field campaign was designed to observe the meteorological processes affecting the formation, maintenance, and destruction of CAPs within the SLV. Following Whiteman et al (2001), the processes expected to impact local changes in CAP strength may be separated into five terms, each of which is listed below:
Differential heating of the vertical column: Changes in stability occurring through vertical variations in the heating rate. This term includes the contributions of radiational heating and cooling, turbulent fluxes of sensible heat, and the latent heating associated with evaporation and condensation. 
Advection of different stability: Changes in stability through the advection of an air mass with different ambient characteristics. For example, cold stable air may be advected into a basin. 
Differential temperature advection: Changes in stability resulting from vertical gradients in the sign or magnitude of horizontal temperature advection. 
Vertical Deformation: Differential vertical motions within the vertical column acts to either “collect” or “disperse” isentropes, altering the local lapse rate.
Vertical Advection: Vertical motions act to advect the lapse rate from aloft. This process is often most apparent as subsidence warming.
	Within the SLV the processes contributing to each term may occur across a range of scales. For example, Term 2, advection of different stability, can occur rapidly with the sudden passage of a lake-breeze front, while the slow warming aloft associated with warm air advection or subsidence occurs over a period of several days. The turbulent contributions to each term are less well understood, though may contribute significantly to CAP removal during the onset of strong winds (Petkovsek 1992, Zhong et al. 2002).
	To provide detailed observations of these CAP mechanisms, an array of Mmeteorological instrumentation was installed throughout the SLV with some . A subset of these instruments operatinged continuously throughout the entire project period to establish robust statistics of key meteorological parameters, such as variations in the surface energy balance. while aAdditional  equipmentinstruments was, such as radiosondes, were deployed during Intensive Observing Periods (IOPs). The locations of the observing sites are indicated in Fig. 1 while pictures of many of the observing platforms are provided in Fig. 2.  IOPs 
, which were declared whenever a CAP was expected to form and persist for more than aone  daydiurnal cycle. 
Our field campaign was quite novel in that the experimental design, planning, and operations were led by the two lead authors as graduate students.  Several months prior to the field campaign, several graduate students involved in the project began discussing the projects’ science goals and draft field operation plans to meet those science goals.  Prior to each upcoming IOP and throughout the events, Within each IOP  we an attempted was made to identify the types of and observe the specific physical processes likely to expected to strongly impact the CAP evolution and deploy equipment and personnel appropriately. Not surprisingly, the conditions experienced during the winter differed from what was expected to some degree. As the project unfolded, the complexities of the scale interactions, impact of clouds both within and above the CAPs, and XX led to ongoing tuning of the operational plans.

c. Instrumentation

This section describes the principal research instruments as well as their application. Pictures of most observing platforms are provided in Fig. 2 while their locations are indicated in Fig. 1. 

	1) REMOTE SENSORS

Two NCAR radar wind profilers, a scanning pulsed Doppler LiDAR, and a miniSoDAR (Fig2d-f) provided continuous observations of winds above the SLV during PCAPS. Located at the NCAR ISS site in the valley center, Tthe radar wind profilers (915 and 449 MmHz) located in the valley center characterized the wind shear within and above (~50-3000 m AGL) each CAP as well as the occasional penetration of strong winds into the valley atmosphere. Changes in wind occurring closer to the ground (0-200m AGL) were determined with the miniSoDAR which that was situated near the GSL in order to observe land and lake breezes. The LiDAR provided additional observations of winds aloft along the western edge of the SLV at the Bingham Canyon Mine site.
	The vertical temperature structure within the SLV was determined by means of a Radio Acoustic Sounding System (RASS; Fig. 2e), which operated in concert with the 915 MmHz radar. Data from the RASS provide higher temporal sampling than is available from radiosondes alone and is helpful during periods of rapid transition. Additional measurements of temperatures aloft were collected with a microwave radiometer  provided by researchers from San Jose and San Francisco State Universities(not shown).
A laser ceilometer, also located at the NCAR Integrated Sounding System ( ISS) site ~0.5 km south of the profilers, was used to measure aerosol and hydrometeor backscatter (Fig. 2g). These data areis data is particularly useful in visualizing boundary layer structure and also provides an objective indication for the presence of low and mid-level clouds. 

	2) SURFACE METEOROLOGICAL STATIONS 

Monitoring tThe complete surface energy balance (SEB) at 7 locations distributed throughout the SLV (Fig. 1) was , which is of fundamental importance during the campaignfor boundary layer processes, was monitored at 7 locations distributed throughout the SLV (Fig. 1). These sites were chosen to span the geographical extent of the valley and to represent varying land ‑use, ranging from urban to agricultural. Each location housed an NCAR Iintegrated Ssurface Fflux Sstation (ISFS) equipped with a 3-D sonic anemometer, fast response temperature and humidity sensors, solar and terrestrial radiometers, and soil temperature probes (Fig. 2a). The turbulent fluxes of sensible and latent heat are calculated by eddy correlation, while the gradient of temperature within the soil layer is used to formulate the ground heat flux. 
At the south end of the SLV, Ffive automated weather stations (Fig. 2b) (AWS; Fig 2b) were installed at the south end of the SLV along a vertical transect of the Traverse Mountains (Fig. 1) to document monitor variations in wind, temperature, and humidity during CAP events. These sites are also useful in diagnosing cross barrier exchange between the Utah and Salt Lake Vvalleys (Chen et al. 2004; Pinto et al. 2006). 
Additional vertical profiles of temperature and humidity were established with Hobo® data loggers distributed at 50-m elevation increments along three transects: one ascending a prominent ridge on the west slope of the Wasatch Mountains, and two along the east slopes of the Oquirrh Mountains. Recording data every 5 minutes., Tthese data loggers act as temperature pseudo-soundings capable of documenting rapid changes in the vertical thermodynamic structure. 
	The PCAPS field campaign also benefitted from more thanupwards of 100 preexisting surface meteorological stations distributed in and around the SLV. These data, available through MesoWest (Horel et al. 2002), provideds detailed observations of the spatial heterogeneity within  the CAPsthe inversions. 
	An air quality observation network, operated by the Utah Division of Air Quality (DAQ) provided hourly and 24-hour mean measurements of criterion pollutants, including concentrations of PM2.5. This network was supplemented by a line of PM2.5 filter samplers that ran up a sloping residential neighborhood at the north end of the Salt Lake Valley (Silcox et al. 2011).

	3) IOP OBSERVATIONS

Radiosondes launched from the NCAR Integrated Sounding System (ISS site), located in the valley center, provided the principal observations of CAP thermodynamic structure during each IOP. Over 115 Viasala radiosondes where launched throughout the project, augmenting the 138 regularly scheduled NWS operational soundings deployed at the nearby Salt Lake International Airport (Fig. 1). The temporal interval of the ISS soundings ranged from once every 3 hours during periods of rapid transition (e.g. mix-out events, cloud formation) to once a day for routine ongoing monitoring of CAPsduring less eventful episodes. 
	Three additional mobile radiosonde systems (GRAW) were used at sites throughout the SLV to provide contemporaneous thermodynamic profiles during targeted observations of lake-breeze fronts, periods of differential side-wall heating, canyon drainage flows, and partial “mix-out” of the CAP during strong winds. In total 68 GRAW radiosondes were deployed, significantly enhancing sampling of the horizontal variability in CAP vertical structure.
	The most unusual instrument platform used during PCAPS was an instrumented powered paraglider (PPG, Fig. 2j). The manned  paragliderPPG, which was equipped with temperature, humidity, and pressure sensors, was used on 6 IOP days to perform horizontal boundary layer transects and repeated vertical profiles. Some of the unique observations collected by the  paraglider PPG are described listed in  the second sidebara sidebar section later in this paper. 
	In addition to upper air data, surface observations were augmented during IOPs with two vehicles equipped with GPS, wind, temperature, humidity, and pressure sensors. These vehicles recorded horizontal variations in surface meteorology associated with lake-breeze fronts, valley drainage flows, and partial mix-out events (Fig. 2i).
d. Participants 
The PCAPS field campaign was a collaboration of university and government scientists, graduate and undergraduate students, and interested members of the community. Faculty and graduate students at the University of Utah formed the core of the PCAPS operations and science team, while scientists from the National Centers for Atmospheric Research (NCAR) installed, maintained, and operated the principal observing platforms. Collaborators from at San Francisco and San Jose State Universities provided additional instrumentation and expertise. 
	Taking advantage of the general interest in our local “dirty air”, A unique aspect of PCAPS was the prominent role of students and volunteers in facilitating field operationsrecruiting student and community volunteers began during the fall via local media, University of Utah campus postings, and email lists. Over 50 individuals, including graduate and undergraduate students as well as members of the community at large responded to the call for help and were trained in PCAPS operations prior to the field study. The urban setting of the PCAPS study and the close proximity to residences, work, and home allowed many students and volunteers to participate. PCAPS volunteers collectively contributed over 500 hours of service time by: launching weather balloons, driving mobile, the details of which are highlighted in a sidebar accompanying this paper..  meteorological stations, supporting motor-glider operations (Fig. 10b??), installing meteorological instruments, and forecasting CAP evolution. 

3. Initial Findings

a. CAP evolution Potential temperature deficit and air pollution

[bookmark: 133a9d23dba6075a__ftnref1]Figure 3a shows a measure of CAP strength within the SLV for the entire PCAPS period in terms of the potential temperature deficit within the SLV for the entire PCAPS period.  This deficit, calculated from ISS and NWS radiosonde data, is the difference between the potential temperature at each level and the potential temperature at the crest of the confining topography (2500 m). Generally, small (large) deficits indicate a well-mixed (strongly stable) atmosphere within the valley. Multi-day episodes CAPs episodes (identified by using a deficit threshold of -8K) were punctuated by short windows of weaker stratification Calculated from ISS and NWS radiosonde data, the potential temperature deficit is one measure of CAP strength. It is taken as the difference between the potential temperature at the crest of the confining topography[footnoteRef:1] (2500 m) and that at every lower altitude. A deficit of zero indicates a well-mixed atmosphere, while high deficit magnitudes correspond with strong stratification. By applying a deficit threshold value of 8 K to isolate days with significant CAP conditions, it is clear that the PCAPS period is dominated by multi-day episodes of strong stability and punctuated by short windows of weaker stratificationusually associated . The well-mixed periods tend to correspond with the passage of cyclonic synoptic-scale weather systems. As indicated in Fig. 3a, All the majority of the strong CAP events as well as two weaker inversion episodes were included in the PCAPS IOPs (Fig. 3a). Pertinent details . Enhanced observations were not conducted for three events during December, though many of the continuous observations are available during those periods. A summary of pertinent details for each IOP are, which ranged in length from 2 to 9 days, is presented in Table 1.		Comment by John Horel: k, I'm struggling with how much to dive into the problems with the theta deficit. we can't say  when the deficit is 0 that the atmosphere is mixed. It is entirely possible to have an elevated stable layer in between. And large values don't reflect strong stability in the column as it could be well mixed at the level of that layer.
 [1: ] 

Figure 3b presents the daily midnight-to-midnight (MST) average PM2.5 concentration measured in the valley at either the Hawthorne Elementary, Rose Park, or Cottonwood DAQ site during PCAPS. By comparing the top and bottom panels of Fig. 3, it is apparent that CAP strength and duration both affect the concentration of fine particulate aerosols while variations in emissions may also play a role (e.g., reduced traffic during IOP4 over the Christmas holiday). DIn fact, during each of the four longest CAPs (IOPs 1,5,6, and 9) PM2.5 concentrations exceeded the NAAQS. Silcox et al. (2011) show that PM2.5 concentrations in the SLV between 1 January and 20 February 2011 were highly correlated (r2 = 0.78) with the potential temperature deficit, and that pollutant concentrations generally increased with CAP duration and decreased with increasing elevation within the SLV. During many PCAPS IOPS, the accumulation of aerosol and moisture was visually apparent as layers of haze and clouds that varied in depth and intensity (Fig. 4).

b. CAP vertical Thermodynamic structures

A wide variety of thermodynamic profiles were observed during PCAPS. A representative sample of temperature, dew point temperature, and wind profiles is presented in Fig. 5. For reference, the crest of the confining topography is ~750 hPa. 
The characteristics of these soundings can be viewed in the context of the processes that lead to changes in the lapse rate or stability at a particular level arising from (Whiteman et al 2001):  
· Differential heating: vertical variations in the heating rate within the column, including the contributions of radiational heating and cooling, turbulent fluxes of sensible heat, and the latent heating associated with evaporation and condensation.
· Horizontal and vertical advection: transport into the valley of markedly different stability from the ambient state, e.g., the descent of a subsidence inversion into the valley.  
· Differential temperature advection: vertical gradients in the sign or magnitude of horizontal temperature advection, e.g., warm-air advection aloft combined with cold-air advection near the surface.
· Vertical Deformation: Differential vertical motions within the vertical column acting to compress or disperse isentropes.
The profiles in Fig. 5 reflect the impact of these processes on the thermodynamic structure within the valley. Consistent with the multitudinous processes impacting CAP evolution, 
The first sounding, shown in Fig. 5a from , was collected near the end shortly before the terminus of IOP3 (Fig. 5a)and is demonstrates a “classic” nocturnal inversion, which actually occurred rarely during PCAPS. Following a night of clear skies and radiational cooling, thea temperature inversion extends from the surface to 830 hPa, above which the temperature decreases at a nearly adiabatic rate . Conversely, the dew point temperature decreases rapidly with height reaching a minimum at the top of the inversion layer. Strong veering winds occur above the CAP, indicative of warm air advection, while weak winds are observed near the surface. Simple soundings of this type were rare during PCAPS. 
The sounding during IOP 9 in Fig. 5b, which was collected during IOP 9, demonstrates the impact of boundary layer clouds on CAP structure (Fig. 5b). The profile indicates Aa layer of stratocumulus clouds was present, residing between 850 and 810 hPa, capped by a remarkably strong inversion. Within and below the cloud layer the lapse rate is nearly moist -adiabatic, suggesting that cloud top radiational cooling generates weak moist -convection within the boundary layer. Cloud top cooling is also the hypothesized source of the sharp elevated inversion. Similar thermodynamic profiles were observed during the late stages of IOPs 1 and 5 and reflect that many CAPs are not characterized by strong stability from the surface upwards to crest level.. 
Alternatively, On some occasions, cclouds were observed may occur within CAPs without substantive vertical generating mixing near the ground (Fig. 5c, IOP 6). Obtained during IOP 6, the sounding shown in Fig. 5c contains The passage of a weak trough with light snow falling from the saturated layer aloft was not sufficient to eliminate the inversion  a modest inversion that extendings downward from near the surface to 800 hPa. . The profile is nearly saturated at all levels from the surface to 500 hPa with only a diminutive mixed layer immediately above the ground. Light snow was observed falling into the CAP at this time, but did little to diminish its strength. In fact, the CAP persisted for 3 additional days. Cloud top cooling does not occur within the CAP in this instance because clouds extend to great depth and are present at multiple levels. 
Synoptic-scale subsidence was commonly observed during the onset of CAPs during PCAPS with . This process is illustrated in Fig. 5d by the elevated temperature inversions and extremely low dew point temperaturess  aloft (e.g., Fig. 5d, IOP 4)found between 750 and 700 hPa. The dryness of the is layer at and above crest level, which is presumdueed to result from adiabatic warming, helps to distinguish such situationsit from elevated inversions arising from warming due to horizontal warm-air temperature advection aloft. This particular elevated inversion can be traced from one sounding to the next, and was observed to descend from aloft into the valley atmosphere during the initiation phase of IOP 4 but . 
Later during the same CAP event, strong southerly winds acted to both displace and erode the inversion two-days later (, a process that resulted in the sounding shown in Fig. 5e). At that time,A 100-200 m deep surface based layer of cold air remaineds trapped in a shallow 100-200 m layer beneath a strong inversion above which a moderately stable mechanically-mixed layer was evident associated with strong winds. The wind shear across the top of this CAP is significant during this case. A handful of events during PCAPS exhibit similar soundings, and the topic of CAP erosion and dissipation will be the focus of a side bar later in this paper. These extremely shallow and sometimes highly polluted layers confined beneath near-surface inversions are often visually dramatic due to sharp vertical gradients in visibility and air quality (e.g., Fig. 4c).
Multiple stable layers were observed on many occasions during PCAPSLastly, the sounding in (Fig. 5f, IOP 5) generally arising from two or more of the processes that control static stability.  demonstrates the multi-layered character that is sometimes observed during CAP eventsIn this particular case, t. Two elevated inversions are present, one near the mountain crest and another within the valley. Tenuous cloud layers are found near the base of both inversions. The specific exact mechanisms that formed these two features are not clear, though synoptic-scale subsidence, warm air advection, and cloud top radiational cooling are all likely sources. 

c. IOP 5 CAP lifecycle
IOP 5 is chosen as an illustrative example of Tthe lifecycle of persistent CAPs is best illustrated by the due to its prolonged nature, complex evolution, and significant societal impacts observed during IOP 5. Many of these characteristics are present observed during this particular event also occur during persistent CAPs throughout the western U.S.  (Wolyn and McKkee 1989, Reeves and Stensrud 2009). 	The  IOP 5 CAP formed during the quiescent interlude between two major storm systems. The antecedent storm preceding IOP 5 was important in preconditioneding the valley atmosphere for CAP formation by emplacing a cold air mass at low levels and providing fresh snow cover that fostered large surface radiative cooling. , thereby altering the surface energy balance. The subsequent CAP formation, maintenance, and break-up occur are influenced by due to both synoptic-scale processes occurring aloft and processed taking place on scales within the valley. variations in boundary layer forcing. The thermodynamic signatures of these processes are summarized apparent in Fig. 6, which shows a time-height diagram of potential temperature within and above the SLV as measured by a combination of ISS and NWS radiosondes. 
	1) CHANGES ALOFT: SYNOPTIC-SCALE MODULATION
Changes in temperature aloft are easily visualized by variations along the trace of the 285 K adiabat in Fig 6. As the antecedent storm departs to the east on 1 January, a period of rapid warming, indicated by the steep descent of the 285 K contour, is observed aloft. The near vertical orientation and tight packing of isentropes during this period suggest strong horizontal gradients in vertical motion, consistent with localized subsidence (term 5) found along the back edge of upper level troughs. During the subsequent 24 hours Tthe combination of continued subsidence and increasing differential warm air advection (term 3) causes the 285 Kk isentrope to continue its descent into the SLV during the subsequent 24 hours. As the region of warming and strong stability enters the upper reaches of the valley atmosphere it forms a capping inversion layer (Wolyn and McKee 1989) and effectively initiates the CAP late on 1 January.
	As upper-tropospheric ridging builds over the region during the following two days (2-3 January), During the following two days (2 and 3 January), as upper-tropospheric ridging builds into the region, the 285 K and adjacent adiabats becomes increasingly horizontal in orientation while warming continues aloft. Thise increased vertical gradient in potential temperaturestatic stability may be taking place as a result of vertical deformation. , which is synonymous with strong static stability, suggests column compression “collects” the isentropes within the upper valley atmosphere (term 4). 
	However, On 4 January a period of cooling near the mountain top level on 4 January results from the passage of a is associated with a weak trough  aloftmoving through the region and air in the upper reaches of the valley are able to mix freely . The 285 K isentrope ascends rapidly, giving way to a period of free mixing above the elevated inversionalong the top edge of the CAP. The cooling weakens, but does not destroy, the ambient stability below mountaintop. By the next day (5 January) warming aloft resumes, restoring and then augmenting the capping inversion. From 6 to 8 January strong anticyclonic flow aloft generates a prolonged period of warming throughout the lower and mid troposphere likely due to a combination of nearly all of the physical processes listed above. It is likely that terms 3 through 5 all impact the generation of strong stability during this time, resulting in a remarkably deep and stable temperature profile.
	Beginning late on 8 January, a cold upper-level trough and associated arctic cold front begin to approach the region from the nNorth. Cold air advection and synoptic-scale ascent rapidly cool the atmosphere above the  valleySLV, effectively “peeling back” the top of the CAP. The mid-tropospheric cold front arrives on 9 January and completely removes all of remaining ambient stability bringing an end to IOP 5. Interestingly, despite the robust upper-level baroclinicity, the change in surface temperature during the frontal passage is negligible because of the cold air prefrontal conditions found within the CAP. 
	2) BOUNDARY LAYER EVOLUTION
Surface and boundary-layer Boundary layer processes also significantly contribute to the CAP evolution during IOP 5 (Fig. 7). Diurnal variations in the net radiation at the surface (Fig. 7b) contribute to generate alternating nocturnal inversions and daytime convective boundary layers convective boundary layers(CBLs), which are identified by the near-surface, dome-shaped patterns in potential temperature (Fig. s. 6 and 7a). These diurnal variations in thermodynamic structure take place predominately occur beneath the synoptically- evolving modulated capping stable layers, though both processes interact during portions of the CAP evolution.
The strongest nocturnal inversions occur during clear nights (1, 2, 5, and 6 January), while weaker near surface stratification is observed when clouds, either aloft or within the boundary layer, limit radiational cooling at the ground. For example, weak nocturnal inversions and greater mixing are observed on the nights of 3 and 4 January during which time a thin layer of altostratus clouds, apparent as strong returned power from the laser ceilometer, are present near the mountain top level (Fig. 7a). The ceilometer also indicates the formation of boundary layer stratiform clouds overnight on both 7 and 8 January. Following an initial period of surface radiational cooling during the evening, these clouds form near the interface between the capping stable layer and the decaying convective boundary layerCBL. IOn both instances the cloud base lowers through the night with surface fog forming during the predawn hours. Similar to the sounding in Fig. 5b, the thermodynamic structure during these periods shows a moist adiabatic surface layer topped by a sharp inversion. 
We again hypothesize that cloud top cooling  contributes to is communicated to the surface by convective overturning below and, g. Given sufficient time, this cooling leads to saturation throughout the layer, slowly lowering cloud base, and the eventual formation of fog. The elevated IR cooling (term 1) also helps to generates the sharp inversion at the cloud top. The net result is the coupling of a boundary layer cooling process with synoptic-scale warming aloft which gives rise to a potential temperature deficit in excess of 25 K, representing the strongest CAP of the PCAPS field campaign. Hourly PM2.5 concentrations in excess of 90 μg m-3 were observed during this time (not shown).
An additional striking feature of the boundary layer evolution during IOP 5 is the vertical and temporal distribution of aerosol, which is indicated by the yellow and green shading in Fig. 7a. Taken within the context of the potential temperature structure (contours, Fig. 7a) and the surface energy balance (Fig. 7b), it is apparent that aerosol depth and concentration vary diurnally. The maximum aerosol depth tends to occur in the evening (0000 UTC), which lags from the time of maximum heating and convective boundary layer CBL depth, while minimum depth occurs during the night. 
Interestingly, Ccareful examination of Fig. 7a and similar figures for other IOPs of Fig. 7a indicates that aerosols are found within the stable layers aloft, which  suggestsing that convection is not the only process of vertical transport. An alternative lofting mechanism may involve internal circulations within the CAP generated in part by the diurnally- varying slope and valley thermal flows may contribute to three-dimensional transport of aerosols. Detecting such transport remains difficult even with all of the observing assets deployed during PCAPS. However, For example, preliminary examination of the flow at three sites within the SLV indicate s a complex set of diurnal wind patterns. that hinder such a simple interpretation (Fig. 7c-e). WFor example, within Parley’s Canyon (Fig. 7c), a major tributary valley along the east side of the SLV, a strong southwest up-valley flow occurs in the late afternoon with northeasterly down-valley flow occurring during the evening and throughout the night (Fig. 7c). Meanwhile, within the center of the SLV, the diurnal flow variations are more complex (Fig. 7d). During the afternoon a pronounced NW wind develops, which is a hybrid up-slope and up-valley flow. At night, a more oscillatory patterns in both wind speed and direction are is observed. Finally, aA drastically different flow regime is found near the Jordan Narrows (Fig. 7e). Here, episodes of strong southerly winds develop on clear nights but then persist into late morningfor periods exceeding the diurnal timescale. These flows are known be related to the drainage of air from the neighboring, and often colder, Utah Valley. 
Additional analysis, now underway, should elucidate the processes impacting the vertical distribution of aerosol as well as other tracers, such as carbon dioxide.
dc.  CAP “mix-out” during strong winds
Many CAPs observed in the SLV and elsewhere conclude with the passage of a pseudo-warm front such that strong winds preceding approaching weather systems erode an extant CAP (Whiteman et al. 2001). observed a pseudo-warm front during the break-up phase of a persistent inversion within the Columbia River Basin. Similar structures were observed during PCAPS when strong southerly winds preceding approaching weather systems interacted with an extant CAP. Our One prime example of this scenario occurred on 3 December during the first PCAPS IOP provided an excellent example (Fig. 8). . Strong southerly flow developed above the CAP as a synoptic-scale trough approached the region. Southerly winds were observed to first penetrate to the surface along the southern and western portions of the valley, displacing the CAP to the north (Fig. 8a). The boundary between the cold-moist air within the CAP and the warm, dry, and mechanically mixed air to the south form a pseudo-warm front. This boundary progressed northwards throughout the night as winds aloft increased (Fig. 8b). By 0600 UTC the warm-front structure passed over the ISS site, providing a burst of strongly southerly winds, a rapid jump in temperature, and sharp drastic decrease in relative humidity (not shown). Two hours later, as the weak trough passed over the region, the CAP returned southward now as a pseudo-cold front (Figs. 8dc and e). Temperatures returned to their previous values accompanied by northerly winds. By 1400 UTC, the cold front propagated south through the entire valley, restoring CAP conditions to all locations (Fig. 8ed). The role of turbulent processes, local pressure gradients, and large-scale advection during this, and similar cases, is the focus of ongoing research. 
4. Summary and Future Research 
The PCAPS field campaign provides detailed and multi-scale observations of the meteorological processes affecting persistent cold-air pools. Data were collected during ten distinct CAP events occurring within Utah’s Salt Lake Valley between 1 December 2010 and 7 February 2011. Initial analysis of PCAPS observations illustrates the complexity of the multi-scale interactions of the physical processes modulating CAP formation, maintenance, and destruction. The linkage between the presence of CAPs strong stability within the SLV and concentrations of fine particulate pollution was illustrated over the for the entire PCAPS period. Additionally, a brief overview of the observed life cycle of one particularly long-lived and complex CAP was presented in terms of synoptic-scale and boundary layer controls.
	We anticipate that the PCAPS dataset will provide a foundation for detailed analyses and numerical experiments that help address the larger PCAPS goals for this three-year project outlined in the Introduction. These goals are to identify the meteorological processes that lead to the buildup, maintenance and breakup of persistent inversions and to use these observations to improve understanding of air pollution transport and diffusion in urban basins, and how meteorological models can be improved to provide more accurate simulations of cold air pools. 
	Researchers at the University of Utah are currently working to analyze the key processes involved in persistent wintertime CAPs, while investigators at the Michigan State University are now focusing on modeling long- lived CAP events. Some key questions to be addressed using PCAPS data include:
· Under what conditions are synoptic-scale controls (e.g., warm-air advection, subsidence) more important than local effects (e.g., radiational cooling, drainage flows)?
· How important is the initial surge emplacement of cold air into the valley prior to CAP onset and valley snow cover typically arising from the storm preceding for sustaining CAPs for long-duration CAPsevents?
· How important is mechanical mixing in removing low-level cold air pools, and how crucial are partial is a topographic barriers at in creattranslating mixing momentum aloft into the CAP?
· How do diurnal slope flows and valley winds interact with both developing and mature cold air pools?
· How do clouds at both low and mid-levels influence the life cycle of persistent CAPs? 
· How important is the horizontal advection of cold air from the Utah Valley, Great Salt Lake, or mountain tributary valleys toin sustain ing CAPs? 
· What causes the vertical mixing and transport of pollutants during CAPs, and the observed variations in BL height?

SIDEBAR 1: Paraglider Transects Through Transects Lake Breeze Front 
A powered paraglider (PPG) piloted by Chris Santacroce was used to collect unique observations during PCAPS. A radiosonde was attached to Chris’s helmet as he sampled cross-sections and vertical profiles of boundary-layer temperature and humidity. PPGs can fly at very low speeds without stalling (around 7 to 10 m s -1), which allows for unique sampling of the air by a human pilot. Imagine being able to ask a weather balloon to stop at a certain height, sample a cross-section and spiral back to the ground!
	The paragliderPPG was particularly useful to in observeing the boundary layer over layer near the Great Salt Lake shoreline (Fig. 2) (GSL). Since the SLV opens to the north into the broader Lake basin, this larger basin serves as a reservoir for cold, higher humidity air during CAP events that pulses into the SLV. On 13 December 2010 a A PPG flight was was conducted overon the southeast shores of the GSL (see Fig. 2) prior to and after the inland movement of a lake-breeze front on 13 December 2010. As shown in Fig. 9, the ascending (descending) flight occurred just before (after) the onshore movement of the cold, higher humidity low-level air associated with the lake breeze. The front subsequently penetrated the entire SLV in about three -hours, rapidly strengthening the low-level inversion. The marked influence of the lake breeze fronts (on several occasions during PCAPS) in replenishing the low-level CAPs on several occasions during PCAPS  was unexpected, as previous research suggested had found wintertime lake breeze fronts were to be rare extremely infrequent (Zumpfe and Horel 2007). This In addition to the onshore movement of cold air residing over the GSL during lake-breeze fronts, the cold and higher humidity air from over the Lake moist GSL boundary layer is also likely a major contributor to dense fog episodes in the SLV. Because the exact physical mechanisms for fog occurrence are unknown (Hill 1988), forecasting skill for the formation and break-up of dense fog events at the nearby Salt Lake City Airport for which forecasting the formation and break up of such episodes remains elusive (Randy Graham and Larry Dunn, personal communication 2010). ). In addition, the GSL is hypothesized to serve as a storage reservoir for cold air from mountain slope and canyon flows that drain into the basin. The interactions between the SLV and GSL are not well-understood, and will be the focus of future work.


SIDEBAR 2: Students and Volunteers Make PCAPS A Successful Field Project
meteorological stations, supporting motor-glider operations (Fig. 10b), installing meteorological instruments, and forecasting of CAP evolution. 
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Figure Captions

Figure 1. Relief map showing location of PCAPS field campaign instrumentation. Green circles denote the location of Hobo® data loggers on the valley sidewalls. Purple circles denote the 7 NCAR ISFS stations. Blue circles indicate the two NCAR ISS facilities, and a red plus symbol denotes the SODAR site. Yellow circles indicate University of Utah automated weather stations (AWS), while pre-existing MesoWest surface stations are indicated with a black plus symbol. The Salt Lake International Airport is denoted as a black dot. The locations of special rawinsonde launches during specific IOPs are indicated by red triangles, while a blue plus shows the location of the LIDAR. The Hawthorne elementary school DAQ site is shown as a pink triangle. Mobile weather station transects, glider flight paths, and additional air quality monitoring locations are not shown on map. 


Figure 2. Photos of key PCAPS continuous and deployable instrumentation. See Fig. 12 for location of instruments. (a) NCAR integrated surface flux station (ISSFS, (b) U of U tripod meteorological station, (c) U of U Hobo® temperature data loggers, (d) U of U Scanning ddoppler LiDAR, (e and f) NCAR ISS sites which included radiosonde launches, 915 and 449 MHz wind profilers, RASS, SJSU microwave radiometer (not shown), and laser ceilometer, (g) U of U mini-SoDAR, (h) U of U mobile radiosonde launch, (i) U of U mobile weather stations, and (j) instrumented motorized paramotor-glider.

Figure 3. (a) Potential temperature deficit (K) during the PCAPS period 1 December 2010 – 7 February 2011. The deficit is taken relative to the potential temperature at 2500 m MSL. Darker colors within the solid black line denote a potential temperature deficit greater than 8 K (i.e., a strong  CAPinversion). The span of each IOP is indicated by the labeled horizontal lines. The details of each IOP are included in Table 1. (b) Midnight-to-midnight (MST) daily average PM2.5 concentration measured at the Hawthorne Elementary (dark bars), Rose Park (grey bars), and Cottonwood (white bars) DAQ monitoring locations within the SLV. The National Ambient Air Quality Standard of 35 μg m-3 is indicated by the grey horizontal line.

Figure 4. Photos of Salt Lake Valley inversions during  PCAPS. Photo credits in parentheses. (a) 14 January 2011: combined fog and pollutants (Sebastian Hoch). (b) 2 December 2010: cloud-free  deep (~700 m) polluted layer  (Chris Santacroce).  (c) 16 January 2011: Thin  surface layer (<100 m) of fog and pollution  (Jamesim Ehleringer), (d-f) cloudy inversions. d) 30 January 2011 (John Horel), (e) 7 January 2011  (Davide Bowling),  (f) 24 December 2010: strato-cumulus clouds associated with a deep inversion extending to ~near crest mountaintop level  (Erik Crosman). 

Figure 5. Skew-T Log P profiles of temperature (red) and dew point (green) during various IOPs CAPs. Wind speeds and direction are plotted with height to the right of each profile (1 barb = 510 ms-1kts). (a) 0600 UTC 14 December 2010, (b) 0600 UTC 29 January 2011, (c) 0600 UTC 14 January 2011, (d) 1800 UTC 24 December 2010, (e) 1500 UTC 26 December 2010, and (f) 1800 UTC 3 January 2011. Put labels on figs for iops: IOP 3,9,6,4,4,5

Figure 6. Time-height plot of potential temperature during IOP-5. Isentropes are indicated by contours (bold contours every 5K , light contours every 1 K). The 3-hr change in potential temperature is indicated in shading to highlight periods of warming and cooling.  The grey line at 2500 m indicates the approximate elevation of the mountain crests that enclose the Salt Lake Valley. 

Figure 7. Boundary layer evolution during IOP-5. (a) Laser ceilometer backscatter (color scale) and potential temperature (contours, as in Fig. 6a). (b) Net radiation from ISFS -5 location. (C-E) Near-surface vector winds with colors indicating wind speed in m s-1 at (c) Parley’s Canyon, (d) ISFS -3, and (e) ISFS -7. 

Figure 8. Displacement of CAP during strong southerly winds on  3 December 2010. Warm (cold) pseudo-front position is indicated as red (blue) lines. Station observations are indicated by circular markers and shaded to correspond to the observed air temperature. Vectors indicate wind speed and direction. The ISS site is emphasized with a bold marker.  (a) 0200 UTC 3 December, (b) 0400 UTC 3 December, (c) 0500 UTC 3 December, (d) 0600 UTC 3 December, (e) 0800 UTC 3 December, and (f) 0900 UTC 3 December.

Figure 9. 13 December 2010 powered paragalider PPG flight. (a) Launch preparation,(b) PPG in flight (c) low-level temperature and dew point temperature  data obtained from the PPG before (ascent) and after (descent) lake-breeze frontal passage. 

[bookmark: _GoBack]Figure 10. (a) PCAPS volunteers following a planning meeting,. (b) Volunteers, students, and researchers during a PPG operation. Drop?






TABLE 1. Overview of PCAPS IOPs. Start and end times are given in UTC. The albedo  is calculated from the mean of the 7 ISFS meteorological stations (higher values indicate greater day-time cloudiness) (Fig. 2). Maximum PM2.5 (µg -3) are from midnight-to-midnight (MST) daily averaged data collected at at either the Hawthorne, Rose Park, or Cottonwood DAQ valley sites in the Salt Lake Valley. The number of radiosondes launched during an IOP is the total a combination of standard twice-daily NWS National Weather Service radiosondes,  from the Salt Lake City International Airport and extra soundings launched at the ISS sondes,  and University of Utah sondes. Refer to Fig. 1 for equipment locations. facility and at other locations throughout the Salt Lake Valley (Fig. 2). A synopsis is given to describe notable features of individual IOPs.

	IOP 
	Start date/time (UTC)
	End date/time (UTC)
	
Length
(days)
	
Mean
albedo
	
Max PM2.5 (µg -3)
	
# Sondes
	
Synopsis 

	01
	01-12-2010 12:00 UTC
	07-12-2010 02:00 UTC
	

5.6
	

0.67
	

50
	

31
	
S
Complex and strong CAP featuring a pronounced descending subsidence inversion, partial mix-out event during strong winds, lake breeze front, and episodes of dense fog. 

	02
	07-12-2010 12:00 UTC
	10-12-2010 15:00 UTC
	
3.1

	
0.21
	
28
	
8
	
Brief CAPs (IOPs 2-3) resulting from progressive large-scale pattern. Both CAPs form from an during initial period of subsidence but become shallow over time with very weak CBL growth. IOP3 features a strong lake breeze, which significantly strengthens/prolongs the CAP. 

	03
	12-12-2010 12:00 UTC
	14-12-2010 21:00 UTC
	
2.4
	
0.15
	
9
	
21

	

	04
	24-12-2010 00:00 UTC
	26-12-2010 21:00 UTC
	
2.9

	
--

	
24
	
21
	
Brief but strong CAP with lowering subsidence inversion followed by “mix-out” from during strong southerly winds. 

	05
	01-01-2011 00:00 UTC
	09-01-2011 12:00 UTC
	
8.5
	
0.80
	
68
	
59

	
Longest-lived, strongest, most-polluted CAP during PCAPS. Further details highlighted in text.

	06
	11-01-2011 12:00 UTC
	17-01-2011 20:00 UTC
	
6.3
	
0.72
	
45
	
22
	
Strong CAP with abundant clouds observed aloft with precipitation falling into the CAP on three occasions. 

	07
	20-01-2011 12:00 UTC
	22-01-2011 06:00 UTC
	
1.75
	
0.17
	
12
	
7

	
Weak CAP due to disturbed large-scale flow and weak nocturnal cooling due to cloud cover.

	08
	23-01-2011 12:00 UTC
	26-01-2011 12:00 UTC
	
3
	
0.53
	
24
	
6

	
Marginal CAP during which a subsidence inversions remains just above mountain crest level, thus not fully confining air within the basin. Diurnal CAPs play an important role near the surface.

	09
	26-01-2011 12:00 UTC
	31-01-2011 06:00 UTC
	
4.75

	
0.25
	
40
	
66
	
Forming following weak preconditioning, this strong CAP evolved to feature persistent strato-cumulus and fog late in the event. 

	10
	
02-02-2011 18:00 UTC
	
05-02-2011 18:00 UTC
	
3
	
0.21
	
23
	
19
	
Weak event highlights the combined effects of weak synoptic forcing, strong insolation, and snow free ground on CAP evolution. Strong NW winds penetrate to the surface to end the event.at event conclusion.
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Figure 1. Relief map showing location of PCAPS field campaign instrumentation. Green circles denote the location of Hobo® data loggers on the valley sidewalls. Purple circles denote the 7 NCAR ISFS stations. Blue circles indicate the two NCAR ISS facilities, and a red plus symbol denotes the SODAR site. Yellow circles indicate University of Utah automated weather stations (AWS), while pre-existing MesoWest surface stations are indicated with a black plus symbol. The Salt Lake International Airport is denoted as a black dot. The locations of special rawinsonde launches during specific IOPs are indicated by red triangles, while a blue plus shows the location of the LIDAR. The Hawthorne elementary school DAQ site is shown as a pink triangle. Mobile weather station transects, glider flight paths, and additional air quality monitoring locations are not shown on the map. 
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Figure 2. Photos of key PCAPS continuous and deployable instrumentation. See Fig. 2 for location of instruments. (a) NCAR integrated surface flux station (ISSFS), (b) U of U meteorological station, (c) U of U Hobo® temperature data loggers, (d) U of U Scanning doppler LiDAR, (e and f) NCAR ISS sites which included radiosonde launches, 915 and 449 MHz wind profilers, RASS, SJSU microwave radiometer (not shown), and laser ceilometer, (g) U of U mini-SoDAR, (h) U of U mobile radiosonde launch, (i) U of U mobile weather stations, and (j) instrumented motor-glider.
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Figure 3. (a) Potential temperature deficit (K) during the PCAPS period 1 December 2010 – 7 February 2011. The deficit is taken relative to the potential temperature at 2500 m MSL. Darker colors within the solid black line denote a potential temperature deficit greater than 8 K (i.e., a strong inversion). The span of each IOP is indicated by the labeled horizontal lines. The details of each IOP are included in Table 1. (b) Midnight-to-midnight (MST) daily average PM2.5 concentration measured at the Hawthorne Elementary (dark bars), Rose Park (grey bars), and Cottonwood (white bars) DAQ monitoring locations within the SLV. The National Ambient Air Quality Standard of 35 μg m-3 is indicated by the grey horizontal line.
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Figure 4. Photos of Salt Lake Valley inversions during  PCAPS. Photo credits in parentheses. (a) 14 January 2011: combined fog and pollutants (Sebastian Hoch). (b) 2 December 2010: cloud-free  deep (~700 m) polluted layer  (Chris Santacroce).  (c) 16 January 2011: Thin  surface layer (<100 m) of fog and pollution  (Jim Ehleringer), (d-f) cloudy inversions. d) 30 January 2011 (John Horel), (e) 7 January 2011  (Dave Bowling),  (f) 24 December 2010: strato-cumulus clouds associated with a deep inversion extending to near mountaintop level  (Erik Crosman). 
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Figure 5. Skew-T Log P profiles of temperature (red) and dew point (green) during various CAPs. Wind speeds and direction are plotted with height to the right of each profile (1 barb = 10 kts). (a) 0600 UTC 14 December 2010, (b) 0600 UTC 29 January 2011, (c) 0600 UTC 14 January 2011, (d) 1800 UTC 24 December 2010, (e) 1500 UTC 26 December 2010, and (f) 1800 UTC 3 January 2011. 




[image: ]
Figure 6. Time-height plot of potential temperature during IOP-5. Isentropes are indicated by contours (bold contours every 5K , light contours every 1 K). The 3-hr change in potential temperature is indicated in shading to highlight periods of warming and cooling.  The grey line at 2500 m indicates the approximate elevation of the mountain crests that enclose the Salt Lake Valley. 
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Figure 7. Boundary layer evolution during IOP-5. (a) Laser ceilometer backscatter (color scale) and potential temperature (contours, as in Fig. 6a). (b) Net radiation from ISFS-5 location. (C-E) Near-surface vector winds with colors indicating wind speed in m s-1 at (c) Parley’s Canyon, (d) ISFS-3, and (e) ISFS-7. 
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Figure 8. Displacement of CAP during strong southerly winds on  3 December 2010. Warm (cold) pseudo-front position is indicated as red (blue) lines. Station observations are indicated by circular markers and shaded to correspond to the observed air temperature. Vectors indicate wind speed and direction. The ISS site is emphasized with a bold marker.  (a) 0200 UTC 3 December, (b) 0400 UTC 3 December, (c) 0500 UTC 3 December, (d) 0600 UTC 3 December, (e) 0800 UTC 3 December, and (f) 0900 UTC 3 December.
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Figure 9. 13 December 2010 PPG flight. (a) Launch preparation, (b) PPG in flight, and (c) low-level temperature and dew point temperature  data obtained from the PPG before (ascent) and after (descent) lake-breeze frontal passage. 
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Figure 10. (a) PCAPS volunteers following a planning meeting, and,. (b) Volunteers, students, and researchers during a PPG operation.
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