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Cold Air Pool (CAP) 
Salt Lake Valley, Utah, USA 
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site description can be found in Ramamurthy and Pardyjak.31

This rural site is characterized by shrubs and grass measuring
up to 0.5 m with a fallow agricultural field situated north and
northwest of the site. The Trans-Jordan landfill is located
approximately 1 km to the northeast, and the Kennecott
Copper Mine is southwest of the site. Because the site is located
at the foot of the Oquirrh Mountains, typical diurnal wind
patterns are often observed under fair weather conditions, with
upslope (anabatic) flow during the daytime and downslope
(katabatic) flow during nighttime.32

The Kennecott site was equipped with three Campbell
Scientific Inc. (Logan, UT) CSAT-3 sonic anemometers and
thermometers, which measured three components of wind
speed and sonic temperature at a frequency of 10 Hz. The sonic
anemometers were mounted on a 15 m tower constructed over
a 2 m tall platform, with measurements at 5, 7, and 9 m above
ground level. A closed-path LICOR 7000 (Lincoln, NE)
infrared gas analyzer (IRGA) was used to monitor carbon
dioxide (CO2) and water vapor concentrations at 10 Hz. Air
was drawn into the IRGA via a 7 m long tube with the inlet
colocated with the 9 m CSAT measurement volume. A laminar
flow (Re = 375) was maintained in the tubing with a flow rate
of approximately 1.5 L min−1. Mean and turbulence quantities
from the LICOR and sonic anemometer data were computed
using a 5 min linear detrending window to determine turbulent
fluctuations. Averaged quantities were calculated over a 30 min
time period. The planar fit method by Wilczak et al.33 was used
to remove the effects of surface inclination.
Routine Monitoring Network Data. A regulatory air

monitoring network operated by the Utah Division of Air
Quality (UDAQ) and a routine meteorological monitoring
network were used to investigate pollutant mixing and to
classify the synoptic weather conditions during the experiment.
Time series data of meteorological variables such as temper-

ature, humidity, wind speed, and direction and twice-daily
rawinsonde soundings from Salt Lake City International
Airport (1288 m above sea level) were used in the analysis.
Ambient air quality observations were collected by UDAQ and
accessed through the EPA Air Quality System (AQS)
monitoring network.34 The PM data from the air quality
monitoring stations used in this paper were obtained using two
data collection methods. Mean daily PM2.5 concentrations
(midnight to midnight MST) were collected on filters using the
Federal Reference Method (FRM). Additionally, hourly PM2.5
concentrations were obtained using a Federal Equivalent
Method (FEM) with a filter dynamics measurement
systems−tapered element oscillating microbalance (FDMS−
TEOM) with an inlet heated to 30 °C. The hourly
concentrations are shown in Figure 2 but are not used
quantitatively in the Results section because the heated inlet
TEOM measures lower PM mass concentrations than the FRM
due to losses from volatile compounds.35

■ RESULTS
Comparison of Noncloudy and Cloudy Cold Air Pools.

A total of two 5 day long CAPs occurred during February of
2004, the first (CAP1) being from February 12 to February 16
and the second (CAP2) being from February 20 to February
24. Environmental conditions for the two CAPs are shown in
Figure 3. These CAPs were separated by a mix-out (February
17−19) associated with low-altitude warm air advection
followed by the passage of a cold front.36 Surface wind speeds
were weak during both CAP episodes, with variable wind
directions. A temporal increase in atmospheric stability
occurred within both CAPs, driven primarily by warm air
advection aloft, as indicated by increases in potential temper-
ature in the upper valley atmosphere at 2200 m MSL. Stability

Figure 2. Map showing monitoring locations in Northern Utah. Time series of hourly (line) and 24 h (bar) PM2.5 concentrations during the month
of February 2004 consisting of two cold air pool periods and one mix-out period. Note: Hourly data from the UDAQ filter dynamics measurement
systems−tapered element oscillating microbalance with a 30 °C inlet in Salt Lake City, Hawthorne site and 24 h concentrations are averages of the
hourly FEM data. Photo images are copyright Tim Brown and time-science.com. Map data are copyright Google, 2015.
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Wintertime Air Pollution: Cold Air Pool 

•  Stable atmospheric boundary layers  
•  Decrease in boundary layer height  
•  Inhibited mixing  
•  Leads to an increase in pollutant concentrations!  
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13 Feb 2004 (CAP) 21 Feb 2004 (CAP) 18 Feb 2004 (Mix Out) 
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Particulate Matter: Observations vs. Model 

4 

CAP CAP 

Holmes et al., ES&T, 2015  
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Objectives and Hypotheses 

Objectives 
•  Quantify surface fluxes during wintertime CAPs 

Holmes, H. A., Sriramasamudram, J. K., Pardyjak, E. R., & Whiteman, C. D. (2015) 
Environmental science & technology, 49(22), 13206-13214. 

•  Compare obs to numerical weather prediction (NWP) results  
•  Use NWP results in chemical transport model 

Hypotheses 
•  Modeled will over estimate surface fluxes compared to 

observations during all time periods 
•  NWP model will not predict the decrease in atmospheric 

turbulence during wintertime CAPs 
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Approach 

•  Measure turbulence and surface fluxes using a fast 
response sonic anemometer 

•  Use NWP model to simulate meteorological conditions  

•  Sensitivity testing of planetary boundary layer (PBL) and 
land surface model (LSM) schemes in NWP 

•  Collect PM2.5 mass concentrations form regulatory 
monitoring networks in northern Utah 

•  Model air quality using a chemical transport model to 
investigate air pollution concentrations 
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Numerical Weather Prediction Model 

Weather Research & Forecasting (WRF) v3.7.1 
§ NCEP North American Regional Reanalysis: 32km 

§ 3 Nested Domains: 12km, 2.4km, 480m 

§ 30 Vertical Levels: 10 in first 1,000m AGL 

§ Surface and Upper Air Nudging: OBSGRID 
–  Surface: T, u, v, q  

–  Vertical, all levels: u, v  

–  NCEP ADP surface and upper air weather data 

§ Land Use Classification: USGS 24-category data 

7 
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WRF Physics Options 

§ Cloud Microphysics: Lin  
§ Longwave Radiation: Rapid Radiative Transfer Model 
§ Shortwave Radiation: Dudhia 
§ Cumulus Parameterizations: Kain-Fritsch  
§ Cloud Fraction Option: Xu-Randall 
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Sensitivity Testing: PBL, LSM, Surface Physics 

Planetary Boundary Layer, Surface Physics, Land Surface 

1. ACM2, Pleim-Xiu, Pleim-Xiu (with soil nudging)           [PLX] 

2. YSU, Monin-Obukhov Similarity, Noah                        [YSU] 

3. MYJ, Monin-Obukhov Janjic Eta Similarity, Noah  [MYJ] 

4. BouLac, Monin-Obukhov Similarity, Noah  [BLC] 

 
Combination based on what the PBL model        
developers intended the configuration to be! 
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Wind Speed 
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Temperature and Humidity 
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Vertical Profiles: Dry CAP 
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13 February 2004 
•  Surface based inversion 
•  Snow on ground 
•  No clouds 
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Vertical Profiles: Cloudy CAP 
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21 February 2004 
•  Surface mixing + elevated inversion 
•  No snow on ground 
•  Layer of stratus clouds 
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Particulate Matter Accumulation 
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Holmes et al., 2015  

Two Persistent Cold Air Pools 
 12-16 February (CAP1), Dry CAP [12.3 µg m−3 day−1] 
 20-24 February (CAP2), Cloudy CAP [9.6 µg m−3 day−1] 
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Sensible and Latent Heat Fluxes 
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Sensible Heat Flux  

CAP versus non-CAP 
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Latent Heat Flux  

CAP versus non-CAP 
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Summary 

•  Elevated PM during wintertime in complex terrain is due to 
both physical and chemical processes in the atmosphere 

•  WRF captures the mesoscale CAP formation, but does not 
capture the microscale physics 

•  CAP surface fluxes are over estimated in simulation results 

•  Sensible heat flux during non-CAP agrees better with obs 

•  Simulation results do not capture the cloudy CAP event, 
likely due to fog issues in the mesoscale model 
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Future Work 
§  Plot friction velocity data 
§  Investigate surface heterogeneity differences 
§  Sensitivity of PBL/LSM in chemical transport model 
§  Simulate more recent time periods (e.g., PCAPS) 
§  Incorporate improved land use data form MODIS 
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