
Boundary Layer Meteorology



LES of passive scalar in a convective boundary layer
(grid size = 20 m)



Convective Clouds and the Boundary Layer





LES “visible image” 180 km x 180 km



Cloud Water Path (vertical integral)



Water Vapor Mixing Ratio at surface



(from Stevens 2005, after Arakawa 1975)

Boundary Layer Transition over Subtropical Oceans



Simulation of a Boundary Layer 
Transition

• Lagrangian simulation: SST increases 
1.5 K/day for 7 days while other 
forcings remain fixed.

• Interactive surface fluxes and radiative 
heating.

• OWN i.c., subsidence, and adective 
tendencies.
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Time-lapse video of fog in Salt Lake Valley
Jan 26 and Feb 2, 2006





THE PERSISTENT COLD-AIR 
POOL STUDY

BY NEIL P. LAREAU, ERIK CROSMAN, C. DAVID WHITEMAN, JOHN D. HOREL,  
SEBASTIAN W. HOCH, WILLIAM O. J. BROWN, AND THOMAS W. HORST

Utah's Salt Lake valley was the setting for a wintertime study of  
multiday cold-air pools that affect air quality in urban basins.

A cold-air pool (CAP), defined as a topographic depression filled with cold air,  
 occurs 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 aloft while the surrounding 
topography prevents lateral displacement and favors air stagnation. CAPs are 
common in mountain valleys during periods of light winds, high atmospheric 
pressure, and low insolation (Daly et al. 2009).

CAPs may be classified as diurnal, forming during the night and decaying the 
following day, or persistent, lasting multiple days (Whiteman et al. 2001). Diurnal 
CAPs are generally dominated by radiational cooling and are often associated with 
a surface-based temperature inversion. They accumulate in depth throughout the 
night only to be destroyed the next day by the growth of the convective boundary 
layer (CBL; Kondo et al. 1989; Whiteman et al. 2008). These short-lived CAPs have 
been studied in numerous field campaigns (Neff and King 1989; Clements et al. 2003; 
Doran et al. 2002; Whiteman et al. 2008; Price et al. 2011).

Persistent CAPs are considerably more complex and arise because of a multitude 
of atmospheric processes. At large scales, differential temperature advection and sub-
sidence modulate CAP strength and duration, while mesoscale flows and radiative, 
turbulent, and cloud processes likewise affect their evolution (Wolyn and McKee 
1989; Whiteman et al. 1999, 2001; Zhong et al. 2001; Reeves and Stensrud 2009; 
Gillies et al. 2010). When these long-lived CAPs occur within urbanized basins,   

Looking west across the Salt Lake valley during a fog and pollution filled cold-air pool on 14 Jan. 2011 (Photo courtesy of Sebastian Hoch).



stations distributed in and around the SLV. These 
data, available through MesoWest (Horel et al. 2002), 
provide observations of the spatial heterogeneity 
within the CAPs.

An air quality observation network, operated by 
the Utah Division of Air Quality (DAQ), provided 
hourly and 24-h mean measurements of criterion 
pollutants, including concentrations of PM2.5. This 
network was supplemented by a line of PM2.5 samplers 
that ran up a sloping neighborhood at the north end 
of the SLV (Silcox et al. 2012).

IOP OBSERVATIONS. Radiosondes launched from the 
NCAR ISS site provided the principal observations 
of CAP thermodynamic structure during each 
IOP. Over 115 Vaisala radiosondes were launched 
throughout the project, augmenting the 138 regu-
larly scheduled twice-daily National Weather Service 
(NWS) soundings deployed at the nearby Salt Lake 
International Airport (Fig. 1). The temporal interval 

of the ISS soundings ranged from once every 3 h 
during periods of rapid transition to once a day for 
routine monitoring of CAPs.

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 sidewall heating, canyon drain-
age flows, and partial “mix out” of the CAP during 
strong winds. In total 57, Graw radiosondes were 
deployed, significantly enhancing sampling of the 
spatial variability in CAP vertical structure.

A powered paraglider (Fig. 2j) equipped with tem-
perature, humidity, and pressure sensors was used 
on 5 IOP days to perform horizontal boundary layer 
transects and repeated vertical profiles. Some of the 
unique observations collected by the paraglider are 
described in the sidebar.

In addition to enhanced upper-air observa-
tions, surface meteorological measurements were 

FIG. 2. Photos of key PCAPS instrumentation. See Fig. 1 for location of instruments. (a) NCAR ISFS, (b) University 
of Utah automatic weather station, (c) University of Utah Hobo temperature dataloggers, (d) University of Utah 
scanning Doppler lidar, (e) and (g) NCAR ISS sites, (f) University of Utah minisodar, (h) University of Utah mobile 
radiosonde launch, (i) University of Utah mobile weather stations, and (j) instrumented motorized paraglider.
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particular subsidence inversion can be traced from 
one sounding to the next as it descended into the 
valley atmosphere during the beginning of IOP 4. 
Strong southerly winds acted over the next 2 days to 
displace and erode the CAP (Fig. 5e). At that time, 
a shallow surface-based inversion was observed 
beneath a moderately stable and mechanically 
mixed layer. Winds near the ground were light 
but exceeded 15 m s!1 immediately above the tem-
perature inversion. The resulting wind shear across 
the top of the CAP is significant during this case, 
suggesting that turbulent mixing is likely. These 
extremely shallow inversion layers are occasionally 
visually striking due to sharp vertical gradients in 
humidity and aerosols (e.g., Fig. 4c).

Multiple stable layers were observed on many oc-
casions during PCAPS (Fig. 5f, IOP 5), generally aris-
ing from two or more of the processes that control 
static stability. In this particular case, 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 mechanisms that formed these two features 
are not clear, though synoptic-scale subsidence, 
warm-air advection, and cloud-top radiative cooling 
are all potential sources.

CAP life cycle. The duration, complexity, and high 
levels of air pollution observed during IOP 5 illustrate 
the life cycle of CAPs. This particular CAP occurred 
during the quiescent interlude between two major 
storms, and both upper-level synoptic-scale and near-
surface local-scale forcing influenced its formation, 
maintenance, and breakup. The thermodynamic 
signatures of these processes are summarized in Fig. 6, 
which shows a time–height diagram of potential tem-
perature within and above the SLV as measured by a 
combination of ISS and NWS radiosondes.

FIG. 4. Photos of SLV inversions during PCAPS (photo credits are in parentheses): (a) 14 Jan 2011: combined fog 
and pollutants (Sebastian Hoch); (b) 2 Dec 2010: cloud-free deep (~700 m) polluted layer (Chris Santacroce); 
(c) 16 Jan 2011: thin surface layer (<100 m) of fog and pollution (James Ehleringer); (d) 30 Jan 2011: cloudy in-
version (John Horel); (e) 7 Jan 2011 (David Bowling): cloudy inversion; and (f) 24 Dec 2010: cloudy inversion, 
stratocumulus clouds extending to about the crest (Erik Crosman).
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METCRAX

(Meteor Crater Experiment)



METCRAX II Field Equipment!



















Meteor Crater, 22-23 Oct 2006! • Strong 30-m 
deep inversion 
on crater floor !
•  Isothermal 

atmosphere in 
remaining 75% of 
crater depth!
• Temperature 

jump develops at 
rim level!
• Crater cools 

while remaining 
isothermal!

What physical process(es) produce the isothermalcy?!



Cold air intrusions!
Conceptual model!



Conceptual model - DWF!

Downslope-Windstorm-type Flow






