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Key Unanswered Questions 

•  What role does the boundary layer structure have on PM 
formation and the chemical processes? 

•  What role do stratiform clouds have on the atmospheric 
chemistry and boundary layer mixing? 

•  Can NWP models simulate near-surface          
meteorological conditions during stable PBL? 

•  Is it time to move on from existing dimensionless flux-
gradient parameterizations to simulate the PBL mixing?  

•  Do we have enough turbulence data to make new       
empirical formulations for the RANS closure? 
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Yes! 
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Persistent Cold-Air Pool Study  

3 

(Figures from: Lareau et al., BAMS 2013) 
 

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,  X 

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).

•  Field Experiment 
•  Wintertime  
•  2 ½ Months  
•  Salt Lake Valley, Utah 
•  Multiple Upper Air and 

Surface Sites 

PCAPS field campaign (NSF: 0938397)  
C. David Whiteman (U. of Utah) 
John Horel (U. of Utah) 
Sharon Zhong  (Michigan State) 
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PCAPS Study Time Period: Winter 2010-2011 
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•  10 Intensive Observation Periods (IOPs) 
•  Brief and weak CAPs throughout Weak CAPs 
•  4 IOPs with Strong Multiday Persistent CAPs  
•  NWP Modeling – IOP3 & IOP5  
•  Air Quality Modeling – January 2011 (IOP5 – IOP9) 
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Monitoring Locations: Turbulence Data 
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NCAR EOL 
Integrated Surface  
Flux System (ISFS)  
Observation period:  
    Dec 2010 – Feb 2011 
Sensor height:  
    3m or 10m 

1 2 3
4

5
6

7

No. Site Sensor Height (m) Land Use (National Land Cover Database, NLCD) 
1 Playa 3 Barren land 
2 ABC Urban 10 Developed, high intensity 
3 Highland 10 Developed, medium intensity 
4 West Valley 10 Developed, low intensity 
5 East Slope 10 Developed, low intensity 
6 West Slope 3 Pasture/Hay 
7 Riverton 10 Cultivated Crops 

(Map from: Lareau et al. 2013) 
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Numerical Weather Prediction Model 
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§  Cloud Microphysics: Lin  
§  Longwave Radiation: Rapid Radiative 

Transfer Model 
§  Shortwave Radiation: Dudhia 
§  Cumulus Parameterizations: Kain-Fritsch  
§  Cloud Fraction Option: Xu-Randall 

Common Physics 

§  NAM 12-km analysis dataset 
§  3 Two-Way Nested Domains (finest: 480m) 
§  30 Vertical Levels (10 in first 1,000m AGL) 
§  Surface and Upper Air Nudging (OBSGRID) 
§  NLCD Land Use Classification  
 

Configurations 

Weather Research & Forecasting (WRF) v3.7.1 

72.5 km 

77
.3

 k
m

 

d03: 480m x 480m Grids 
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Sensitivity Testing: PBL, Surface Layer, LSM 

Planetary Boundary Layer, Surface Layer, Land Surface 
1. ACM2, Pleim-Xiu, Pleim-Xiu (with soil nudging)       [ACM2] 
2. YSU, Revised MM5, Noah                        [YSU] 
3. MYJ, Eta Similarity, Noah  [MYJ] 
4. MYNN, MYNN, Noah  [MYNN] 
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Surface layer model 

Land surface model 

PBL 

Exchange coefficient  
of heat and moisture 

Land-surface heat 
and moisture fluxes  

Friction (shear) stress 
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Simulated Net Radiation and Friction Velocity 
(Strong CAP – IOP5) 
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Simulated Surface Fluxes (Strong CAP - IOP5) 
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Sun et al., (in prep) 

Spatial Variability of Surface Fluxes 
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Friction Velocity (m/s) 

Sensible HF (W/m2) 
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Figure 4. 10 Statistical results of modeled (a) surface sensible heat flux (H), (b) latent heat flux (LE), (c) 
ground heat flux (G), and (d) friction velocity (u*) over the seven observation sites. The observations are 

indicated by dark solid dots. The following four colored dots, coded by the root-mean-square error (RMSE) 
in each rectangle, represent simulated values from the NAM_ACM2, NAM_YSU, NAM_MYJ, and 

NAM_MYNN case, respectively. The magnitudes of mean absolute error (MAE) are shown by circles with 
different diameters. 
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Spatial Variation of Surface Transfer Coefficient 
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Figure 8 Midday values (±3 h around solar noon) of Ch derived from PCAPs observations over the seven sites with different 741 

land-use types. The square dots and solids lines in the boxes indicate the mean and median values, respectively. The lower 742 

and upper limits of the bars represent the 25th and 75th percentiles. The whiskers represent the 10th and 90th percentiles.  743 
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                                                   𝐻 = ρ𝑐௣𝐶௛𝑈௔(𝑇௦ − 𝑇௔)               (3) 151 

                                                   𝐿𝐻 = ρ𝐿௘𝐶௘𝑈௔(𝑞௦ − 𝑞௔)            (4) 152 

where the environment variables U (m s-1), T (K), and q (kg kg-1) represent the wind speed, temperature, 153 

and specific humidity, respectively. Subscripts s and a denote the surface and air values at 2 m, 154 

respectively. ρ is the air density (kg m-3). cp represents the specific heat capacity of dry air (J kg-1 K). Le 155 

is the latent heat of vaporization (J kg-1). The dimensionless parameters, Ch and Ce, are the surface 156 

transfer coefficients, which quantify the land-atmosphere coupling strength. Ce is assumed to be equal to 157 

Ch here (Stull 2012). This assumption has been broadly applied to numerical models (Liu et al. 2013), 158 

such as the Pleim-Xiu (Pleim and Xiu 2003) and Noah (Ek et al. 2003) land surface models (LSMs).  159 

        The energy balance terms and friction velocity variations with atmospheric stability were explored. 160 

Surface turbulent fluxes are generally parameterized in surface layer schemes based on M-O similarity 161 

theory (Monin and Obukhov 1954), which describes the mean wind speed and mean temperature as 162 

functions of a dimensionless length parameter (ξ) in the surface layer. This M-O stability parameter (ξ) 163 

was used here to determine atmospheric stability. In this paper, five stability classes were defined for 164 

analysis, including very stable (ξ > 1.0), slightly stable (0.025 < ξ ≤ 1.0), neutral (-0.02 < ξ ≤ 0.025), 165 

slightly unstable (-1.0 < ξ≤ -0.02), and very unstable (ξ ≤ -1.0) (Franssen et al. 2010). ξ is formulated as: 166 

ξ = ௭
௅
= ௭௞௚ு

ିఘ஼೛௨∗య்
                (5) 167 

where z is the sensor height (m), L the M-O length (m), k the von Kármán constant (0.4), g the 168 

gravitational acceleration (m s-2), u* the friction velocity (m s-1), and T the air temperature (K). 169 

Ch Calculated from Observations  

Where: 
ρ = density 
cp = specific heat capacity 
Ch = surface transfer coefficient   
U = wind speed 
T = temperature 
s = surface 
a = 2m above surface 

Sensible Heat Flux Calculation 

Sun & Holmes, (in review) 
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Average WRF Simulated Surface Transfer Coefficient 
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Figure 8 Midday values (±3 h around solar noon) of Ch derived from PCAPs observations over the seven sites with different 741 

land-use types. The square dots and solids lines in the boxes indicate the mean and median values, respectively. The lower 742 

and upper limits of the bars represent the 25th and 75th percentiles. The whiskers represent the 10th and 90th percentiles.  743 
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WRF Surface Transfer Coefficient and Stability 
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24 
 

decreasing tendency in CH calculated from observations was well captured by the model. The 
average median observed CH during slightly stable conditions (0.025 < ζ ≤ 1.0) and very stable 
conditions (ζ > 1.0) was 1.34×10-2 m s-1 and 0.54×10-2 m s-1, respectively. All of the WRF 
scenarios generated an overestimation of CH, except for the NAM_MYJ case. The NAM_ACM2 
case produced the highest CH in almost all stability ranges under stable conditions (ζ > 0.25) 
with an average median value of 1.1 ×10-2 m s-1, which contributed to its highest positive bias in 
the simulation of H (Figure 11a). However, the underestimation of CH did not lead to a negative 
bias of H in the NAM_MYJ case. This might be related to the simulation discrepancies of 
atmospheric stability. It also questions the applicability of M-O similarity in the surface layer 
over complex terrain under stable conditions.     

 
Figure 12 Median values of surface exchange coefficients (CH) simulated from the four WRF runs and estimated 
from sonic anemometer measurements using the bulk transfer equations (Equation 8) at the DL2 site during IOP3 

and IOP5 versus the Monin–Obukhov stability parameter (ζ) bins. The x-axis tick label represents the upper limit of 
the corresponding stability bin. The lower stability bin limit is the preceding tick label. 

       The bulk transfer method used to calculate surface turbulent fluxes needs suitable functions 
for both dimensionless wind and temperature vertical profiles (ϕm and ϕh). Figure 13 presents the 
scatter plots of ϕm and ϕh in terms of M-O stability (ζ) under stable conditions calculated from 
observations, as well as four stability function curves proposed by Dyer (1974), Chenge and 
Brutsaert (2005), Lettau (1979), and Holtslag and De Bruin (1988). Readers are referred to the 
corresponding references for function details. It shows that the dimensionless gradient functions 
for ϕm performed better under slightly stable conditions (0.025 < ζ ≤ 1.0) and tend to 
overestimate ϕm under very stable conditions (ζ > 1.0). The Chenge and Brutsaert (2005) 
function gave the best predicted ϕm based on ζ under very stable conditions. The dimensionless 
temperature gradients calculated from the four stability functions underpredicted ϕh, especially 
for the slightly stable conditions (0.025 < ζ ≤ 1.0). The major underestimation of ϕh in the 
stability range of  0.025 < ζ ≤ 1.0 was also reported by Vignon et al. (2017) based on 
measurements conducted in the East Antarctic Plateau. One possible explanation for the scatter 
in ϕh is neglecting the radiation divergence impacts on temperature profiles close to the surface 
under stable conditions. The radiative divergence is mostly located near the surface, where steep 
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Flux-profile Stability Functions 
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FIRES - Modeling wildfire smoke transport Heather A. Holmes

mixing in NWP models.
Background: Numerical models use atmospheric stability to determine the turbulence regime

of the PBL and select the appropriate formulation of the turbulence model. Atmospheric stability
can be determined using the Monin-Obukhov (M -O) stability parameter (ζ), in Equation 1.

ζ =
z

LMO
, LMO =

−u3∗
κ g
To
w′θ′ (1)

z, LMO, u∗, To, w′θ′, g, and κ are the measurement height, M -O length, friction velocity, mean
surface temperature, vertical turbulent heat flux, gravitational constant, and the von Karman
constant [85, 86]. Positive values of ζ indicate a stable PBL (suppressed mixing) and negative
an unstable PBL (convective mixing) [87]. Atmospheric stability is also associated with pollutant
concentrations because it is a measure of the atmospheric mixing state [10, 88, 89].

WRF has three physics models that when coupled together simulate vertical mixing in the
atmosphere; (1) PBL parameterizations – simulates vertical mixing throughout the PBL, (2) land
surface model (LSM) – provides the surface sensible and latent heat fluxes to the PBL model, and
(3) atmospheric surface layer model – couples the PBL parameterizations to the LSM. All of these
models use gradient transport and K-theory to calculate turbulent fluxes. From gradient transport
theory, it is assumed that vertical fluxes can be expressed in terms of the vertical gradient and an
eddy diffusivity, or transfer coefficient (Equation 2). If atmospheric turbulence data are available,
the vertical momentum (u′w′) and sensible heat (θ′w′) fluxes can be determined experimentally.

u′w′ = kM
∂U

∂z
, θ′w′ = kT

∂θ

∂z
(2)

kM and kT are the eddy diffusivity for momentum and heat [86], and are modeled in WRF using
Monin-Obukov similarity theory (MOST) and empirical formulations of dimensionless flux-gradient
profile functions, where the empirical function changes based on atmospheric stability (ζ). Em-
pirical formulations of the MOST profiles come from Equation 3, with experimental data for the

turbulence parameters (u∗, θ∗=
−θ′w′
u∗

) and vertical gradients of wind (∂U∂z ) and temperature (∂θ∂z ).

φM (ζ) =
κz

u∗

∂U

∂z
, φT (ζ) =

κz

θ∗

∂θ

∂z
(3)

Then a best fit curve of the experimental data is used to obtain an equation for φM (ζ) and φT (ζ).
There are limitations in the current empirical formations of these flux-gradient profile functions
because they come from experimental data collected over flat terrain [38, 78, 79, 80, 81, 90, 91].

Proposed Work: First, the models used to simulate the land-atmosphere exchange and tur-
bulent mixing in the atmosphere will be investigated for the very unstable PBL (i.e., ζ < -5) to
improve our fundamental understanding of the atmospheric physics associated with turbulent mix-
ing. The current parameterizations were developed for a very narrow stability range (e.g., -5 < ζ <
2 [78, 79, 80, 92, 93]), but the atmospheric stability is often not within this specified range (e.g., ζ
<< -5 during summer, daytime in western Utah [94]), meaning that the parameterizations to relate
the vertical gradients to turbulent fluxes are not appropriate and must be updated. This will be
done using experimental data between 2012-2019 from existing networks, turbulent fluxes (LHS of
Equation 2 & u∗, θ∗ in Equation 3) will come from the AmeriFlux [95] network (∼15 stations in the
western U.S., for complex terrain measurements e.g., [96, 97]) and vertical gradients from balloon
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the vertical gradients to turbulent fluxes are not appropriate and must be updated. This will be
done using experimental data between 2012-2019 from existing networks, turbulent fluxes (LHS of
Equation 2 & u∗, θ∗ in Equation 3) will come from the AmeriFlux [95] network (∼15 stations in the
western U.S., for complex terrain measurements e.g., [96, 97]) and vertical gradients from balloon
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Summary 

•  In general, WRF performance depends on CAP strength and 
degrades for strong CAPs 

•  Surface exchange coefficient is typically overestimated by WRF 

•  Further investigation of flux-gradient relationship in complex 
terrain needed to improve surface layer model parameterizations 

•  Can NWP models simulate near-surface meteorological 
conditions during stable PBL? 

•  Is it time to move on from existing dimensionless flux-       
gradient parameterizations to simulate the PBL mixing?  

•  Do we have enough turbulence data to make new             
empirical formulations for the RANS closure? 
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No! 
 

Yes! 
 

No! 
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Field Experiment Wish List  

•  Surface energy balance; SHF, LHF, u* @ many locations 

•  Surface skin temperature and moisture @ many locations 

•  Vertical profiles of SHF, LHF, and TKE 

•  Vertical profiles of aerosols and nitrogen chemistry 

•  Cloud thermodynamics and mixing (entrainment) 
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