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Abstract 

The transition from the convective boundary layer during the daytime to the stable 

stratified boundary layer during nighttime after sunset plays an important role in the 

transport and dispersion of atmospheric pollutants. However, our knowledge regarding 

this transition and its feedback on the structure of the subsequent nocturnal boundary 

layer is still restricted. This also prevents forecast models from accurate prediction of the 

onset and development of the nighttime boundary layer, which determines the 

redistribution of pollutants within the nocturnal surface layer and the residual layer aloft.  

Turbulence in the stable nocturnal boundary layer is generally weak and typically 

characterized by intermittent bursts of activity. It often exists in isolated layers generated 

primarily from localized shear instabilities. As a result, turbulence is rarely in equilibrium 

with the conditions of the underlying surface. Given the layered structure of the nocturnal 

boundary layer, the spatial and temporal characteristics of turbulent activity can have a 

significant effect on local air quality at hourly to diurnal scales. In a case study using 

Large-Eddy Simulation was found a weak, but noticeable nighttime-turbulent kinetic 

energy produced by wind shear in Houston’s planetary boundary layer (PBL). This may 

likely be related to observations made at the UH Moody Tower on at least two Vertical-

Mixing-Experiment days, when peaks of carbon monoxide occurred in the evening, while 

the variability in wind conditions was very little. This supports a hypothesis of 

intermittent turbulence acting in the concentration of pollutants measured at the UH 

Moody Tower air-quality station 

The overall goal of this study was to improve the current understanding of 

dynamical processes of the diurnal cycle of the PBL that impacts the vertical distribution 
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of pollutants, with particular attention to the representation of the late afternoon in 

meteorological and air-quality models. This goal was assessed throughout the sensitivity 

analysis of a more realistically representation of diffusion process during the decay of the 

convective boundary layer, typical of the evening transition, in a widely-used weather 

and air quality forecast model (WRF/Chem). Improvements in O3 precursors were 

possible without a significant increase in complexity or computer time. 
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Chapter 1 

 

1. Introduction 

 

The planetary boundary layer (PBL) is a crucial layer of the earth’s atmosphere 

because it controls the transfer of heat, humidity, momentum, and trace gases between the 

surface and the atmosphere. As PBL is the largest sink of turbulent kinetic energy (TKE) 

of the atmosphere and most pollutants are emitted or chemically produced within this 

layer. The mean and turbulent characteristics of the diurnal evolution of PBL play an 

important role in determining pollutant-dispersion pathways and the chemical properties 

of atmospheric pollutants (Zaveri et al., 1995). 

An important PBL process occurs shortly before sunset when the radiative 

cooling of the surface layers results in the development of a stable stratification of the 

boundary layer; consequently a thermally stable boundary layer (SBL) close to the earth’s 

surface develops. Gradually, this layer becomes decoupled from the upper portions of the 

boundary layer and a residual layer (RL) remains aloft. Throughout the analysis of Large-

Eddy Simulation (LES) results Sorbjan (1997) showed that in the RL, the turbulence 

often persists and is characterized to a greater extent by larger-scale updrafts than midday 

eddies. Thus, the nocturnal boundary layer (NBL) may range from fully turbulent to 

intermittently turbulent or even non-turbulent conditions at a variety of heights, temporal 

scales and spatial locations. Its structure is primarily determined by complex interactions 
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between the static stability of the atmosphere and those processes that govern mechanical 

generation of turbulence, such as wind shears from synoptic or terrain induced flows or 

low-level jets (Stull, 1988).  

Most of the PBL studies focused on daytime, when unstable or neutral conditions 

are usually found (Kaimal et al. 1976; Mahrt and Lenschow 1976; Stull 1988; Moeng and 

Sullivan 1994; Cuijpers and Holtslag 1998), or on nighttime, when a stable atmosphere is 

commonly observed (Nieuwstadt 1984; Garrat 1992; Debyshire 1990; Cuxart et al. 2000; 

Beare 2006b). Similarly, the main efforts of the science community in air quality 

monitoring and research worldwide were placed on daytime surface air pollution. 

Conversely, the vertical and horizontal transport processes operating at night have 

received significantly less attention. Nevertheless, some research efforts suggest that 

processes operating in three dimensions throughout the NBL may have a significant 

impact on near-surface pollutant concentrations (Neu, 1995). Even less attention was 

given to the transition from the mixed convective boundary layer (mid-afternoon) to a 

residual layer overlying a stably-stratified boundary layer after sunset. This transition to 

the RL and SBL plays an important role in the transport and diffusion of trace 

constituents within the NBL. However, there is evolving knowledge of specific PBL 

processes which can be grouped into two main fields: the theoretical application of 

turbulence concepts for numerical simulation of PBL characteristics, and intensive field 

campaigns to describe PBL conditions.    

Both nighttime and daytime periods have been relatively well modeled for 

stationary PBL conditions, even if some issues remain open such as moist convection, 

flow over complex terrain, and high winds over the ocean (Angevine, 2008; Cuxart, 2008; 
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and Holstlag et al., 2013). The evening transition is defined in different ways within the 

scientific community; some researches define it as an instantaneous process (e.g., 

Caughey et al. 1979; Grant 1997; Beare et al. 2006), while others treat the transition as a 

longer process of a few hours (e.g., Mahrt, 1981). The widely used definition for the 

evening transition considers the time around sunset when the surface heat flux shift to 

negative values. Nevertheless, the evening transition places an extra challenge for both 

observation and modeling due to inherent transience. Its processes have been studied 

since the first decades of the twentieth century, when Taylor (1917) reported that strong 

nocturnal cooling occurs only under weak, non-turbulent winds and hence, turbulent 

decay at night would not occur if a cloud deck kept the surface warm. A few years later, 

Richardson (1920) made a turbulent kinetic budget analysis and his comparison between 

the shear production and buoyancy destruction during the early evening transition led him 

to the development of the Richardson index for instability. Grant (1997) presented an 

observational study using a tethered-balloon system which provided data at several height 

levels on three consecutive evenings in August 1990 at Cardington, England. Based on 

the observation made on tethered-balloon, Grant showed that during the evening 

transition the peak of the vertical velocity spectra shifts to smaller length scales in the 

surface layer, and remains steady above. Additional observation-based analyses were 

provided by Acevedo and Fitzjarrald (2001), who obtained observational features (such 

as an abrupt decay in the wind velocity, the occurrence of jumps in the specific humidity, 

and drops in the surface temperature) using a dense mesonet in the region of Albany, 

New York. Acevedo and Fitzjarrald (2001) concluded that in fair weather with clear skies, 

the relatively high variability of state variables during the first few hours after sunset can 
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be considered as a definition of the evening transition. Grimsdell and Angevine (2002) 

defined two types of evening transitions analyzing the behavior of the CBL (derived from 

wind profiler reflectivity data) with respect to the depth of the layer with significant 

amount of turbulence (derived from doppler spectral width data). Grimsdell and 

Angevine (2002) defined that the afternoon transition starts when the turbulence begins to 

decay at the top of CBL or the time when the CBL top starts to descend. However, more 

recently, Angevine (2008) showed that there may be only one type of transition formed 

by a CBL decrease and a residual inversion.  

Using data from the Wangara experiment in Australia 1967, Deardoff (1974a, b) 

presented the pioneering work of Large-Eddy Simulation (LES) to describe the transition 

from a neutral to a convective PBL. However studies in subsequent years mainly 

concentrated on LES studies of the convective boundary layer under “quasi-steady” 

conditions and constant surface fluxes. Nieuwstadt and Brost (1986) were the first to 

perform a LES of a turbulence decay assuming an abrupt shut-off of the surface flux. 

Similarly, Sorbjan (1997) assumed a more realistic scenario, in which the surface heat 

flux would not decrease abruptly, but gradually in response to the decreasing sun 

elevation. Goulart et al. (2007) developed a theoretical model looking at the TKE decay 

in order to understand the complexity of the turbulence behavior during the transition. 

Shaw and Barnard (2002) use Direct Numerical Simulation (DNS) and observations to 

investigate the decaying turbulence in the atmospheric boundary layer. Shaw and Barnard 

(2002) highlighted that organized convection persisted in the decaying CBL when the 

buoyancy flux at the surface became negative, and a nocturnal inversion was being 

developed near the earth’s surface. Edwards et al. (2006) studied the evening transition 
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using observations at Cardington, England, and accompanying LES and Single-Column 

Modeling (SCM). Edwards et al. (2006) pointed out the importance of considering 

synoptic and mesoscale conditions to obtain a reasonable agreement between 

observations and numerical weather prediction.   

The evolution of the PBL and its influence on the pollutant distribution has been 

observed since 1950 (Vilà-Guerau de Arellano et al, 2004, 2009; Casso-Torralba et al., 

2008). The morning and afternoon transition and its importance for the exchange of 

species, for example CO2 and isoprenes, was studied by Vilà-Guerau de Arellano et al., 

2004, 2009; Casso-Torralba et al., 2008; Gorska et al. 2008. More recently, Carvalho et al. 

(2010) simulated the characteristic patterns of the dispersion during sunset PBL using a 

diffusion equation derived from the Langevin stochastic particle model, and showed that 

the diffusion effects associated with decaying convective eddies strongly influence the 

dispersion of scalars during the evening transition. 

In the RL, the concentrations of pollutants are known to play an important role in 

the characteristics of diurnal cycles of surface photochemical pollutants (Hastie et al., 

1993; Zaveri et al., 1995; Beyrich et al., 1996; Zhang and Rao, 1999). At dawn, following 

the breakdown of the stable NBL and resulting entrainment of the RL, pollutants stored 

in the RL during the night become well mixed into the daytime CBL. As a consequence, 

in regional chemistry-transport models, the selection of an adequate PBL diffusion 

parameterization plays a fundamental role to evaluate the pollutants concentration in the 

atmosphere. Therefore, the efficiency of each approach, to reproduce correctly the 

pollutants concentration field, depends on the method in which turbulent parameters are 

related to dynamic and thermodynamic properties of the PBL. For instance, Byun et al. 
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(2007) showed that different vertical diffusion mechanisms in Community Multiscale Air 

Quality Model (CMAQ) and the Comprehensive Air quality Model with extensions 

(CAMx) can substantially influence O3 simulations in Texas.  

A few studies investigated the nighttime O3 vertical structure in the NBL, from 

the surface up to a few hundred meters. It is well-known that due to the very limited 

mixing in the stable NBL, O3 typically has a minimum at the ground due to dry 

deposition and NO titration and features a positive gradient throughout the nocturnal 

boundary layer (Pisano et al., 1997; Güsten et al., 1998; Stutz et al., 2004; Geyer and 

Stutz, 2004; Brown et al., 2007; Pugh et al., 2011). The development of the PBL in the 

morning plays an important role in modulating the daytime O3 in the boundary layer. 

Vertical mixing may brings O3 from the RL left over from the previous day down to the 

boundary layer (Zhang and Rao, 1999). So, the investigation of the nighttime O3 vertical 

structure throughout the NBL would help the forecasting of air quality in daytime 

boundary layer. Athanassiadis et al. (2002) discussed uncertainties in estimating the 

daytime mixing height of the atmospheric boundary layer in the Penn State/NCAR 

Mesoscale Model Version 3.3 (MM5V3) output and its impacts on O3 predictions. They 

further concluded that downward mixing of O3 trapped overnight in the RL in the early 

morning hours strongly influenced the daytime O3 peak concentrations. Brown et al. 

(2007) identified the stratification of the NBL as an important factor due to its impacts on 

the dispersion of nitrogen oxide emissions.  

Thus, a better representation of evening transition characteristics in both, 

numerical weather prediction (NWP) and air quality model (AQM) simulations, will 

further help to understand the interaction between advection of pollutant storage in the 
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RL with turbulent mixing process, and its impact on the next day O3 predictions in air 

quality models. 

 

1.1 Motivation and Objectives of the Study 

 

The overall goal of this study is to improve the current understanding of 

dynamical processes of the diurnal cycle of the planetary boundary layer (PBL) that 

impacts the vertical distribution of pollutants, with particular attention to the 

representation of the late afternoon in meteorological and air quality models. Critical 

questions concerning the dynamical complexity of the late afternoon PBL are still not 

fully explained, which eventually inhibits our capability to predict more accurately the 

concentration of pollutants in regional air quality models. Despite its complexity, the 

PBL has received only little attention at regional and global scales and has been usually 

modeled with simplified schemes. There are still large discrepancies between models and 

observations (e.g., Jankov et al. 2005; Stensrud 2007; Hacker 2010; Hu et al. 2010; 

Nielsen-Gammon et al. 2010). However during last years, the numerical simulation has 

significantly improved the representation of the PBL (e.g., Hong, 2004; Pleim, 2007; Hu 

et al. 2013). 

In recent years, the use and capability of numerical tools (e.g, LES, SCM, 

mesoscale model etc) to support observational data has grown and allowed the analysis of 

important process in the PBL in different stability regimes (e.g., Kosovic and Curry 2000; 

Edwards et al., 2006). For this reason the present study uses a combination of 

observations and model simulations to assess an important process that still remains 
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unsolved today and deserves attention due to the associated impact on the environment, 

the evening transition linked with the PBL diurnal cycle. In this work the characteristic 

patterns during this transition period were simulated in three distinct simulation 

approaches using the Weather Research and Forecast (WRF) model: SCM, LES, and 

Weather Research and Forecast with chemistry (WRF/Chem). The WRF was chosen for 

this work for being a state-of-the-art multiscale air quality and weather prediction model, 

open source, and flexible to test new findings in community science. 

Previous research in the Houston area (Morris, et al., 2010) has shown the 

importance of the residual layer characteristics for the dispersion of pollutants during the 

nighttime and subsequent daytime PBL. To date, no study has attempted to simulate the 

effects of the residual layer during the evening transition (typically characterized by the 

convective decay of mixed layer) in numerical weather prediction and air quality models. 

In this dissertation, I applied and validated a set of eddy diffusivity equations to study the 

dispersion of pollutants caused by evolving turbulence during the transition process 

around the sunset period. Specifically, a set of eddy diffusivity equations, proposed by 

Carvalho et al. (2010), added to the WRF Yonsei University (YSU) PBL scheme to better 

represent the shear dominated SBL (near the ground) and the convective decay 

turbulence aloft during the evening transition. The combination of observational data 

with supplementary information from three different simulations (SCM, LES, and a 

mesoscale model) provided an integrated approach to assess the performance of WRF in 

simulating the PBL evening transition, and also evaluate the alternative set of equations. 

Thus, this study does not only evaluate the mixing processes in numerical models, but 

also suggests the implementation of an alternative set of eddy diffusivity equations to 
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better represent the gradual convective decay characteristic of NBL in numerical models. 

More specifically, this dissertation assesses the interaction between advection and 

pollutant storage in the residual layer, and its impact on the next day O3  predictions in air 

quality models. 

Ultimately, the processes that occur during the afternoon transition and their 

impacts on the chemical compounds transport and diffusion, and the initial conditions for 

the next nocturnal stable boundary layer have further impact and applications in air 

quality, wind energy and in numerical weather prediction. 

 

1.2   Dissertation Overview 

 

In chapter 2, the evening transition of the day 33 of the Wangara experiment has 

been investigated using an idealized Weather and Research Forecasting simulation at 

different scales. Also, a modification in the eddy diffusivities equation in the YSU PBL 

scheme was evaluated. In chapter 3, the capability of the Weather Research and Forecast 

– Large-Eddy Simulation model was assessed to simulate the structure of the planetary 

boundary layer in the Houston area. In addition, a regional Weather and Research 

Forecasting simulation was performed to analyze potential differences in meteorology 

between two locations inside Houston area. In chapter 4, a sensitivity analysis study of 

Weather Research and Forecast model with Chemistry was realized, employing a 

modification in the calculation of the eddy diffusivities in the Yonsei University 

planetary boundary layer scheme. 
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Chapter 2 

 

Single-Column model and Large-Eddy Simulation of the evening 

transition in the planetary boundary layer 

 

 

2.1   Introduction 

 

 The atmospheric boundary layer over land surface displays a well pronounced 

diurnal cycle. During daytime, surface heating generates positive sensible heat flux from 

the surface, resulting in an unstable and well-mixed convective boundary layer (CBL). 

Shortly before sunset radiative cooling of the surface layer results in the development of 

stable stratification of the planetary boundary layer (PBL). As a consequence a thermally 

stable boundary layer (SBL) close to the earth’s surface evolves. With time, this layer 

becomes decoupled from the upper portions of the boundary layer (BL) and a residual 

layer (RL) remains aloft (Stull 1988).The mean and turbulent characteristics of the 

diurnal cycle of the PBL play an important role in determining the transport, storage and 

dispersion of atmospheric pollutants, especially close to the earth’s surface and within the 

residual layer. 

 The evening transition, i.e. when daytime PBL turns from a CBL to a SBL, 

is perhaps less understood than the morning transition, and even the definition of the 
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boundary layer during these transitional periods is unclear. However, it plays an 

important role in complex atmospheric phenomena such as transport and diffusion of 

trace constituents. Its processes have been studied since the first decades of the twentieth 

century, when Taylor (1917) reported that strong nocturnal cooling occurs only under 

weak, non-turbulent winds and hence, turbulent decay at night would not occur if a cloud 

deck kept the surface warm. A few years later, Richardson (1920) made a turbulent 

kinetic budget analysis and his comparison between the shear production and buoyancy 

destruction during the early evening transition led him to the derivation of the Richardson 

index for instability. Mahrt (1981) approached the evening transition problem through the 

result of the Wangara experiment, which was performed in Australia in 1967 and focused 

on the diurnal variation of meteorological variables in fair weather. Grant (1997) 

presented an observational study using a tethered-balloon system which provided data at 

several height levels on three consecutive evenings in August 1990 at Cardington, 

England. Additional observation-based analyses were provided by Acevedo and 

Fitzjarrald (2001), who obtained some observational characteristics of the transition 

period using a dense network of automated weather stations in the region of Albany, New 

York. Acevedo and Fitzjarrald noticed that in fair weather with clear skies, the specific 

humidity increases, and the surface temperature drops, accompanied by an abrupt decay 

in wind velocity. This relatively high variability of state variables during the first few 

hours after sunset can be considered as a definition of the evening transition. Grimsdell 

and Angevine (2002) used wind profiler reflectivity and Doppler spectral width data to 

characterize the evening transition in Illinois. Brazel et al. (2005) used observational data 

obtained from surface weather stations in Phoenix, Arizona to investigate the time lag in 
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the evening transition after local sun down and the flow characteristics of a 

topographically complex region. Edwards et al. (2006) studied the evening transition 

using observations at Cardington, England, and applying large-eddy simulation (LES) 

and single-column modeling (SCM). In their work Edwards et al. pointed out the 

importance of considering synoptic and mesoscale conditions to obtain a reasonable 

agreement between observations and numerical weather prediction (NWP), when using 

the SCM mode. Also, Edwards et al. suggested a more rapid decay of the diffusivities 

with height for PBL parameterizations. Recently, the work performed by Sastre et al. 

(2012) tested the ability of three PBL parameterizations (Mellor–Yamada–Janjic Scheme 

[MYJ], Quasi–normal Scale Elimination Scheme [QNSE], and Mellor–Yamada 

Nakanishi Niino [MYNN]) of the Weather Research and Forecasting Advanced Research 

(WRF-ARW) to reproduce the evening transition, and identified three types of transitions 

depending on the intensity of Turbulent Kinetic Energy (TKE). 

 Over the past decades, a better understanding of some of the complex PBL 

phenomena has been achieved using LES as a tool to explore different regimes of the 

boundary layer by generating high-resolution four-dimensional turbulence data. For 

instance, the representation of moderately stable regimes using LES was often considered 

a challenge, but is now reasonably well represented (Kosovic and Curry 2000; Beare et al. 

2006a; Edwards et al., 2006). Based on LES results modifications such as explicit 

treatment of the entrainment process, vertically varying Prandtl number and mixed-layer 

velocity scale, and non-local mixing (e.g. Noh et al., 2003) have eventually been 

implemented into the widely used K-profile PBL parameterization (Troen and Mahrt, 

1986) .  



13 

 

 

 

 

 

 Without the interference of the atmospheric three-dimensional dynamics, 

SCMs are useful tools to evaluate parameterization schemes and problems related to the 

representation of physical processes (e.g., cumulus parameterization, land surface 

interaction, turbulence in PBL, etc.) in NWP models. Recently SCM studies have been 

carried out to analyze the PBL with respect to different stability regimes. Sharan and 

Gopalakrishnan (1997) compared five closure schemes, including local and non-local 

closures, using the Cabauw (Netherlands) and EPRI-Kincaid site (United States) 

observations. They highlighted that the mesoscale model diffusion problem under SBL 

conditions can be better treated using the classification based on wind intensities than the 

widely used weakly, moderately, and strongly SBL classification. Cuxart et al. (2006) 

found a large scatter of parameterization results of the stably stratified atmospheric 

boundary layer in a model intercomparison study. Edwards et al. (2006) used a single-

column model to simulate the evolution of the PBL through the evening transition and the 

early hours of the night in Carlington (United Kingdom). They emphasized the 

importance of the synoptic situation when using a single-column model in the context of 

numerical weather forecast. Steeneveld et al. (2006) analyzed the prediction of the stable 

boundary layer over land surface for three contrasting nights in CASES-99. They found 

that the vertical structure, the surface fluxes (apart from its intermittent character) and the 

surface temperature in the SBL can be modeled for a broad stability range. Mauritsen et 

al. (2007) presented numerous large-eddy simulations, including a wide range of neutral 

and stably stratified cases to formulate a turbulence closure for neutral and stratified 

atmospheric conditions. Baas et al. (2010) formulated a methodology to compare a 

single-column model with observed low level jets using the European Centre for 
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Medium-Range Weather Forecast (ECMWF) model. Kumar et al. (2010) investigated the 

impact of surface flux formulations and geostrophic forcing in the diurnal cycle of the 

PBL using LES. More recently, Bosveld et al. (2014) performed a single-column model 

intercomparison using the Cabauw observatory archive, and focused on the diurnal cycle 

of PBL models. All of the studies mentioned above guided improvements for PBL 

parameterizations, not only using simplified forcings but also complex realistic forcings, 

which facilitate the comparison with the observation.  

 In summary, open questions remain about the dynamic and turbulence 

structure of the evening transition. The goal of this work is to provide an integrated 

approach combining observational data with supplementary information provided from 

LES to assess the performance of the Weather Research and Forecasting (WRF) model in 

simulating the PBL evening transition. To address this objective, first the sensitivity of a 

non-local closure, widely used PBL scheme (Yonsei University - YSU) was evaluated for 

the clear sky condition of day 33 of the Wangara case study. Because LES provides 

properties of the flow which are not visible in observed data, the LES mode is a helpful 

tool to represent characteristics of the boundary layer in the PBL parameterization. 

Likewise SCM helps to point out potential common biases of the model that is hard to 

capture with a full general circulation model. Lastly, we tested an alternative set of eddy 

diffusivity equations, proposed by Carvalho et al. (2010), added to the WRF Yonsei 

University (YSU) PBL scheme to better represent the shear dominated SBL (near the 

ground) and the convective decay elevated turbulence (aloft) during the evening 

transition. We discuss how the model results using the YSU PBL scheme compare to the 

LES model, and to the alternative parameterization.   
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 This paper is organized as follows. The description of the SCM and LES 

using WRF and the methodology used in this work for the two distinct model 

configurations are described in section two. We discuss the different surface 

representations in the experiment in section 2.1. The ability of a widely used PBL scheme 

in the WRF model to simulate the evening transition period is compared with LES and 

observations in section 2.2. In section 2.3 a brief description of the alternative set of eddy 

diffusivity equations added to the YSU PBL scheme along with results is presented. 

Finally, conclusions are compiled in the last section. 

 

2.2   Methodology 

 

2.2.1 The day 33 of Wangara experiment 

 

The Wangara boundary layer experiment (Clarke et al. 1971) took place at a large 

flat and vegetation-free site near Hay, Australia (34º30’ S, 144º56’ W) from 15 July to 27 

August 1967. The meteorological observations included vertical profiles of wind, 

temperature, and mixing ratio; surface geostrophic, and surface to 2 km thermal winds; 

and micrometeorological profile measurements. The radiosondes collected potential 

temperature and wind data every 50 meters from the surface up to 1 kilometer (km) 

above ground level (agl), and every 100 meters above 1 km up to 2km agl. Observational 

data of days 33 to 35 of the experiment have been commonly used to evaluate one-

dimensional PBL numerical prediction models. In our study, the results from SCM and 

LES are analyzed for one day, August 16, the so called day 33 of this experiment. This 
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period was characterized by cloudless skies, very little horizontal advection of heat and 

moisture, and no influence of synoptic frontal influence within 1000 km. Furthermore, 

the daytime PBL was highly convective and capped at approximately 1000 meters (m) 

agl by a well-defined stable layer. The sunrise was at 07:12 local time (LT) and the 

sunset was at 17:45 LT. Hence, these conditions satisfy the one-dimensional PBL model 

assumptions, which include stationary synoptic situation, clear skies and the absence of 

fog. All results focused on the evening transition of the day 33 between 9 LT and 21 LT. 

 

2.2.2 Sensitivity analysis using Single-Column Modeling (SCM) 

 

The WRF model is a weather prediction system designed to serve for both 

atmospheric research and operational forecasting needs (www.wrf-model.org). WRF is 

being used to study atmospheric dynamics and land-atmosphere interaction at various 

scales. The WRF physics options comprise several categories, each containing several 

choices. The physics categories include microphysics, cumulus parameterization, 

planetary boundary layer, land-surface model, and radiation. Thus, the WRF model is 

suitable to study the phenomena in the Earth’s atmosphere at a wide variety of scales. 

The SCM is the single-column version of the Weather Research and Forecast 

(WRF-SCM) model. WRF-SCM is a one-dimensional stand-alone implementation of the 

standard WRF release (Hacker et al., 2007; Skamarock et al., 2008). Solving the same 

conservation equations for mass, momentum, energy, and moisture in the atmosphere, the 

WRF-SCM runs on a 3 x 3 stencil with periodic lateral boundary conditions in x and y. 

The WRF-SCM experiments have been configured as follows. The simulations are 
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initialized at 09 LT, August 16, 1967 and the integration time is 12 hours. The observed 

vertical profile of potential temperature, u and v component of the wind, and water vapor 

mixing ratio were used as initial condition (Figure 2.1). The full dynamical evolution of 

the synoptic conditions cannot be represented in SCM simulation. One common strategy 

used in this work is to specify the geostrophic wind (Figure 2.1). As highlighted by 

Bolsved et al. (2014) the geostrophic wind is an important variable that affect the 

structure of SBL.  The observational data available for the Wangara experiment are not 

sufficient to initialize the SCM, because it is limited to the heights below 2 km m agl. 

Thus, we needed to prescribe the initial profiles using observations up to 2 km agl 

(Clarke et al. 1971) and adding output from the WRF forecasting model for layers aloft. 

Note that we compared observations up to 2 km agl with the WRF output for consistency 

(not shown), and based on the reasonable agreement we did not perform any additional 

adjustment.  

 

(a) 

 

(b) 

 

(c) 

 
Figure 2.1. Initial mean condition for Wangara: (a) Potential temperature, (b) 

water vapor mixing ratio, and (c) u-v component and geostrophic wind. 

 

According to the information provided by Clarke et al. (1971) the area of the 

Wangara experiment was a flat land covered predominantly by very sparse grass, with 
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occasional patches of low shrubs. Thus, the land use and soil properties data used in this 

SCM simulation was chosen based on Clarke et al. and previous work by McNider and 

Pielke (1981). The surface properties were based on the United States Geological Survey 

(USGS – 33 categories) that provided values for parameters like roughness, emissivity, 

albedo, etc. Also described by Clarke, all terrain heights are equal and set to 92.8 m 

above sea level (asl).  

Usually, in standard forecast simulations the number of vertical grid level of 

range from 20 to 40 vertical grids up to ~12 km agl, with 10-15 levels within the first 2 

km agl. For this study we decided to use a highly resolved vertical grid of 80 levels up to 

the total model height of 12 km agl. The WRF model levels follow the terrain, and the 

lowest model levels near the ground are located approximately at 28, 57, 86, 117, and 

148 m agl. The time step is 10 minutes. An idealized simulation (i.e. no consideration of 

full dynamical evolution of the synoptic situation) was configured to investigate the 

ability of a non-local closure PBL scheme (Yonsei University - YSU) to represent the 

evening transition of day 33 of the Wangara experiment. This PBL scheme was chosen 

because it is a well documented and widely used PBL scheme for both, WNP and AQM. 

The physics parameterization for the experiment include the WRF Single Moment 3-class 

scheme microphysics (Hong et al. 2004), the rapid radiative transfer model (RRTM) long 

wave radiation (Mlawer et al. 1997), the Dudhia shortwave radiation scheme (Dudhia 

1989), the unified Noah land-surface model (LSM) (Tewari et al. 2004), and the 

Pennsylvania State University / National Center for Atmospheric Research mesoscale 

model (MM5) similarity scheme (Paulson 1970; Dyer and Hicks 1970; Webb 1970; 

Zhang and Anthes 1982). The characteristics of the SCM are listed in Table 2.1. 
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Table 2.1. Parameters in the WRF-SCM Wangara experiment simulation 

Simulation time  

Geographic coordinate 

16 August 1967 - 09 LT  

34.5ºS ; 144.93ºE 

Coriolis parameter -0.82 x 10-4s-1 

Total column height 12 km 

Time step 60 s 

Vegetation fraction 0.14 

Land use index Mixed Shrubland/Grassland 

Soil type Loam 

Surface albedo 0.22 

Emissivity 0.93 

Roughness length 0.01 m 

Terrain height 92.8 m 
 

 

2.2.3 The Large Eddy Simulation (LES) 

 

The WRF–LES is a tool to study turbulent flows within the PBL. The Advanced 

Research WRF (ARW) model solves fully compressible equations on a mass coordinate 

and uses finite differences in horizontal and vertical directions. Moeng et al. (2007) 

compared results from the WRF model framework, which included the basic Runge–

Kutta scheme for LES of boundary layer turbulence, to field measurements (e.g., 

Lenschowet al. 1980), laboratory data (e.g., Willis and Deardorff 1979), and previous 

LES studies (e.g., Schmidt and Schumann 1989; Nieuwstadt et al. 1993; Moeng and 

Sullivan 1994; Sullivan et al. 1994). Our study uses the LES model and statistics package 

of the Advanced Research WRF model, version 3.6 (see Yamaguchi and Feingold (2012) 

for a detailed description). This statistics package is based on the System for Atmospheric 

Modeling (SAM) algorithm (Khairoutdinov and Randall, 2003). All LES results shown in 

this work are horizontal mean statistics saved every simulated minute, without time 
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averaging, while the full three-dimensional snapshot is saved every fifteen simulated 

minutes. The surface-layer physics is described by the Monin–Obukhov scheme (Monin 

and Obukhov 1954) with a Carlson–Boland viscous sub-layer and standard similarity 

functions following Paulson (1970) and Dyer and Hicks (1970). The mixing terms option 

is evaluated in physical space (i.e. describing the diffusion using the velocity stress tensor 

in x, y, and z directions) and the turbulence parameterization is the Smagorinsky first 

order 3D closure.  

The simulation is run with a horizontal grid spacing of 40 m and a vertical grid 

spacing of 15.625 m. The domain has 128 (x)× 128 (y) ×128 (z) grid points and is 

periodic in both, the x and y directions. The top of the domain is set at 2 km agl, which is 

two times above PBL top on that specific day 33 of the Wangara experiment. The model 

runs for a 12 hours period starting at 9 LT and with time step of 0.5s. Previous work by 

Yamada and Mellor (1975), André et al. (1978), and Musson-Genon (1995) took into 

account longwave radiation cooling. However, since the simulations showed little 

sensitivity to this inclusion, no radiative effects are included in the LES run. Instead a 

Rayleigh relaxation layer was added near the top of the model to control reflection from 

the upper boundary (Skamarock et al. 2008).   

A critical question concerns the surface fluxes initialization, and this can be a 

source of uncertainty. Most of the Wangara atmospheric boundary layer modeling studies 

(e.g., Wyngaard and Coté, 1974; André et al., 1978; Sun and Ogura, 1980; Sun and 

Chang, 1986; Xue et al., 1996) chose to prescribe the surface heat fluxes instead of 

predicting or diagnosing them. Typically, a sine function with a half period of 11 h and 

peak values of 0.216 K ms-1 at 13 LT were assumed for prescribing sensible heat fluxes. 
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The Wangara micrometeorology data was extensively analyzed by Hicks (1981).  

According to Hicks (1981) the surface-layer similarity theory of wind speed differences 

and temperature from 1 to 4 m agl were used to derive the sensible heat flux (SHF). The 

latent heat flux (LHF) was parameterized as LHF=1.3 x 10-4 x SHF. In the approach 

used by Hicks (1981) the surface fluxes were estimated for the larger area of the Wangara 

experiment rather than just for the smoother central site. The Wangara experiment 

location was chosen to be uniform in roughness (Clarke et al. 1971). However, according 

to Hicks (1981) the central site was quite bare compared with its surrounding, and the 

roughness was considered by Hicks to be 1.2 mm. For this reason, we performed two 

LES using different surface forcings: one using the fluxes calculated by the Hicks’ 

method (1981), and the other using the output from the WRF model for direct 

comparison with the YSU PBL scheme (hereinafter LES-HM and LES-YSU, 

respectively). This experiment can potentially magnify the divergence between the 

observation and simulation. These differences will be further explored in the next chapter.  

Although relevant process such as the dynamic or the surface forcings are 

prescribed in this experiment, both SCM and LES simulations were considered idealized.  

The synoptic situation in SCM and LES was represented by geostrophic winds only. 

While important other process like temporal variations of the mesoscale forcing, for 

instance, are not addressed in these simulations, the strength of this approach is the 

possibility to analyze differences in mixing efficiency, and to examine the behaviour of 

turbulence parameters as well as the characteristics of heat fluxes and eddy diffusivities 

provided by PBL parameterization. 
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2.3   Results and discussion 

2.3.1  Surface fluxes 

 

The surface parameters such as friction velocity, sensible, and latent heat flux 

imposed to LES according to Hick's method (HM) (Hicks, 1981), and calculated by 

Noah-LSM for the SCM simulation are shown in figure 2.2. Overall, there are differences 

in the calculation of the surface fluxes in all three variables. The sensible heat flux 

(Figure 2.2a) presents a period of intense cooling one hour after the diurnal maximum (13 

LT) until the sunset. Although both, Noah-LSM and HM, agreed in the point of time 

when the flux reaches 0 Wm-2, the sensible heat flux calculated according to HM shows a 

continuing strong cooling after reaching the zero value. This feature can be the reason for 

the fact that the LES simulation using this initialization presented a very cold SBL. 

Regarding the surface energy balance the latent heat flux is another important variable 

and is presented in figure 2.2b. During the daytime the latent heat flux calculated by the 

LSM shows a difference of 10 Wm-2. The surface friction velocity, u* (figure 2.2c) 

presents different values during the evening transition and afterwards. The lower values 

for sensible and latent heat flux calculated by Noah compared with HM before 21 CDT 

(maximum deviation up to 80 Wm-2 and 50 Wm-2, respectively) result in less strong 

fluxes from the surface and consequently up to 0.1 ms-1 higher friction velocity. Also, the 

lower values of the surface fluxes are due to the land cover provided by USGS used in 

the Noah LSM calculation. This reflects what was mentioned before, i.e. the HM surface 

estimations represent the larger area of the Wangara experiment rather than just central 
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site for which Noah was applied. The friction velocity and heat fluxes have direct impact 

on 10 meters wind speed simulated by WRF, which will be discussed in the last chapter. 

 

(a) 

 

(b) 

 

(c) 

 
Figure 2.2. Surface variables according to HM (dots) and calculated by Noah-LSM (line) 

for (a) sensible heat flux, (b) latent heat flux, and (c) friction velocity.  

 

 

2.3.2  Comparison of the YSU PBL scheme and LES 

 

Figure 2.3 presents the observed evolution of mean potential temperature and 

PBL height observed in the Wangara experiment and calculated by the YSU PBL scheme. 

The variations among the model simulation results of the daytime CBL will have an 

influence on the simulation of the subsequent transition to nighttime simulation. A thin, 

very unstable surface layer below 200 m agl, and a mixed layer topped by a stable 

inversion layer (at approximately 1000 m agl) are observed during daytime. This feature 

can be expected and is qualitatively well reproduced by LES-HM, LES-YSU, and YSU. 

However, there are few discrepancies between simulated results and observations. 

Compared with the observations all the three model simulations present a cold bias for 

potential temperature with LES-HM having the least bias among the simulations. 

Similarily, Basu et al. (2008) and Yamada and Mellor (1975) reported simulated mixed 
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layer temperatures lower than observations during daytime in their LES simulations. This 

cold bias is most evident at 12 LT, when this bias reached ~2 and ~3 Kelvin (K), for 

LES-HM and LES-YSU respectively. The YSU scheme displays slight (~ 1 K) cooler 

PBL potential temperature when compared with the LES-YSU. At 15 and 18 LT, the 

LES-HM captures the temperature relatively well inside PBL. For the observation and 

model outputs (also previous works), a subjective way to estimate the PBL height based 

on Rappenglück et al. (2008) was used in this work. The PBL heights (sharp increase in 

potential temperature) estimated from observation were 1000, 1200, 1300 m agl at 12, 15, 

and 18 LT, respectively. We estimate the uncertainty of the PBL height to be on the order 

of ±50 m. The YSU scheme overestimated the PBL height by 100 meters at 12, 15, and 

18 LT. The LES-YSU better represented the PBL height which agreed quite well with the 

estimations (1000, 1200, and 1300 m at 12, 15, and 18 LT). The PBL height was 

underestimated by ~200 m in the works of Yamada and Mellor (1975) and overestimated 

by less than ~50 m by André (1978).  
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(a)  

 

(b)  

 
(c) 

 

(d) 

 
Figure 2.3. Spatial and temporal distribution of potential temperature (K) for (a) 

observation, (b) LES-HM, (c) LES-YSU, and (d) YSU for Wangara day 33. 

 

We defined the evening transition as the time period when the surface heat flux 

becomes negative and a stably stratified layer starts to develop close to the surface. In our 

case study this is around 17 LT. Throughout the time of the transition, there is a period of 

fast cooling below 100 m, but the residual layer above stays at the same temperature. 

LES-HM, LES-YSU and YSU scheme, capture this feature realistically. During the late 

evening transition (after 18 LT), a stable boundary layer begins to grow from the surface, 

with observed potential temperature displaying a negative curvature. The model 

simulations capture this feature reasonably well. The LES-YSU case presents similar 

temperatures but underestimates the height of the inversion, showing a layer of only a 

few meters depth close to the ground. The YSU PBL scheme (Figure 2.3d) shows a good 

agreement with LES-YSU, but it is about 1 K colder. In previous works the height of the 



26 

 

 

 

 

 

SBL could not be captured well either. For instance, Basu et al. (2008) found shallower 

SBL depth during nighttime when compared with observations. However, in our case the 

LES-HM model (Figure 2.3b) captures well the height of the inversion, approximately 30 

m agl at 21 LT, but shows a strong cold bias. As mentioned by Mahrt (1999) the 

dynamics of the SBL are governed by multiple processes. However, for cases with 

reasonably geostrophic forcings, no fog formation, and for horizontally homogeneous 

conditions, the dominant processes are thermal coupling of the surface, turbulent mixing 

and radiative cooling. A plausible explanation for the LES-HM bias in the SBL thickness 

is the lack of longwave radiation cooling physics. However, earlier studies (Yamada and 

Mellor, 1975; André et al., 1978; Musson-Genon, 1995) which took into account 

longwave radiation cooling were not able to capture the thickness of the Wangara SBL 

either. The discrepancy between the timing and altitude of SBL growth in the model 

highlights the need for a better understanding of the evening transition and nocturnal 

boundary layers (especially the strongly stratified regimes). In our results the temperature 

and the height of the inversion were directly affected by the thermal coupling of the 

surface with the adjacent atmospheric layer.  

The estimated daytime PBL height (Figure 2.4) is defined as the altitude where 

the minimum sensible heat flux height is observed (Kosovic and Curry, 2000). During 

nighttime the PBL height is estimated as the height at which the mean local stress falls to 

5% of its surface value multiplied by the factor 1/0.95 (Beare et al., 2006b). The PBL 

determination in the YSU scheme is based on the bulk Richardson (Ri) number 

formalism. The critical Ri number is 0.25 under stable conditions and 0 under unstable 

conditions. At the end of the afternoon, when the surface heat fluxes begin to decrease 
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sharply, and the turbulent kinetic energy begins to decay, the daytime PBL switches from 

a convective well-mixed layer to a stable nocturnal PBL. The PBL collapses during the 

transition from a convective unstable to a stable regime. In the YSU scheme this 

transition happens at 17 LT.  

 

 
Figure 2.4. Calculated PBL height for the YSU scheme (lines). The circles denote the 

prescribed PBL height during daytime by Kosovic and Curry (2000) and during nighttime 

by Beare et al. (2006a).  

 

 

The Wangara experiment was mainly designed to obtain measurements for 

turbulence fluxes and mean variables, and there is no possibility of directly comparing 

the results of this work with observed turbulence data such as TKE, for instance. 

However, the reasonable agreement of the flux model results with previous estimations 

provides confidence that the WRF-LES simulations of turbulence quantities such as TKE 

are likely realistic and warrant further turbulence structure analysis. The analysis of the 

spatial and temporal evolution of TKE within the PBL provides us with a sketch of the 

turbulence structure during the afternoon, and with a tool to evaluate the calculated PBL 

height in the SCM model. Figure 2.5 presents the spatial and temporal evolution of TKE 

(figure 2.5a,c) and ΔTKE vertical profile 15, 30, and 45 minutes after sunset at 17:45 LT 
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(figures 2.5b, 2.5d). ΔTKE is defined as the difference in TKE between two consecutive 

outputs of the LES results, for instance the term "+45 min" in figures 2.5b and 2.5d 

would indicate: ΔTKE = TKE (45 min after sunset) - TKE (30 min after sunset). Though 

turbulence seems to play a minor role in the evolution of the nocturnal mean structure of 

the PBL, it is of primary importance for turbulent dispersion and consequently vertical 

redistribution of contaminants during the PBL transition phase and the subsequent night. 

Both LES experiments took one hour to spin-up; starting time was 9 LT. According to 

figures 2.5a and 2.5c the PBL stability conditions, for LES-HM and LES-YSU, 

respectively, ranged from nearly-neutral at the starting time, became convective after 

11:00 LT and returned to stable conditions after 17:00 LT. TKE reached a maximum 

value of 1.7 and 1.5 m2s-2 between 14:00-15:00 LT, for LES-HM and LES-YSU, 

respectively, and then gradually decreased until sunset (17:45 LT) when it approached 

values close to zero. Figure 2.5b shows vertical profiles of ΔTKE at 15 min intervals after 

sunset for the LES-HM experiment. Note that values very close to the surface during the 

convective time will not be considered, since the WRF LES code still has the long-

standing problem of law-of-the-wall deficiency in the surface layer for shear driven PBL 

(Moeng 2007). 15 minutes after sunset, ΔTKE in the upper part of the PBL decreases 

faster than the bottom part, with differences of approximately 0.13 and 0.05 m2s-2 

respectively. Figure 2.5d presents similar analysis but for the WRF-YSU experiment, and 

the biggest difference between LES-HM and LES-YSU occurs 30 minutes after sunset: 

The LES-HM profile 30 minutes after sunset shows a more uniform TKE decrease (up to 

0.05 m2s-2) between 400 and 1400 m, while the LES-YSU profiles at 30 minutes after 

sunset indicates a stronger decrease (up to 0.07 m2s-2) between 400 and 1400 m. 
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Although both HM and Noah converge to zero at the same time (17 LT – Figure 2.2), it 

seems that the difference in the intensities of surface fluxes during daytime (HM yields 

up to 60 Wm-2 more sensible heat flux and up to 50 Wm-2 more latent heat flux than 

Noah from 09 to 16 LT) and consequently TKE, resulted in variations in the structure of 

TKE decrease after sunset. The temporal progression in TKE reduction between the 

upper and bottom part were also analyzed in LES modeling by Darbieu et al. (2015) and 

Rizza et al. (2013). They found that while TKE started to decrease at the top of the PBL, 

it kept increasing at the bottom of PBL. The results in Darbieu et al. (2015) and Rizza et 

al. (2013) are also in agreement with remote sensing observations by Grimsdell and 

Angevine (2002) and Lothon et al. (2014), who revealed a decay of TKE dissipation rates 

from the top to the bottom of the PBL. Shaw and Barnard (2002) studied the TKE decay 

with Direct Numerical Simulation (DNS), based on realistic surface flux decay. They 

found that turbulence is maintained at the surface relative to upper PBL layers and 

explained it with the presence of wind shear close to the surface. 
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(a) (b) 

         

 
(c)         (d) 

         

 
Figure 2.5. Spatial temporal evolution of TKE (m2s-2) for (a,c) the entire LES 

simulations and for 15, 30 and 45 minutes time steps (b,d) after sunset (17:45 LT) for 

LES-HM (top) and LES-YSU (bottom). ΔTKE is defined as the difference in TKE 

between two consecutive time steps of the LES results 

 

 

The above analysis of the evolution of the turbulence structure during the evening 

suggests a split of the transition period in two stages. (1) In the early afternoon, from the 

occurrence of the buoyancy maximum until about two hours before sunset, the TKE 

decreases within the whole PBL, starting first in the upper PBL (earlier decay), while the 

TKE decrease in the lower part of the PBL occurs half an hour later (later decay). (2) In 
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the late afternoon the TKE decreases more rapidly within the whole PBL than during the 

early evening transition.  

Figures 2.6a and 2.6c present the vertical profile of TKE buoyancy and shear 

production for around one hour before and after the sunset for WRF-HM. Figures 2.6b 

and 6d show velocity variances for the same times. At 17 LT the PBL is in a convective 

regime and at 19 LT in a shear-driven regime. For a convective regime (Figures 2.6a and 

2.6b) the buoyancy production of TKE is predominant and larger close to the ground, 

because the source of heating is at the surface. Also, the velocity variances are dominated 

by the large eddies, which have updrafts between 200 and 1000 m and predominantly 

lateral motions at the bottom and top of PBL (Figure 2.6b). On the other hand, when the 

shear production is dominant (Figure 2.6c), the velocity variances are stronger between 

100 and 1300 m compared to the surface layer and is dominated by u2 (Figure 2.6d). 

These figures show that the model was able to capture the transition between buoyancy- 

to shear-driven PBL regimes.     
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(a) 

 
 

 (b) 

 

(c) 

 

(d)  

 
Figure 2.6. TKE budgets (buoyancy/shear) production and velocity variances at (a,b) 17 

LT and (c,d) 19 LT for the LES-HM simulation. 

 

 

The rate of the turbulence decay during sunset is a critical parameter for the 

evening transition. Usually for LES studies the decay is represented in a logarithmic 

diagram of the TKE integrated over height, and divided by the square of the convective 

velocity scale w* at the initial time before the decay. Following previous studies (e.g. 

Sorbjan, 1997; Nadeau et al., 2011) the midday convective timescale is also used to 

normalize the time. Nieuwstadt and Brost (1986) suggested that the temporal evolution 
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during the transition may be investigated using the quantity TKE averaged over the 

whole PBL. The LES model (Figure 2.7) indicated that the turbulent kinetic energy in the 

decaying mixed layer is in agreement with previous work (e.g. Nieuwstadt and Brost, 

1986; Sorbjan, et al. 1997; Rizza et al. 2013) which indicates that the energy in the PBL 

decays with a -2 power law function. 

 

 

Figure 2.7. The volume averaged TKE, scaled by w0*
2, as a function of the dimensionless 

time t/t* for LES simulation. The continuous line represents a -2 power law function as a 

reference in agreement with Nieuwstadt and Brost (1986). 

 

 

 Figure 2.8 presents the spatial and temporal distribution of the wind speed for all 

simulations and compared to observations. During the convective regime observed wind 

speeds show a well-mixed boundary layer, with large fluctuations in the wind speed 

throughout the PBL. During and after the transition this vertical fluctuation of the wind 

speed is limited, except near the surface where the SBL starts to develop. In the time 

period between the transition until 21 LT, the wind speed increases rapidly from 4 to 6 

ms-1. This increase in wind speed is associated with the formation of a Low-Level Jet 

(LLJ) during the first hours of day 34 (at 3 LT; not shown), which is beyond the scope of 
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this work. Overall, the SCM underestimated the wind speed during the entire simulation 

period by 2 ms-1during the CBL, and by up to 4 ms-1 during and after the transition. The 

LES simulation showed the best agreement with the observation, but it showed the same 

difficulty in representing the wind speed during the transition and the subsequent 

nighttime PBL. 

 

(a) 

 

(b) 

 
(c) 

 

(d) 

 
Figure 2.8. Spatial and temporal distribution of the wind speed (ms-1) for Wangara day 33: 

(a) observation, (b) LES-HM, (c) LES-YSU, and (d) YSU. 

 

 

2.3.3  Computation of the eddy diffusivities 

 

One of the objectives of this work is to analyze the different mixing characteristic 

between the standard WRF PBL schemes and alternative eddy diffusivities for the 

convective decay. Eddy diffusivities are properties of the flow and describe the 

magnitude of the dispersion. When the grid mesh is bigger than the motions within the 
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PBL, these small-scale and sub-grid turbulent motions need to be parameterized by a 

PBL scheme, which properly handles vertical diffusion. The goal of a turbulence 

parameterization is to predict tendencies (time derivatives) of all prognostic variables 

(fluid velocity components, temperature, moisture or other advected constituents) at all 

grid points of a numerical grid due to unresolved turbulent motions (Skamarock et al. 

2008). 

 The first-order closure scheme we selected for vertical turbulent transport 

within the PBL was the YSU (Hong et al., 2006) PBL scheme. As a popular non-local 

closure scheme, YSU is based on an earlier medium-range forecast (MRF) scheme, but 

with a revised vertical diffusion package. The YSU scheme is a non-local first-order 

scheme in which the vertical transfers are dependent on the bulk characteristics of the 

PBL and includes counter gradient transports of temperature, momentum arising from 

large-scale eddies.  

The eddy diffusivity coefficient for momentum Km is formulated as 

                                           Eq. (2.1) 

where p is the profile shape exponent taken to be 2, k is the von Kármán constant (=0.4), 

z is the height from the surface, and h is the height of PBL. The velocity scale ws = u* / 

𝛟m, where the 𝛟m is a non-dimensional profile function implemented in recent versions 

of WRF (after version 3.4) to accurately simulate the vertical mixing in the nocturnal 

boundary layer (Foken 2006, Nielsen-Gammon et al. 2010). 

Figures 2.9a and 2.9b display the temporal and spatial evolution of the eddy 

diffusivity for momentum Km in the YSU and, for comparison, simulation results by 
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Yamada and Mellor (1975), respectively. As seen in Figure 2.9a WRF-SCM was able to 

reproduce the spatial and temporal variation of Km. The results obtained by the YSU 

PBL scheme are in agreement with the results modeled previously by Yamada and 

Mellor. Both simulations indicate that the turbulence is very active during daytime. The 

intensities of Km modeled in the YSU scheme is 10 m2s-1 higher than those calculated by 

Yamada and Mellor. Also, the center of maximum turbulence is located at the same level, 

between 400 and 800 m agl. 

 

(a) 

 

(b) 

 
Figure 2.9. Spatial and temporal distribution of momentum eddy diffusivities Km (m

2s-

1) simulated for (a) YSU, and (b) by Mellor and Yamada (1975). 

 

 

2.3.4 Parameterization of the PBL for the sunset transition period 

 

In turbulent dispersion models, the selection of an adequate PBL parameterization 

plays a fundamental role to evaluate the pollutants concentration in the lower troposphere. 

Therefore, the efficiency of each approach to reproduce correctly the pollutants 

concentration field, depends on the manner turbulent parameters are related to dynamical 
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and thermodynamic properties and their changes in the PBL. For this reason, it is 

necessary to parameterize the turbulent transport in a shear dominated stable PBL (near 

the ground) and the overlying decaying convective turbulent diffusion (associated with 

RL). 

Turbulent dispersion in a shear-dominated stable PBL is generated close to the 

ground by mechanical processes that are related to wind shear. In the stable PBL there is 

a competition between wind shear generated turbulence and stabilizing effects of 

stratification. Therefore, for the description of the dispersion of pollutants in the sunset 

transition time, here a stable surface layer will be considered, in which a continuous 

turbulence and a negative turbulent heat flux coexist (Nieuwstadt, 1984). 

The following relationship for longitudinal, lateral, and vertical eddy diffusivities 

Ki (i=u,v,w) derived by Degrazia et al. (2000), represents the turbulent diffusion in a 

shear-dominated stable PBL: 

                         Eq. (2.2) 

 

where Cz = 0.41, L is the Obukhov length, u* is the surface layer friction velocity, z is the 

altitude above ground level, and h is the height of the stable layer. 

According to Garrat (1992), the decay of the CBL usually occurs in late afternoon 

and towards sunset over land under clear skies, when the surface buoyancy flux decreases 

rapidly towards zero. As a result of the removal of the source for TKE under these 

conditions, the TKE and other turbulent properties decay in the deep, near-adiabatic rem-
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nant of the daytime boundary.  

Recently, a general method to derive eddy diffusivities in a decaying turbulence in 

the daytime CBL has been proposed by Goulart et al. (2007). This method is based upon 

a model for the budget equation describing the three-dimensional (3D) turbulence energy 

density spectrum and the Taylor statistical diffusion theory. Therefore, an analytical 

solution for the budget equation is obtained in terms of an initial 3D spectrum, which 

describes the observed turbulent spectrum in the daytime CBL. Furthermore, as a 

consequence of the non-isotropic decaying convective turbulence, this initial 3D 

spectrum is calculated from a 1D spectrum by the use of a complex mathematical 

methodology developed by Kristensen et al. (1989). The following relationships proposed 

by Goulart et al. (2007) represent good fits to the decaying convective eddy diffusivities 

calculated from the theoretical model described above: 

 

  Eq. (2.3)         Eq. (2.4) 

 

where zi is the height of the mixing layer, w* is the velocity scale, and t is time from the 

beginning of the decay. The eddy diffusivities given by Eq. (2.3) were compared with 

those generated from LES data for a decaying CBL (Nieuwstadt and Brost, 1986). Note 

that close to the end of the afternoon the surface heat flux begins to weaken as a result of 

the decreasing sun’s elevation. Consequently, the convective velocity scale w* (Figure 

2.10) decreases and zi remains constant. The great advantage of using this equation is the 
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fact that this formula is computationally faster than the numerical integrations in the 

theoretical model. As a consequence, this algebraic formulation for the eddy diffusivities 

can be useful for the solution of large and complex atmospheric diffusion models. 

 

 

Figure 2.10. Convective velocity scale w* calculated by the YSU PBL scheme and 

presented in Stull (1988). 

 

 

We tested a modification of the YSU scheme (see diagram on Figure 2.11), 

applying both equations 2.2 and 2.3 suggested by Carvalho et al. (2010) for the case 

when the simulation did not present positive surface fluxes, i.e. at around 17:00 LT and 

the results from the simulation were compared with the results of the standard YSU 

scheme (Figure 2.12).  
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Figure 2.11. Schematic diagram showing the differences in the calculation of the eddy 

diffusivity Km for the standard (YSU-std) and modified YSU (YSU-mod) scheme for 

unstable and stable atmospheric conditions, respectively. (k = von Kármán constant; z = 

height above the surface; zi = height of convective boundary layer; h = height of the PBL; 

= velocity scale;  = convective velocity scale; u* = friction velocity; ϕm= non-

dimensional profile function; L = Monin Obukhov length; p  profile shape exponent; Cz 

= constant (0.41); t* = dimensionless parameter; t = time from the beginning of the 

decay). 

 

 

Overall, the results show visible differences in the calculation of the momentum 

eddy diffusivity Km for the transition period. While the standard version of YSU quickly 

shows values less than 10 m2s-1 after 17:00 LT (Figure 2.12a) the modified version 

shows a more gradual reduction of Km. from 17:30 LT to 19:00 LT, with Km decreasing 
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from 20 m2s-1 to less than 10 m2s-1 during this time period (figure 2.12b). The YSU 

standard scheme calculated similar values for the convective velocity scale w* compared 

to Stull (1986) (Figure 2.11). The gradual reduction of Km with time in the modified YSU 

seems to represent more realistically the decrease of turbulence intensity of the 

convective mixed layer than the standard YSU. The convective decay condition allows 

some continuous turbulence in the RL in the early evening, which is not present in the 

standard model. Figure 2.12c presents the difference between the standard and the 

modified YSU scheme for the first 3 lowermost levels of SCM from 17 to 21 LT, which 

refers to the start of development of SBL. The modified YSU calculated a less mixed 

SBL than the standard YSU with a difference of up to 0.2 m2s-1. 

 

(a) 

 

(b) 

 

(c) 

 
Figure 2.12. Spatial and temporal distribution of momentum eddy diffusivities (m2s-1) 

for (a) the standard, (b) the modified YSU, and (c) the difference between standard 

and the modified YSU. 

 

 

To assess how the modifications of eddy diffusivity calculation impacted the 

results of the YSU PBL parameterization for the evening transition, we analyzed the 

spatial and temporal variation of the state variables air temperature, wind speed and 

specific humidity for the transition period until 21 LT (Figures 2.13a, 2.13b and 2.13c, 

respectively). The small change in Km between the standard and the modified YSU 
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scheme resulted in changes in the state variables, albeit not enough to present a 

significant improvement in the model. The higher differences were observed near the 

surface. The changes in the state variables were up to 0.1 K, 0.6 ms-1, and 0.003 gkg-1 for 

air temperature, wind speed and specific humidity, respectively. Also, the difference in 

wind speed calculation was noticeable (±0.6 ms-1) relative to the absolute values of 3-4 

ms-1, which represents a maximum deviation of 20% between both simulations. 

 

(a) 

 

(b) 

 

(c) 

 

Figure 2.13. Calculated spatial and temporal differences for (a) air temperature (K), (b) 

wind speed and (ms-1) (c) specific humidity (g/kg) for the modified YSU.  

 

 

Most of the problems in meteorological and air quality models are associated with 

the representation of the night-time period, which depends on the evening transition 

characterization. Many biases related to surface temperature, wind, and pollutants related 

to these periods are reported in the literature (e.g. Miao et al., 2008; Hu et al., 2013; 

Wang and Jin, 2014). Some authors reported a systematically warm bias and an 

overestimation of wind speeds close to the surface during nighttime, suggesting that 

strong coupling between the SBL and RL in the PBL scheme would increase these biases 

(Zhang et al., 2013; Ngan et al., 2013). To analyze possible improvements of the 

suggested modification (i.e. a set of eddy diffusivity equations representing the transition 
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characteristics of a sunset period with a SBL below and a CBL decaying turbulence aloft), 

model results for air temperature at 2 m and the wind speed at 10 m above the ground are 

presented in Figure 2.14a and 2.14b, respectively. Compared with the standard YSU 

scheme, the modified YSU exhibits a little higher values for the 2 m air temperature (up 

to 0.1 K around 21 LT). However, the 10 m wind speed is significantly impacted by less 

mixing in the SBL. The wind speed decreases faster in the modified YSU compared to 

the standard YSU scheme and presents lower values after the sunset. These values were 

up to 0.5 ms-1 lower than in the standard YSU scheme. 

 

(a) 

 

(b) 

 
Figure 2.14. Calculated spatial and temporal differences for (a) air temperature (K) at 2 m 

above ground, (b) wind speed (ms-1) at 10 m above ground for the standard (STD) and 

modified (MOD) YSU. 

 

 

The integrated approach combining observational data with supplementary 

information provided from LES were useful to assess the performance of WRF in 

simulating the PBL evening transition. As mentioned by Lothon et al. (2014) the evening 

transition displays complex characteristics, which are difficult to observe and model due 

to turbulence intermittency and anisotropy, horizontal heterogeneity, and rapid changes in  

time. Thus, there are still open questions about the dynamic and turbulence structure of 
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this period, and this complexity imposes extra challenge for numerical simulation. The 

temporal and spatial resolution used in NWP and AQM nowadays is not yet sufficient to 

completely represent the fast changes in the state variables. This work applied a 

parameterization based on the current knowledge of convective decay of the PBL and in 

particular included for the first time the description of the decay of turbulence 

characteristics of the RL in a well used NWP. Further tests with different meteorological 

conditions need to be performed to fully explore the benefit of the proposed 

parameterization, for instance addressing different intensities of stratification. Our work 

goes beyond the work of Carvalho et al. (2010), who describe the importance of the 

decaying convective turbulence in a PBL in the dispersion of pollutants during the sunset 

period, as we studied an appropriate set of eddy diffusion equations which are not only 

suitable for NWP but also computationally inexpensive. 

 

2.4   Conclusions 

 

In this study, the evening transition of the well known day 33 of the Wangara 

experiment has been investigated using an idealized Weather and Research Forecasting 

(WRF version 3.6) simulation at different scales. The results of Large Eddy Simulation 

(LES) within the Single-Column Model (SCM) provide insights about current 

divergences between simulation and observation. We studied a 12-h period between 09-

12 LT on August 16, 1967, focusing on the simulation of vertical mixing especially 

during the transition between daytime and nighttime. 

In summary, the sensitivity analysis conducted with both LES and SCM showed 
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that all the simulations are in reasonable agreement with the observations, the 

discrepancies between the model and the observations become larger during and after the 

sunset planetary boundary layer (PBL), and the model captures reasonably well the rapid 

decrease of vertical mixing during the evening transition. 

The LES reflected the typical diurnal characteristics of the PBL, ranging from 

nearly-neutral, convective, to stable conditions during the entire simulation. For two 

selected surface fluxes, one estimated by Hicks (1981; Hick's method -HM) and the other 

calculated by Noah, the WRF land surface model (YSU; Yonsei University), respectively. 

The turbulent kinetic energy (TKE) in LES-HM reached a maximum value between 

14:00-15:00 LT of 1.7 and in LES-YSU 1.5 m2s-2. The TKE gradually decreased until 

sunset (17:45 LT), when it approached values close to zero. Both LES simulations 

captured reasonably well the transition of the convective boundary layer (CBL) to a 

stable stratified layer (SBL). However, when LES-HM and LES-YSU were compared, 

TKE presented different characteristics 45 minutes after sunset. In the case of LES-HM 

ΔTKE in the upper part of the PBL decreases faster (~0.13 m2s-2) than in the bottom part 

(~0.05 m2s-2) after sunset. The biggest difference between LES-HM and LES-YSU 

occurs 30 minutes after sunset when TKE presents a uniform decrease (up to 0.05 m2s-2) 

between 400 and 1400 m for LES-HM, and a stronger decrease (up to 0.07 m2s-2) 

between 400 and 1400 m. This difference is most probably due to different surface fluxes 

intensities. The TKE terms buoyancy and shear as well as velocity variances present 

typical characteristics of both PBL regimes, CBL and SBL. For both, LES-HM and LES-

YSU, we found a power law of -2 rate of decay of the convective PBL, which is in very 

good agreement with earlier work by Nieuwstadt and Brost (1986), Sorbjan (1997), and 



46 

 

 

 

 

 

Rizza (2013). Also, the YSU PBL scheme results are in reasonable agreement with 

values of potential temperature and wind speed calculated by LES, when initialized with 

the same surface fluxes. 

Finally, a modification in the eddy diffusivities equation in the YSU PBL scheme, 

which took into account an alternative parameterization for the SBL and a 

parameterization for the convective decay regime typically observed in the RL, did not 

lead to noticeable changes in the state variables during the evening transition. The largest 

impact was observed in the SBL, where the difference between the standard and modified 

YSU were up to 0.1 K, 0.6 ms-1, and 0.003 gkg-1 for air temperature, wind speed and 

specific humidity, respectively.  

Operational air quality forecast models such as the Weather Research and 

Forecast with Chemistry (WRF/Chem), the Community Multi-scale Air Quality Model 

(CMAQ), and the Comprehensive Air Quality Model with Extensions (CAMx) are 

usually run at a horizontal resolution ranging from 1 to 100 km and the output 

concentration fields have a temporal resolution of up to one hour frequency. These spatial 

and temporal resolutions are at the limit of the present model capacity. Most of these 

restrictions are related with too coarse initial conditions. However, with expected further 

increase of model resolution in space and in time, the evening transition period needs to 

be further explored, in particular with respect to the vertical diffusion and mixing of 

pollutants, which will be important to improve the performance of AQMs (e.g. 

WRF/Chem, CAMAQ, CAMx, etc.). 
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Chapter 3 

 

Validating a Large-Eddy Simulation for a well-documented case in the 

Houston-Galveston area, Texas 

 

3.1   Introduction 

 

Mesoscale atmospheric models, e.g. the Weather Research and Forecast (WRF - 

Skamarock et al. 2008), have been applied to mesoscale weather phenomena ranging 

from a few kilometers up to 1000 km. The relative coarse resolution (more than 1 km) of 

mesoescale atmospheric models cannot capture the microscale variability of atmospheric 

dynamics. To analyze the small-scale spatial variability of the atmosphere higher grid 

resolutions are necessary. In recent years the computational power has increased and 

made higher grid resolution possible, which allowed the use of Large-eddy simulation 

(LES). LES resolves the motion of the more energetic eddies, and simulates those eddies 

with less energy in the atmospheric flow. 

Since the pioneering works of Deardorff (1970, 1972, and 1974) LES has been 

used extensively to reproduce a variety of PBL regimes and better investigate some 

atmospheric problems such as convective clouds and rainfall (Siebesma et al., 2003; 

Moeng et al., 1996; Bryan et al., 2008; Stevens and Bretherton 1999), urban impact on 
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microclimate (Oke 1988), and the influence of land-atmosphere exchanges on the 

transport of pollutants (Talbot et al., 2007). 

More recently, with the expansion of computer capabilities, finescale atmospheric 

models became attractive for users who pursue a better description of small-scale 

turbulent motions. A numerical tool that expanded its capabilities seeking higher 

resolution was the WRF model. Lately, the WRF model has been used to assess the 

structure of atmospheric PBL turbulence at the microscale (less than 1 km) in a LES 

mode (WRF-LES). For instance, Gibbs and Fedorovich (2014) compared the results from 

WRF-LES to a conventional University of Oklahoma LES (OU-LES) code for a dry 

atmospheric convective boundary layer. Many other studies have presented WRF-LES 

results for both neutral and convective PBLs (e.g. Moeng et al. 2007; Mirocha et al. 2010; 

Kirkil et al. 2012).     

Seeking a better understanding of the evolution and structure of the PBL, this 

work addresses the implementation of the WRF model in a real and idealized simulation 

and compares the results against a data set during the Vertical Mixing Experiment (VME) 

study in summer 2006, and the Continuous Ambient Monitoring Site (CAMS) network in 

the Houston-Galveston area, Texas. To assess the capability of the WRF-LES code to 

simulate the vertical structure of the PBL over Houston, we analyzed the WRF-LES 

results for a few key meteorological parameters like horizontal wind components u and v, 

temperature and humidity, and compared the model results against the observations. Also 

in this study, the WRF model in a real case mode is assessed to explore potential 

differences between the results of each simulation approach for a case in Houston, Texas.   

This work is organized as following. The methodology of the sensitive analysis 
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used in this study is described in section two. After validating the meteorological 

variables, a sensitivity analysis of different regions inside the Houston-Galveston area is 

presented in the third section. Finally, conclusions are compiled in the last section. 

 

3.2   Methodology 

 

The analyses of meteorological variables are performed for one day, September 

26, 2006 during the Vertical Mixing Experiment (VME), a sub-project of the larger 

Second Texas Air Quality Study (TexAQS-II) Radical and Aerosol Measurements 

Project (TRAMP) study. This day was chosen, since this day is part of a period for which 

extensive observational results are available. A full description of the TRAMP study is 

provided by Lefer and Rappenglueck, 2010. The model performance was analyzed for a 

few key meteorological parameters like horizontal wind components u and v, temperature 

and humidity. The meteorological observations include frequent rawinsonde soundings 

and surface measurements.  

Rawinsondes were released from the University of Houston Main Campus 

(UHMC; 29.74°N; 95.34°W), 11 m (meters) above ground level (agl) approximately 5 

kilometer (km) to the southeast of downtown Houston. The atmospheric sounding 

profiles provide meteorological variables such as temperature, potential temperature, 

mixing ratio, and u-v components of the wind (for more details see Rappenglück et al., 

2008). On September 26, 2006, rawinsondes were launched at 0500, 1000, 1600, and 

1900 Central Daylight Time (CDT). 

The CAMS network in Houston was used to validate the model against air 
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temperature, relative humidity, wind speed, and direction. The CAMS stations used in 

this work included Aldine (C8), Bayland Park (C53), Clinton (C403), Galveston (C34), 

Mustang Bayou (C619), and Texas City Ball Park (C1022). The stations C8, C403 and 

C53 were chosen based on their proximity to UHMC. Similarly, stations C619, C34, and 

C1022 were selected due to their proximity to the University of Houston Coastal Center 

(UHCC). The UHCC is located near the Gulf of Mexico coast (29.38°N; 95.03°W); it is 

the location, where surface flux measurements were obtained during VME (see also 

Wilmot et al, 2014). Please see figure 3.1 for the locations of CAMS stations in the 

Houston area. 

The Advanced Research Weather Research and Forecast (ARW-WRF), model 

version 3.6, was used (Skamarock et al., 2008) for the real case, and conducted with three 

model domains with one-way nesting technique, the first domain centered over North 

America (coarse) and the nesting domains centered over Houston. WRF was run for a 48 

hours simulation period and initialized on September 25 at 00 Central Daylight Time 

(CDT). The first 24 hours were considered spin-up; the model results of the last 24-

simulation period on September 26, 2006, were used for further analysis. To improve the 

WRF simulation, objective analysis through OBSGRID is used to nudge the model state 

toward local observations and minimize the accumulation model errors. Objective 

analysis reduces the fine scale errors in initial and boundary conditions by combining 

high-resolution upper level and surface observation with the global analysis field. Surface 

meteorological measurements from the Automated Surface Observing System (ASOS) by 

the National Weather Service/ National Oceanic and Atmospheric Administration 

(NOAA), rawinsonde observations (RAOB), and NOAA Profiler Network (NPN) data 
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provided by the Meteorological Assimilation Data Ingest System (MADIS, website: 

http://madis.noaa.gov/) maintained by the Earth System Research Laboratory 

(ESRL/NOAA) were used as OBSRGID input data. Previous studies show that this 

approach is particularly effective in enhancing the model wind prediction at the local 

scale (Ngan et al. 2012; 2013). Please see Tab.1 for information about WRF model 

configuration, and figure 3.1 for modeling domains. All WRF results presented in this 

chapter are calculated in the innermost domain d03 and extracted for the specific 

radiosonde and CAMS location (Figure 3.1). A brief description of the synoptic 

conditions on September 26, 2006 is presented in next section. 

 

 

Table 3.1 WRF simulation characteristics   

Domain number 1 2 3 

Period 26 September 2006 

Initial condition meteorology NCEP Eta (40km) 

Vertical levels 42 42 42 

Horizontal grid (x,y) 157 x 127 100 x 100 151 x 136 

Horizontal resolution 36 km 12 km 4 km 

Time step 180 s 120 s 30 s 

Microphysics WRF Single-moment 5-class scheme  

(Hong et al., 2004) 

Long wave radiation scheme RRTM (Mlawer et al., 1997) 

Short wave radiation scheme Dudhia (1989) 

Land Surface model Noah (Tewari et al., 2004) 

PBL scheme YSU (Hong et al., 2006) 
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(a) 

 
(b) 

           
Figure 3.1. Modeling domains (a) and UHMC, UHCC, and CAMS locations (b). 

Our study uses the LES model and statistics package of the Advanced Research 

WRF model, version 3.6 (see Yamaguchi and Feingold (2012) for a detailed description). 

This statistics package is based on the System for Atmospheric Modeling (SAM) 
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algorithm (Khairoutdinov and Randall, 2003). The fully compressible Navier-Stokes 

equations are solved in WRF-LES in a flux form. All LES results shown in this work are 

horizontal mean statistics saved every simulated minute, without time averaging, while 

the full three-dimensional snapshot is saved every fifteen simulated minutes. The LES 

simulation in this chapter follows the same characteristics of chapter 1 with a horizontal 

grid spacing of 40 m and a vertical grid spacing of 15.625 m. The domain has 128 (x)× 

128 (y) ×192 (z) grid points and is periodic in both, the x and y directions. The top of the 

domain is set to 3 km agl. The model runs for a 12 hours period starting at 12 CDT and 

with time step of 0.5s.  

A critical question concerns the surface flux forcings and the vertical profiles used 

for initialization of LES, as the observations were obtained at two different sites: surface 

fluxes were collected at UHCC and rawinsondes were released at UHMC. The UHCC is 

surrounded by approximately 200 acres (0.81 km2) of prairie grass, and roughness length 

is estimated to be 0.07 m. One of the main foci of this study is to assess the suitability of 

performing LES simulation for the UHCC location using initialization data from UHMC. 

Also, this is one of the reasons that WRF in a real case was also performed. This site can 

be an interesting location for LES studies and was selected both because it is the location 

of well-documented previous field studies (Clements et al., 2007; Zhong et al., 2007; 

Wilmot et al., 2014) and is clear of surrounding structures that would interfere with the 

natural meteorological processes. The surface measurements used in this study were 

taken from the micrometeorological tower installed at UHCC. Its micrometeorological 

setup is comprehensively described in Clements et al. (2007). 

Figure 3.2 shows the NOAA surface synoptic chart at 07 and 22 CDT (-5 GMT) 



55 

 

 

 

 

 

for North America for September 26, 2006. At 07 CDT (Figure 3.2a) there is a high-

pressure system over Texas and Louisiana (center pressure about 1022 hPa), which 

remains over this region fifteen hours later (22 CDT - Figure 3.2b) with a little less 

pressure (1019 hPa). Thus, the synoptic weather condition for the study period over the 

Houston-Galveston area is characterized by high pressure, low wind speeds, and clear 

skies. The synoptic analysis is mainly important for the idealized simulation, because in 

this simulation there is no consideration of the full dynamical evolution of the synoptic 

situation. The synoptic situation in LES is represented by geostrophic winds only. As the 

synoptic situation is characterized by a stationary high-pressure system over Texas and 

without any influences of synoptic frontal systems within a radius of 500 km for the 

entire day of simulation, LES results can be more suitably compared with observations. 

 

 

 

 

 

 

 

 

 

 

 

 



56 

 

 

 

 

 

(a) 

 
(b) 

 
Figure 3. 2. Surface synoptic chart at (a) 07 CDT and (b) 22 CDT for September 26, 

2006. 

 

3.3 Results  

 

3.3.1 Diurnal evolution of meteorological variables 

 

Figure 3.3 shows the time series of air temperature observed by CAMS stations 

and simulated by the WRF model. These stations were divided into two groups based on 

characteristics of each station: stations close to UHMC are characterized hereinafter as 
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urban (C8, C53, and C403) and stations close to UHCC are characterized hereinafter as 

non-urban (C619, C34, and C1022). Overall, the regional simulation results present a 

reasonable agreement with observations for urban CAMS stations, i.e. C8, C53, and 

C403. Only for nighttime at C8 and for daytime at C403, the model overestimates 

temperatures by up to 4 and 2 degrees Celsius (°C), respectively. On the other hand, the 

stations considered non-urban (i.e. C619, C34, and C1022) show a cold biases of up to 

5°C at all stations, with the exception of the time period 8-11 CDT at C619 and of time 

period 0-7 and 21-23 CDT at C34. These cold biases at the non-urban sites are likely 

associated with the complexity of the environment where the stations are located. The 

proximity to the Gulf of Mexico and the Galveston Bay impose extra challenge for the 

simulation due to the local wind circulation such as sea/gulf breezes which are sometimes 

not captured by model and consequently present biases in humidity and air temperature. 

Similarly, poor representation of the non homogeneity of urban surface (e.g., buildings, 

roads, urban street canyons) usually causes wind bias in urban areas.  
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(a) 

 

( (b) 

 

(c) 

 
(d) 

 

( (e) 

 

(f) 

 
Figure 3.3. Observed (dots) versus modeled (line) time series of air temperature (°C) for 

urban stations (a) C8, (b) C53, and (c) C403, and non-urban stations C619, (b) C1022, 

and (c) C34, for September 26, 2006.   

 

 

Figure 3.4 shows time series of relative humidity (%) simulated by WRF and 

compared with observation from CAMS stations. Note that there are missing 

observations for the C53, C619 and C1022 stations. In general, the diurnal variation of 

relative humidity is well simulated by the model, showing high values of relative 

humidity during nighttime (from 00 to 09 CDT and after 19 CDT) and low values during 

daytime (from 09 to 19 CDT), except for the sharp decrease of observed relative 

humidity in C8 at 6 CDT that was modeled with a one hour delay (7 CDT) in WRF. It is 

important to note that in the observations the urban stations present drier conditions 

during daytime (e.g. 22% at 15 CDT in C8) when compared with non-urban stations (e.g. 

43% at 12 CDT in C34), consequently higher variability during the day is observed at the 

urban stations. For example, C8 station shows relative humidity values around 95% from 
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00 to 06 CDT, then with increasing temperature (Figure 3.3a) after sunrise the relative 

humidity drops to 40% at 09 CDT, and reaches its minimum value (~22%) at 15 CDT. 

Afterwards, the relative humidity starts to increase again reaching values close to 95% at 

23 CDT. At C8, there is a dry bias modeled by WRF at night hours (i.e. 0-6 CDT and 

after 21 CDT) and is likely associated with the prediction of higher air temperatures at 

night (Figure 3.3a). The model results for C403 agree well with the observations until 5 

CDT; they have a dry bias of up to approximately 8%, except for 12, 13 and 16 CDT, 

where the model captures exactly the observations. The C34 station shows model 

underestimations for relative humidity between 3-5 and 13-19 CDT, with a dry bias up to 

5% and 10%, respectively. Also in C34, there is a wet bias of approximately 5% between 

7-11 CDT. 

 

(a) 

 

(b) 

 

 (c) 

 
(d) 

 

 (e) 

 

(f) 

 
Figure 3.4. Observed (dots) versus modeled (line) time series of relative humidity (%) for 

urban stations (a) C8, (b) C53, and (c) C403, and non-urban station C619, (b) C1022, and 

(c) C34, for September 26, 2006.   
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The wind speed at 10 m agl (Figure 3.5) was well simulated by model for all 

stations, showing low values during the night with a gradual increase of the wind speed 

during the afternoon. The biggest difference of wind speed reaches 2 ms-1 between 

modeled and observed for station C8 from 12 to 15 CDT and for station C34 at 19 CDT.  

 

(a) 

 

(b) 

 

 (c) 

 
(d) 

 

(e) 

 

(f) 

 
Figure 3.5. Observed (dots) versus modeled (line) time series of wind speed (ms-1) for 

urban stations (a) C8, (b) C53, and (c) C403, and non-urban station C619, (b) C1022, and 

(c) C34, for September 26, 2006.   

 

 

On the other hand, the wind direction (Figure 3.6) did not capture a shift of the 

wind direction from approximately 50° to 200° observed at all stations around 16 CDT 

(albeit with slight differences ranging from 15 CDT at C53, C403 and C34, respectively, 

to 17 CDT at C1022). In general the observed wind direction was fluctuating between 0° 

and 50° during the morning until mid afternoon (15 CDT). After 15 CDT the influence of 

a local circulation (likely Galveston Bay breeze) shifted the wind, rotating clockwise 
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from 50° to approximately 200°. This offshore low wind speeds (< 6 ms-1) and the 

diurnal clockwise shift to southerly wind direction is well documented for the Houston-

Galveston area, and is an indication of the sea/bay breeze in the late afternoon (Banta et 

al., 2005). From 00 CDT to 15 CDT the wind direction was relatively well modeled 

presenting a bias of less than 25°. However, the simulation did not present the change in 

the wind direction after 15 CDT, and the wind direction bias rose up to 200° (e.g. at 23 

CDT at C619). It is important to note that regional simulations using WRF prescribe 

time-dependent forcings such as synoptic changes in the boundary conditions and in 

theory if this shift is related with some synoptic conditions the model was supposed to 

capture it. Thus, this is evidence that a local circulation in this case the Gulf of Mexico 

breeze is acting after 15 CDT in the Houston area. 

 
(a) 

 

(b) 

 

 (c) 

 
(d) 

 

(e) 

 

(f) 

 
Figure 3.6. Observed (dots) versus modeled (line) time series of wind direction (°) for 

urban stations (a) C8, (b) C53, and (c) C403, and non-urban station C619, (b) C1022, and 

(c) C34, for September 26, 2006.   
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3.3.2 Spatial distribution of meteorological variables 

 

Figure 3.7 presents the simulated air-temperature field at 2 m agl for 13 CDT 

(Figure 3.7a), 16 CDT (Figure 3.7b) and 19 CDT (Figure 3.8c) for September 26, 2006. 

Also, observations from CAMS sites are presented by colored dots (same values as in the 

color bar). In general, the model captured reasonably well the air temperature spatial 

distribution at 2 m agl, with higher temperature values (up to 32°C, 31°C, and 28°C for 

13 CDT, 16 CDT, and 19 CDT, respectively) for urban stations and a bit lower 

temperature values (up to 30°C, 29°C, and 27°C for 13 CDT, 16 CDT, and 19 CDT, 

respectively) for non-urban stations. At 13 and 16 CDT the model calculates well (biases 

less than 1°C) the urban CAMS stations. At 13 CDT (Figure 3.7a), the simulated air 

temperature at C8 matches exactly the observation. Station C403 shows about 1°C warm 

bias. The C34, C619, and C1022 stations present warm biases of modeled air 

temperatures ranging between 2-5°C. At 19 CDT (Figure 3.8c), the model calculates 

warm biases of up to 3°C for urban CAMS.  
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Figure 3.7. Simulated air-temperature field at 2 m agl at (a) 13, (b) 16, and (c) 19 CDT 

for September 26, 2006. The asterisk represents the location of UHMC and the triangle 

represents the location of UHCC. 

 

Figure 3.8 shows the simulated wind field at 10 m agl at (a) 13, (b) 16, and (c) 19 

CDT for September 26, 2006. Also, values of wind speed observed at CAMS stations are 

presented as dots. Particularly at 13 CDT (Figure 3.8a), the modeled results are 

presenting strong wind speeds (7 - 8 ms-1) coming from W-NW, especially over the C53 

station (red dot in Figure 3.8a) this value was 3 ms-1 higher than observed at this CAMS 

station. At 16 CDT (Figure 3.8b), the modeled wind speed overestimates the observed 

values by 2 ms-1, 2 ms-1, and 1 ms-1 at C53, C619, and C34, respectively. At 19 CDT 

(Figure 3.8c), the model overestimates the wind speed by 2 ms-1 and 3 ms-1 at C53 and 

C403, respectively.  
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Figure 3.8. Simulated wind field at 10 m agl at (a) 13, (b) 16, and (c) 19 CDT for 

September 26, 2006. The asterisk represents the location of UHMC and the triangle the 

location of UHCC. 

 

3.3.3 Comparison of observation, WRF and LES 

 

This section assesses the performance of LES to simulate PBL mean values for 

the Houston region. A comparison of the potential temperature vertical profile observed 

by rawinsondes and calculated by WRF at UHMC and UHCC, and LES (statistical mean 

results) is presented in figure 3.9. Figure 3.9a shows the temporal diurnal evolution of the 

LES vertical potential temperature for the entire period of the simulation within the PBL. 

At 13 CDT (Figure 3.9b) the vertical profile of potential temperature simulated by LES is 
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in good agreement with the observation (bias less than 0.7 K). Although the observed 

potential temperature at the surface matches better with the WRF simulation, the sharp 

increase of the potential temperature with altitude with the surface layer is better 

represented by LES. This difference at the surface may be due to the fact that LES was 

initialized with surface fluxes from UHCC, and the observation made by rawinsondes 

released from UHMC, located in the urban region. For the observation and model outputs, 

a subjective way to estimate the PBL height based on Rappenglück et al. (2008) was used 

in this work. The PBL heights (sharp increase in potential temperature, black line in 

figures 3.9b, c, and d) estimated from observation were 850 m, 1450 m, 1500 m agl at 13, 

15, and 19 LT, respectively. We estimate the uncertainty of the PBL height to be on the 

order of ±50 m. The LES model agreed quite well with the observed sharp increase of the 

potential temperature (and consequently PBL height), but the WRF simulation (both 

UHMC and UHCC) overestimated these heights by approximately 700 m and 250 m at 

13 and 15 LT, respectively. At 19 LT, WRF overestimated the observed sharp increase of 

potential temperature by 200 m at UHMC, while at UHCC it underestimated this height 

by 300 m. At 16 CDT (Figure 3.9c), the height of the sharp increase of the potential 

temperature is still better captured by LES than by WRF. In this case, again, the surface 

potential temperature is better simulated by WRF for UHMC, whereas the vertical 

potential temperature profile is better captured by LES (Figure 3.9c). Also, the vertical 

potential temperature calculated at UHMC and UHCC present warm biases of 

approximately 1 K and 0.2 K, respectively. In figure 3.10d (19 CDT) both, LES and 

WRF at UHMC and UHCC show warm biases (1 K and 2 K, respectively) in the lower 

700 m, and a sharp decrease of the potential temperature is observed at the surface. In 
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addition, the height of the sharp increase of the potential temperature is well captured by 

LES at 1500 m, while WRF underestimates this height by 300 m at UHCC and 

overestimates this height by 250 m at UHMC. For all three times, the LES results stand 

out compared to WRF, indicating that the PBL structure is better described in LES due to 

the high horizontal resolution, even for an idealized simulation.  

At the time when the surface heat flux becomes negative, the upper portion of the 

mixed layer becomes separated from the surface layer by a developing surface inversion. 

This situation is often observed in the atmosphere (Yamada, 1979), and the elevated 

remnant of the mixed layer (residual layer) will stay unchanged over night. During the 

next morning, the residual layer will be absorbed by the developing mixed-layer of the 

next day (Sorbjan, 1996). The observations in this study indicate a surface inversion of 

much less than 1 K between 10 and 20 m agl (Figure 3.9d) and a residual layer height of 

~ 1400 m agl. Both WRF (at UHMC and UHCC) and LES results show this inversion, 

but stronger and at an higher altitude compared to the observation. The altitudes of the 

simulated inversions are 25 m, 30 m and 80 m for LES, and WRF (at UHCC and UHMC), 

respectively. Based on the vertical profile of the potential temperature at 19 CDT it is 

possible to conclude that LES was able to capture the onset of negative surface fluxes and 

the inversion layer (i.e. the evening transition) better than WRF. 
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(a)          

 
(b) 

 

 (c) 

 

(d) 

 
Figure 3.9. Temporal evolution of the potential temperature within the PBL as 

simulated by LES (a), and vertical profiles of potential temperature as calculated by 

WRF (at UHCC and UHMC locations) and LES versus VME observations at (b) 13, 

(c) 16 and (d) 19 CDT on September 26, 2006.    

 

To investigate possible divergences between LES and WRF simulation results of 

the potential temperature vertical profile during the evening transition, the time series of 

sensible heat fluxes observed, and calculated by WRF (based on the Noah land surface 

model) for UHMC and UHCC are presented in Figure 3.10. The observed sensible heat 

flux at 19 CDT (i.e. during the evening transition) can give us an idea about the strong 
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bias observed in the WRF simulation, and also the difference between the calculated 

potential temperature at UHMC and UHCC. The WRF simulation calculates negative 

values of -31 Wm-2 and -18 Wm-2 at 19 CDT for UHCC and UHMC, respectively. 

However, observed values do not show that strong negative values at this time, rather it 

presents a modest negative surface heat flux of approximately -1 Wm-2. This analysis 

suggests that the potential temperature at the surface during the evening transition 

modeled by LES agrees better with the observation for two reasons: (1) LES imposes the 

sensible heat flux from observations, and (2) still relevant improvements need to be done 

in WRF regarding the thermal coupling of the land (i.e. the land surface model) and the 

atmosphere (i.e. the PBL scheme). In agreement with LeMone et al. (2009) and Wilmot 

et al. (2014) the WRF overestimates the latent heat flux throughout the entire study 

period, except for 11-13 CDT at UHCC where WRF underestimates the observed value 

by 100 Wm-2. Figure 3.10b shows the same comparison of sensible heat flux but for 

latent heat flux. The simulated latent heat flux overestimates by up to 300 Wm-2 the 

observed values for UHCC. Figure 3.10c presents a comparison between observed and 

modeled friction velocity for UHMC and UHCC locations. The observed friction velocity 

values at UHCC are typically 0.3-0.5 ms-1 during daytime (Wilmot et al. 2014). However, 

the model overestimates the observations (up to 0.3 ms-1) at that site. During nighttime 

the WRF friction velocity is set to a minimum value of 0.1 ms-1, and consequently would 

not capture any lower observed values.   

Similarly to the work made by Wilmot et al. (2014), WRF tends to overestimate 

incoming solar radiation for the Houston-Galveston area (not shown). This 

overestimation can lead to a surplus of energy that can be redistributed in the partitioning 
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of the surface energy variables.  

 

(a) 

 

(b) 

 

(c) 

 
Figure 3.10. Time series of the observed (black) sensible heat flux (a), latent heat flux (b), 

and friction velocity (c), and calculated by WRF (based on the Noah land surface model) 

for UHMC (red) and UHCC (blue) for September 26, 2006. 

 

Another subjective way to estimate the PBL height is to determine the height, 

where a sharp decrease in relative humidity occurs (Rappenglück et al., 2008). Figure 

3.11 presents vertical profiles of relative humidity as observed by rawinsondes and 

calculated by WRF (both, for UHMC and UHCC locations) and LES for UHCC 

(statistical mean results). At 13 CDT (figure 3.11a) all the experiments present a 

reasonable good agreement in relative humidity within the PBL. However, the simulated 

heights of the sharp decrease of relative humidity are overestimated by 200 m, 900 m and 

1100 m for LES and WRF (for both UHMC and UHCC location, respectively). The LES 

simulation at 16 CDT (Figure 3.11b) presents a good agreement with the height of sharp 

decrease of relative humidity (approximately 1450 m) but shows a dry bias up to 5 - 7%. 

On the other hand, relative humidity modeled by WRF (at UHMC and UHCC) shows a 

better agreement with observations within the PBL than in the LES case. At 19 CDT 

(Figure 3.11c), LES presents a 20% dry bias of relative humidity compared to 

observations. Again, for this time, WRF results show a better agreement with 
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observations at the surface and within the PBL, but present a dry bias of up to 10% from 

100-700 m. Another interesting point is the relative humidity calculated close to the 

surface; the curvature of the vertical profile below 200 m is similar to the curvature of 

LES than WRF (increase of 5 and 10 % for UHMC and UHCC, respectively) simulation.  

 

(a) 

 

 (b) 

 

(c) 

 
Figure 3.11. Simulated vertical profiles of relative humidity (%) as calculated by 

WRF (at UHCC and UHMC locations) and LES versus VME rawinsondes vertical 

profile of relative humidity at (b) 13, (c) 16 and (d) 19 CDT on September 26, 2006.    

 

 

Figure 3.12 presents vertical profiles of wind speed compared to LES and WRF 

simulations. In general, the observed wind speed is better simulated by LES than WRF. 

WRF overestimates wind speed in all cases (up to 4 ms-1, 5 ms-1 and 3 ms-1 for 13, 16, 

and 19 CDT, respectively). No wind forcing is prescribed in LES; therefore the observed 

shift of the wind direction from N-NW (0° - 50°) after approximately 15 CDT as shown 

in the previous figure 3.6 is not properly simulated.   

 

 



71 

 

 

 

 

 

(a) 

 

 (b) 

 

 (c) 

 
Figure 3.12. Simulated vertical profiles of wind speed as calculated by WRF (at UHCC 

and UHMC locations) and LES versus VME rawinsonde observations at (b) 13, (c) 16 

and (d) 19 CDT on September 26, 2006. 
 

 

3.3.4 Turbulence analysis 

 

The reasonable good agreement of LES results (potential temperature, relative 

humidity, and wind speed) forced with surface fluxes based on measurements from the 

VME experiment provide confidence that LES simulations of turbulence quantities such 

as Turbulent Kinetic Energy (TKE) are likely realistic and warrant further turbulence 

structure analysis. The analysis of the spatial and temporal evolution of Turbulent Kinetic 

Energy (TKE) as shown in Figure 3.13 gives a tool to evaluate the turbulence structure of 

the PBL during the diurnal cycle in the Houston area for the case of September 26, 2006. 

Based on figure 3.13a, the LES simulation was able to describe the diurnal evolution of 

TKE. The PBL stability conditions ranged from nearly-neutral at the starting time 

becoming convective after the first hour of simulation and during the course of the 

afternoon (from 13 to 18 CDT) and stable after 18 CDT. The maximum TKE value of 1.4 
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m2s-2 occurs between 13 and 15 CDT from the surface up to 1050 m, and TKE gradually 

decreases showing values less than 0.4 m2s-2 after sunset (19 CDT). Figure 3.13b shows 

the spatial and temporal evolution of buoyancy production of TKE (m2s-3). The well 

mixed convective boundary layer with fully developed turbulence is mainly forced by 

buoyancy. In the afternoon (from 16 to 19 CDT) the decrease of the surface buoyancy 

flux leads to a decay of TKE, and a change of the structure of the turbulence from 

convective to stably stratified. This transition from a convective boundary layer to a 

nocturnal boundary layer, i.e. when shear production of TKE dominates over buoyancy 

production, occurs between 17 and 18 CDT. Around this time the PBL is still well mixed, 

so the shear production is still low (Figure 3.13c), while the buoyancy is already 

inexistent (Figure 3.13b). For later times (after 19 CDT) the only source of turbulence 

that remains in the PBL is the wind shear with values around 0.3 x 10-4 m3s-2 between 700 

and 1100 m agl.  
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(a)  

 
 (b)  

 

(c) 

 
Figure 3.13. Spatial and temporal evolution of TKE (m2s-2) (a), buoyancy production 

of TKE (m3s-2) (b), and shear production of TKE (m3s-2) (c) for the LES simulations 

for September 26, 2006. 

 

A frequently observed phenomenon during clear nights with low wind speeds is 

the weak and intermittent turbulence. Intermittent turbulence is described by brief 

episodes of turbulence with intervening periods of relatively weak or difficult to measure 

small fluctuations (Mahrt 1999). Enhanced nighttime variability of pollutant 

concentrations was frequently reported for the Moody Tower air quality station, which is 

located in the immediate vicinity of the rawinsonde launch facility at UHMC (29.72°N, 

95.34°W), but at 65 m agl. These observations were more evident on weekends when 

traffic emissions were significantly lower (Luke et al., 2010). It has been hypothesized 

that this variability is related to intermittent turbulence during the nighttime PBL (Flynn 

et al., 2010). As an example Figure 3.14 shows two days of the VME project, when 
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nighttime variability of pollutant concentrations was observed. Figures 3.14a and 3.14b 

present observed concentration for carbon monoxide (CO) at the Moody Tower (MT - 

red dots) at the location of the radiosonde launches at UHMC for (a) September 26 and (b) 

October 05, 2006. CO is a very slow reacting trace gas and most likely the best pollutant 

to analyze this phenomenon. In addition to CO also the wind speed and direction are 

shown for these days (Figure 3.14c and 3.14d, respectively). The case of October 05 is 

included because it shows a good example of the phenomenon. Also, it has been the 

focus of a recent study (Cuchiara, et al. 2014). Periods of intermittent CO peaks observed 

at MT can be seen for 22-23 CDT and 19-22 CDT for September 26 (Figure 3.14a) and 

October 05 (Figure 3.14b), respectively. On September 26 there is a strong CO 

concentration peak of 425 ppb (increase of 125 ppb) around 22 CDT and a smaller peak 

of 300 ppb (increase of 50 ppb) around 22:30 CDT in a time frame of approximately 15 

minutes. On October 05 the variability in CO concentration is more evident with periodic 

CO peaks (approximately every 15 minutes) of up to 300 ppb. The overall increase of CO 

concentration after 18 CDT on October 05 is likely due to the collapse of PBL height. It 

is important to note that the overall shift of wind direction for both cases from northerly 

to southerly at 17:45 CDT (September 26) and from northerly to westerly at 18:45 CDT 

(October 05) is not associated with winds coming from easterly directions, which might 

be impacted by traffic plumes from the I-45 highway located about 1 km to the northeast 

of UHMC. Furthermore, the peaks themselves occur on the background of little changes 

in wind direction and lower wind speeds (around 2 ms-1 compared to 4 ms-1). 

Due to the difficulties in measuring fluxes in weak intermittent turbulence the 

knowledge of the physical mechanism behind the intermittent behavior of turbulence is 
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still very restricted. It is unclear whether intermittency is generated by local shear effects, 

by instability on the scale of the entire surface inversion layer or by turbulence generated 

aloft diffusing to the surface (Mahrt 1999). Figure 3.13a, shows that after the sunset (19 

CDT) there is still a weak, but noticeable TKE (from 0.2 to 0.5 m2s-2) being produced by 

wind shear almost throughout the whole depth of the PBL (from 150 to 1400 m). 

Although the aforementioned analysis for CO observations at UHMC may not be 

exclusively due to turbulence generated aloft by wind shear and diffused to the top of 

Moody Tower, the results support the theory that intermittent turbulence may have 

impacted the dispersion of pollutants during nighttime in this particular case (e.g. 

September 26, 2006). 

 

(a) 

 

(b) 

 
(c) 

 

(d) 

 
Figure 3.14. Time series of CO observed at the Moody Tower on (a) September 26, 

and (b) 05 October, 2006; and respective wind speed and wind direction (c and d) 

observed at the Moody Tower. 
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3.4 Conclusions 

 

In this chapter, the capability of the WRF-LES (Weather Research and Forecast – 

Large-Eddy Simulation, version 3.6) model was assessed to simulate the structure of the 

planetary boundary layer (PBL) in the Houston area. In addition, a regional WRF 

simulation was performed to analyze potential differences in meteorology between two 

locations inside Houston area. The study focused on a 24 and 12 hours (LES and WRF, 

respectively) period on September 26, 2006, which formed part of the Vertical Mixing 

Experiment (VME) study during the TexAQS-II Radical and Aerosol Measurements 

Project (TRAMP) experiment. The stationary synoptic situation characterized by a high-

pressure system over Texas for the entire day of simulation without any influence of 

synoptic frontal systems within a radius of 1000 km provided an ideal case for an 

idealized LES simulation. 

The WRF results for air temperature, relative humidity, and wind speed were in 

reasonable agreement with surface observations at Continuous Ambient Monitoring Site 

(CAMS) stations. The biggest discrepancies were found for the wind direction. This is 

likely due to a misrepresentation of local circulations in the model which did not capture 

a significant wind shift after 15 CDT (Central Daylight Time).  

Overall, the LES results stand out compared to WRF predictions. LES does not 

only capture the height of the inversion of potential temperature and relative humidity 

more accurately than WRF, but also simulates better these variables close to the surface. 

In contrast, WRF results show a persistent bias close to the surface and at the top of PBL. 

Also, LES results for wind speed is in good agreement with observations.  
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The reasonable performance of LES for meteorological variables provides 

confidence for further analysis of the turbulent structure of the PBL. The analysis of the 

spatial and temporal evolution of the Turbulent Kinetic Energy (TKE) shows that the 

LES model describes well all the stability regimes present during the PBL diurnal cycle. 

Maximum TKE value of 1.4 m2s-2 from the surface up to 1050 m occurred during the first 

afternoon hours (13-15 CDT). The TKE gradually decreased afterwards reaching values 

less than 0.4 m2s-2 after sunset. The analysis of buoyancy and shear production of TKE 

shows a shift from buoyancy dominated (convective regime) to shear dominated 

(nocturnal stable regime) PBL after 18 CDT.    

A weak, but noticeable TKE (from 0.2 to 0.5 m2s-2) produced by wind shear is 

observed almost throughout the whole depth of PBL (from 150 to 1400 m). This may 

likely be related to observations made at the UH Moody Tower on at least two VME days 

including the September 26 case, when peaks of carbon monoxide (CO) occurred in the 

evening, while the variability in wind conditions was very little. This supports a 

hypothesis of intermittent turbulence acting in the concentration of pollutants measured at 

the UH Moody Tower air quality station (Flynn et al., 2010) and evident in overall 

enhanced nighttime variability in CO data at that site (Luke et al., 2010). Although no 

final conclusion was drawn on the source of intermittent turbulence due to the lack of 

TKE observations during that field campaign, the results indicate that LES is a valuable 

tool to simulate meteorological mean variables and the structure of turbulence during the 

diurnal cycle of the PBL, here shown as a case study for the Houston area. These 

processes are crucial for a better understanding of PBL characteristics, as they can 

influence the dispersion of tracers in the atmosphere (e.g., Vilà-Guerau de Arellano et al., 



78 

 

 

 

 

 

2004; Casso-Torralba et al., 2008), and the development of the nocturnal and daytime 

boundary layers of the following day (Blay-Carreras et al., 2014). 
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Chapter 4 

 

 

Simulating the influence of convective decay parameterization for a case 

study in Houston, TX 

 

4.1 Introduction 

 

Numerical Weather Predictions (NWP) and air quality models (AQM) are widely 

used as a basis for decision-making processes, not only to predict severe weather 

phenomena but also to inform the general public about air pollution issues. However, 

there are still relevant uncertainties due to physical parameterization within the planetary 

boundary layer (PBL) which hinder a better performance of NWP models. Besides 

inaccurate emission inventories and chemical mechanisms, one of the most frequent 

problems related with biases in AQM in trace gas concentrations is the inaccurate 

representation of physics parameters in NWP. 

A few recent studies examined the sensitivity of the Weather Research and 

Forecasting (WRF) (Skamarock et al., 2008) model predictions to PBL schemes (Jankov 

et al., 2007; Borge et al., 2008; Gilliam and Pleim, 2010; Mohan and Bhati, 2011; Yver et 

al., 2013; Xie et al., 2013; Hu et al., 2013; Wilmot et al., 2014). Ha and Mahrt (2001) 

illustrated that vertical mixing in the residual layer was an important source of model 
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uncertainties. Poor vertical resolution (> 10m) was shown to miss the maxima eddy 

diffusivity (related with rapid change of mean variable with height) during the evening 

transition. Sensitivity simulations with different treatments of vertical mixing (i.e., 

different stability functions and asymptotic lengths) in the residual layer were conducted 

by Ha and Mahrt (2001) to identify the proper treatment. This investigation was extended 

by Hu et al. (2010) who focused on the sensitivity of the WRF model for simulating the 

daytime convective boundary layer. Hu et al. (2010) evaluated three PBL schemes in the 

WRF model for the Houston-Galveston area. Yerramilli et al. (2010) evaluated the 

sensitivity of the PBL schemes and land surface model (LSM) in ozone predictions with 

the Weather Research and Forecasting model with Chemistry (WRF/Chem) model over 

the Central Gulf Coast Region. Comparing modeling results with observed vertical 

profiles data derived from rawinsondes, Yeramilli et al. (2010) suggested the 

combination of the Yonsei University PBL scheme with the Noah land surface scheme 

for the best model representation. Also, Yeramilli et al. highlighted that the main 

divergences between different combination of PBL schemes and LSM are due to distinct 

parameterization of turbulent exchange coefficients calculated by the model. 

In regional scale NWP models, the PBL parameterization is responsible to 

represent the impact of sub-grid scale turbulent motions on larger grid-scale variables. 

The accurate simulation of the PBL is important for AQMs, because most of the 

anthropogenic and biogenic emissions are released within this layer. One important 

feature in the PBL parameterization is the calculation of the vertical diffusion, because 

vertical turbulent diffusion usually prevails over the mean vertical advection. Many 

uncertainties in meteorological and chemical variables originate from the inaccurate 
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representation of diffusion mechanisms, especially in dry deposition and eddy diffusivity 

(Wesely and Hicks, 2000; Wilson, 2004; Tang et al., 2011). For instance, among the main 

contributors to the uncertainty in the calculation of O3 concentration and its sensitivities 

to NOx and VOCs are the deposition velocity and eddy diffusivity parameterizations 

(Bergin et al., 1999). Tang et al. (2011) showed that the 8-h ozone sensitivity to NOx may 

vary by approximately 20% due to the choice of the vertical mixing scheme. Furthermore, 

Byun et al. (2007) highlighted that differences in vertical diffusion processes in AQMs 

may significantly contribute to large differences in simulated ozone. 

The vertical mixing in air quality models is controlled by the PBL height and the 

turbulent flux modeled by eddy diffusivity coefficients. The PBL height and eddy 

diffusivities are determined by the heat and momentum exchanges between the PBL and 

the land surface model. In WRF/Chem the chemical vertical mixing module consists of a 

simple first-order closure scheme using the eddy diffusion coefficients for heat (Kh) that 

are computed in the meteorological part of WRF. In essence, the specific choice of PBL 

parameterization plays a critical role in the vertical mixing (Borge et al., 2008, Kim et al., 

2010 and Kim et al., 2013). 

In previous work (Cuchiara and Rappenglück, 2015), meteorological modeling 

was performed using the Weather Research and Forecast model – Single Column Model 

(WRF-SCM) and the simulated meteorological fields were evaluated against 

observational data obtained in the Wangara experiment (Clarke, et al. 1971). Cuchiara 

and Rappenglück (2015) focused on the poorly understood evening transition, i.e. when 

the daytime convective PBL turns to a stable nighttime PBL, which is an important 

process in the distribution of pollutants in the PBL. Cuchiara and Rappenglück simulated 
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the sunset period with a set of alternative eddy diffusivity equations added to the widely-

used Yonsei University (YSU) PBL scheme with the goal to better represent the 

characteristics of the dispersion during sunset period. Cuchiara and Rappenglück (2015) 

showed that although the representation of the convective decay in the standard 

parameterization did not show noticeable improvements in the simulation of state 

variables, small changes in the eddy diffusivity over consecutive hours throughout the 

night can have an impact on the distribution of trace gases in air quality models. Due to 

the importance of the evening transition in PBL diurnal evolution, this work aims to do a 

next step beyond the work performed by Cuchiara and Rappenglück (2015), which is to 

evaluate the impact of the parameterization of convective decay in an AQM here shown 

for the case of Houston.  

The Houston metropolitan area, located in southeast Texas, is the fourth-largest 

metropolitan area in the United States, with over 6 million inhabitants. This region 

frequently exceeds the National Ambient Air Quality Standard (NAAQS) for ozone (U.S. 

EPA, 2008a). Thus, a realistic simulation of the PBL structure and its evolution is critical 

for modeling meteorology and air quality in this region. Indeed, poor accuracy in the 

simulation of physical properties often leads to degraded meteorological and air quality 

prognostic skills. The vertical atmosphere over the Houston area has been focus of many 

studies, not only for meteorological parameters, but also with regard to chemical 

constituents (e.g. Banta et al., 2005, 2011; Rappenglück et al., 2008, 2011; Pierce et al., 

2009; Morris et al., 2010; Ngan and Byun, 2011; Ngan et al., 2012; Ryu et al., 2013; 

Haman et al., 2012, 2014; Cuchiara et al., 2014; Li and Rappenglück, 2014). Furthermore, 

the number of ozonesondes released in Houston since 2004 makes the Houston area one 
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of the cities having the largest ozone profile data set worldwide and thus an ideal location 

for this work.  

In this study, we performed meteorological and chemical sensitivity studies 

employing two different WRF/Chem simulations. The WRF/Chem results were 

compared to observational data obtained on a day of the Vertical Mixing Experiment 

(VME) which was part of the 2006 TexAQS-II radical and aerosol measurement project 

(TRAMP) campaign (see overview by Lefer and Rappenglück, 2010). On that day 

temporally highly resolved boundary layer data was collected (e.g. see Cuchiara, et al. 

2014). The methodology of the WRF/Chem sensitive analysis used in this study is 

described in section two. The results with regard to meteorological (potential temperature, 

water vapor mixing ratio, and u-v component of the wind) and chemistry [ozone (O3), 

nitrogen oxides (NOx), carbon monoxide (CO), formaldehyde (HCHO), and sulfur 

dioxide (SO2)] variables is presented in the third section. Conclusions are compiled in the 

last section. 

 

4.2 Methodology 

 

The sensitivity analysis consists of the comparison between two WRF/Chem 

(Grell et al., 2005) simulations: the first considered as control simulation (hereinafter 

YSU-std) with the standard Yonsei University scheme (YSU – Hong et al., 2006); and 

the second, using an alternative eddy diffusivity equation in the YSU scheme (YSU-mod) 

proposed by Cuchiara and Rappenglück (2015). The modified YSU scheme simulates 

more realistically the decay of the convective boundary layer typical of evening transition, 



84 

 

 

 

 

 

which is not represented in current PBL parameterizations. The two WRF/Chem results 

are compared to rawinsondes, ozonesondes and aircraft measurements during one day of 

the VME experiment, October 5, 2006. This day was chosen because it was previously 

simulated with WRF/Chem, and different PBL schemes were validated against observed 

data (Cuchiara et al., 2014). In this previous work the YSU scheme presented the best 

performance among those PBL schemes but still showed significant bias in the vertical 

distribution of pollutants, and was resimulated here as a reference. In the present work, 

the representation of the evening transition of the previous day (i.e. YSU-mod) is 

expected to reduce model bias and confirm the importance of the decaying turbulence in 

the dispersion of pollutants. The VME day October 5, 2006, provides a unique 

opportunity to assess the performance of YSU-mod against YSU-std. 

Soundings were launched from the University of Houston (UH) main campus 

(29.74 N; 95.34 W; 11 m above ground level (agl)) approximately 5 km to the southeast 

of downtown Houston at 0500, 1000, 1600, and 1900 Central Daylight Time (CDT). The 

soundings provide profiles of meteorological variables such as temperature, potential 

temperature, mixing ratio, and u-v components of the wind. For more details on 

radiosonde launches see Rappenglück et al., 2008; Day et al., 2010. Also, two 

ozonesondes were released during this period, one at 07 CDT and the other at 13 CDT, 

both released from UH (Morris et al., 2010).  

The aircraft measurements were collected aboard the Baylor University Aztec 

aircraft (Aztec). The aircraft performed 5 spirals over the UH main campus collecting 

vertical profiles of O3, CO, NOx, HCHO, and SO2. The exact time of each spin was from 

10:16 - 11:09 CDT, 11:10 - 11:29 CDT, 11:36 - 12:20 CDT, 12:21 - 12:57 CDT, and 
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12:58 - 13:40 CDT, for spin 1, 2, 3, 4, and 5, respectively. Description of the instrument 

payload is given in Olaguer et al. (2009). 

 The Advanced Research Weather Research and Forecast (ARW-WRF) model 

version 3.5 with chemistry was used (Grell et al., 2005), and conducted with three model 

domains (Figure 4.1) with two-way nesting technique. Please see Tab.4.1 for information 

about model configuration.  

 
Figure 4.1. Modeling domains.  
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Table 4.1. WRF simulation characteristics  

Domain number 1 2 3 

Period 26 September 2006 

Initial condition meteorology NCEP Eta (40km) 

Initial condition chemistry MOZART-4 (2.8 x 2.8° ; 28 vertical levels) 

(Horowitz et al., 2003) 

Vertical levels 42 42 42 

Horizontal grid (x,y) 157 x 127 100 x 100 151 x 136 

Horizontal resolution 36 km 12 km 4 km 

Time step 180 s 120 s 30 s 

Microphysics WRF Single-moment 5-class scheme  

(Hong et al., 2004) 

Long wave radiation scheme RRTM (Mlawer et al., 1997) 

Short wave radiation scheme Dudhia (1989) 

Land Surface model Noah (Tewari et al., 2004) 

Chemistry mechanism  RADM2 (Stockwell et al., 1990) 

Dry deposition Wesley (1989) 

Biogenic emissions MEGAN (Guenther, 2006) 

Anthropogenic emissions NEI2005 

Photolysis Madronich (1987) 

Aerosols option MADE/SORGAM 

 

The horizontal resolutions of the domains are 36, 12 and 4km, respectively, and 

shown in figure 4.1. The finest grid contains 151×136 points covering the Houston area. 

The model has 42 vertical levels (21 of them below 3km). The 21 levels below 3km were 

used to perform the sensitivity analysis in the WRF/Chem. The physics parameterization 

schemes include the WRF Single Moment 3-class scheme microphysics, the rapid 

radiative transfer model (RRTM) long wave radiation, the Dudhia shortwave radiation 

scheme, and the Noah land-surface model (LSM). The initial and boundary conditions 

were taken from NCEP Eta/NAM data (40 km horizontal resolution). The chemistry 

package of WRF was turned on for all three domains. The Model for Ozone and Related 

Chemical Tracers, version 4 (MOZART-4) was used for the chemistry boundary 

conditions. In this study we used the Regional Acid Deposition Model, version 2 

(RADM2) (Stockwell et al. 1990) chemistry mechanisms and the MADE/SORGAM 
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aerosol mechanism (Ackerman et al. 1998; Schell et al. 2001). The Model of Emissions 

of Gases and Aerosols from Nature (MEGAN) (Guenther 2006) was used to represent the 

net biogenic emissions, both gases and aerosols, in the WRF/Chem model. Driving 

variables used by MEGAN to estimate the net emission rate of isoprene and other trace 

gases (CO, CH4, C2H4, C2H6, C3H6, C3H8, CH3OH, formaldehyde, acetaldehyde, acetone, 

other ketones, toluene, isoprene, monoterpenes and sesquiterpenes) include land cover, 

meteorological conditions, and atmospheric chemical composition. The data has a 0.5° × 

0.5° spatial resolution. Data from the US Environmental Protection Agency’s (EPA) 

National Emission Inventory (NEI) for the reporting year 2005 

(http://www.epa.gov/scram001/guidanceindex.htm) was used as anthropogenic emission 

inventory. 

Statistical analysis was applied to the first 21 model levels to evaluate the 

relationship between potential temperature, water vapor mixing ratio, u and v-

components of the wind, O3, CO, NOx, HCHO and SO2, simulated by WRF/Chem and 

observed by rawinsonde, ozonesonde, and the Aztec airplane. The calculated parameters 

included the coefficient of determination (R) to determine strength of linear association 

between the forecasts and observations, the root mean square error (RMSE), to describe 

the magnitude of the difference between predicted and observed values, and the bias 

(BIAS) to define the expected error due to model mismatch. The BIAS and RMSE were 

determined as follows: 

                                                      Eq.  (4.1) 
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                                        Eq.  (4.2) 

 

where n is the number of values, Y’ is the modeled value, and Y is the observed value.  

 

4.3 Results 

4.3.1 Meteorology simulation 

 

Figure 4.2 presents a comparison between YSU-std (circles) and YSU-mod 

(crosses), and rawinsonde data released from UH campus at 10 CDT from the surface up 

to 3 km agl. Vertical profiles of potential temperature (K), mixing ratio (g/kg), and u and 

v-components of the wind (ms-1) at 10 CDT were selected for their importance for the 

mixing of pollutants stored in the residual layer from previous day in the PBL morning 

transition, and its proximity to the chemistry profiles of the first 3 spins (10:16 - 11:09 

CDT, 11:10 - 11:29 CDT, and 11:36 - 12:20 CDT, for spin 1, 2, and 3, respectively) 

performed by the Aztec. The PBL height calculated by YSU-std (see Cuchiara et al. 2014) 

shows that at 9 CDT the PBL starts to evolve and grows exponentially until 12 CDT 

reaching the height of ~1500 m agl. The differences between YSU-std and YSU-mod can 

be visualized not only for 05 CDT and 10 CDT but also throughout mid and late 

afternoon (16 CDT and 19 CDT).  Please see figures A4.1, A4.2, A4.3 in appendix to 

complete set of vertical profiles. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

 
Figure 4.2. Simulated YSU-std (circles) and YSU-mod (crosses) vertical profiles versus 

rawinsondes (line) of potential temperature (a), water vapor mixing ratio (b), u-

component of the wind (c), and v-component of the wind at 10 CDT (d). 
 

 

Tab. 4.2 presents the statistical analysis for meteorological variables. The model 

calculates well the potential temperature vertical profile with R ranging from 0.93 to 0.99 

and small values of RMSE (< 1.93 K) and BIAS (< -1.58 K). Small differences (~ 1 K) 

were calculated between the two WRF simulations, and most of the time these 

differences were found in the lower model levels (< 1500 m agl). However, the values of 

potential temperature at 10 CDT were slightly better in YSU-mod than YSU-std below 

300 m agl, and this improvement was confirmed by the increase in RMSE score from 

0.68 K to 0.51 K for YSU-std and YSU-mod, respectively.    

Figure 4.2b presents comparisons between observed and modeled vertical profiles 

of the water vapor mixing ratio. Similarly to the potential temperature, the statistical 

analysis on table 4.2 confirms the good performance of the model for both YSU-std and 

YSU-mod experiments, with R values higher than 0.89, RMSE and BIAS values smaller 

than 2.88 g/kg, and 2.57 g/kg, respectively. Overall, modeled water vapor mixing ratio 

values are higher than the observations for most simulated levels, except at 19 CDT, 
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where the model underestimated almost all levels presenting negative BIAS (-0.89 g/kg 

and -1.18 g/kg for YSU-std and YSU-mod, respectively). At 10 CDT (Figure 4.2b) there 

are no big differences between YSU-std and YSU-mod, and both simulations present 

high R values (R = 0.94) and low BIAS (~0.8 g/kg) and RMSE (~ 1.4 g/kg).  

For the wind components (Figures 4.2c and 4.2d), the statistical analysis shows 

improvements in model performance at 10 CDT and 19 CDT. At 10 CDT, for the u-

component (Figure 4.2c) the YSU-mod presents a lower model error (BIAS = -1.91 ms-1 

and RMSE = 2.63 ms-1) when compared with YSU-std (BIAS = -2.28 ms-1 and RMSE = 

2.77 ms-1). The v-component of the wind (Figure 4.2d) the YSU-mod shows a better 

performance at 05 CDT, 10 CDT and 16 CDT. This analysis is confirmed by statistical 

scores (Table 4.2). Particularly at 10 CDT, the YSU-mod presents higher values of R (R= 

0.87), and smaller BIAS (-1.47 ms-1) and RMSE (1.73 ms-1), when compared to the YSU-

std scores (R = 0.84, -1.76 ms-1, and 2.02, respectively).  
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Table 4.2. Statistical analysis for meteorological variables 

Parameter Experiment 
05 

CDT 

10 

CDT 

16 

CDT 

19 

CDT 

  Potential temperature 

R 
YSU-std 0.99 0.98 0.99 0.93 

YSU-mod 0.98 0.99 0.99 0.95 

RMSE  

(K) 

YSU-std 0.40 0.68 0.29 1.93 

YSU-mod 0.72 0.51 0.37 1.60 

BIAS 

(K) 

YSU-std 0.08 0.13 -0.19 -1.58 

YSU-mod 0.14 0.24 -0.31 -1.33 

  Water vapor mixing ratio 

R 
YSU-std 0.96 0.94 0.96 0.89 

YSU-mod 0.93 0.94 0.96 0.91 

RMSE  

(g/kg) 

YSU-std 2.88 1.46 1.73 2.18 

YSU-mod 2.86 1.48 2.15 2.14 

BIAS  

(g/kg) 

YSU-std 2.57 0.88 1.50 -0.89 

YSU-mod 2.38 0.89 1.98 -1.18 

  u-component of wind 

R 
YSU-std 0.90 0.79 0.43 0.53 

YSU-mod 0.79 0.79 0.20 0.66 

RMSE  

(ms-1) 

YSU-std 2.39 2.77 1.36 2.19 

YSU-mod 2.54 2.63 1.16 1.27 

BIAS  

(ms-1) 

YSU-std -1.74 -2.28 -1.15 0.03 

YSU-mod -1.80 -1.91 -0.80 -0.46 

  v-component of wind 

R 
YSU-std 0.44 0.84 0.42 0.80 

YSU-mod 0.46 0.87 0.54 0.78 

RMSE  

(ms-1) 

YSU-std 2.97 2.02 1.94 2.92 

YSU-mod 2.80 1.73 1.92 2.45 

BIAS  

(ms-1) 

YSU-std -2.46 -1.76 -1.21 -0.19 

YSU-mod -2.53 -1.47 -1.33 -0.87 

 

This analysis supported one of the premises of this study that different calculation 

of the magnitude of the vertical mixing (i.e. eddy diffusivities) during the evening 

transition can impact the prediction of meteorological variables on the following day. 
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4.3.2 Chemistry simulation 

 

To examine the vertical distribution of pollutants in the model, CO observed by 

the Aztec aircraft was compared with WRF/Chem model results (Figure 4.3). Carbon 

monoxide is a very slow reacting trace gas and is an important tropospheric pollutant. CO 

reacts with the hydroxyl radical (OH) during the oxidation process in the chemical 

reaction involving tropospheric O3. Due to the slow reactivity, CO is perhaps the best 

pollutant to analyze improvements in the eddy diffusivity parameterization. Figure 4.3 

presents the vertical profiles of CO calculated by YSU-std (circles) and YSU-mod 

(crosses), and observed by the Aztec aircraft. Although CO presents a good agreement 

(Table 4.3) between simulation and observation (R > 0.73, RMSE < 86.35 ppbv, and 

BIAS < 56.63 ppbv), there is an accumulation of CO close to the surface in the first 3 

spins (below 250 m agl, 500 m agl, and 750 m agl in figures 3a, 3b, and 3c, respectively) 

simulated by WRF/Chem (for YSU-std and YSU-mod) due to both, suppressed mixing 

and high emissions at the same time. Nevertheless, the YSU-mod presents better 

statistical performance than YSU-std for all spins, except for spin 1. However, spin 1 still 

presents relatively good statistical scores (R = 0.90, RMSE = 83.51 ppbv, and BIAS = 

56.63 ppbv). SO2 is another primary pollutant, which is suitable to analyze vertical 

mixing in the model and a behavior similar to CO can be seen in the PBL (see figure 

A4.4 in the appendix). 
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Table 4.3. Statistical analysis for carbon monoxide, nitrogen oxide, formaldehyde, 

and sulfur dioxide 

Parameter Experiment spin 01 spin 02 spin 03 spin 04 spin 5 

  Carbon Monoxide 

R 
YSU-std 0.94 0.73 0.94 0.81 0.78 

YSU-mod 0.90 0.77 0.95 0.81 0.82 

RMSE 

(ppbv) 

YSU-std 74.83 86.35 54.53 22.96 42.14 

YSU-mod 83.51 60.31 42.82 22.34 38.89 

BIAS 

 (ppbv) 

YSU-std 55.16 46.76 48.01 11.33 35.14 

YSU-mod 56.63 36.38 40.29 10.38 32.10 

  Nitrogen Oxides 

R 
YSU-std X 0.81 0.95 0.92 0.84 

YSU-mod X 0.87 0.92 0.92 0.85 

RMSE 

(ppbv) 

YSU-std X 8.01 2.34 6.40 2.56 

YSU-mod X 5.40 2.64 6.63 2.71 

BIAS 

(ppbv) 

YSU-std X 0.13 0.61 -4.33 1.72 

YSU-mod X -0.41 -0.07 -4.54 1.92 

  Formaldehyde 

R 
YSU-std 0.89 0.98 0.99 0.94 0.75 

YSU-mod 0.84 0.98 0.96 0.93 0.79 

RMSE 

(ppbv) 

YSU-std 0.94 1.17 1.20 2.69 2.66 

YSU-mod 0.87 1.17 1.23 2.68 2.65 

BIAS 

(ppbv) 

YSU-std -0.70 -0.94 -0.98 -2.27 -2.17 

YSU-mod -0.61 -0.91 -0.94 -2.26 -2.20 

  Sulfur dioxide 

R 
YSU-std 0.48 0.75 0.68 0.97 0.86 

YSU-mod 0.53 0.58 0.57 0.83 0.94 

RMSE 

(ppbv) 

YSU-std 3.11 2.07 1.86 2.77 2.86 

YSU-mod 3.50 1.57 1.54 1.16 0.79 

BIAS 

(ppbv) 

YSU-std 1.89 1.75 1.56 -2.48 -2.48 

YSU-mod 1.38 0.57 1.54 -0.35 -0.26 

 

Based on this experiment it was possible to infer that different vertical mixing 

magnitudes during the evening transition and the subsequent night can impact the vertical 

distribution of pollutants in the morning transition, which is an important period for the 

subsequent O3 concentration peak. The examination of vertical distribution of CO 

reinforces the importance of accurate calculation of pollutant concentration in the 

residual layer during the previous evening and nighttime.    



94 

 

 

 

 

 

(a) 
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(e) 

 

 

  

 

Figure 4.3. Simulated YSU-std (circles) and YSU-mod (crosses) vertical profiles of CO 

versus CO measurements aboard the Aztec aircraft for 5 spins made on October 5, 2006: 

spin 1 from 10:16 to 11:09 CDT (a); spin 2 from 11:10 to 11:29 CDT (b); spin 3 from 

11:36 to 12:20 CDT (c); spin 4 from 12:21 to 12:57 CDT (d); and spin 5 from 12:58 to 

13:40 CDT (e). Respective scatter plots below. 
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Figure 4.4 shows comparisons of O3 calculated by WRF/Chem and observed by 

ozonesondes. Early in the morning at 07 CDT (Figure 4.4a) the model calculates 

reasonably well the vertical profile of O3, which is better calculated by YSU-std (R=0.90). 

However, there is an overestimation below ~ 600 m agl for both, YSU-std and YSU-mod 

runs. Figure 4.4b, presents the results for the ozone profile at 13 CDT. Both WRF/Chem 

runs underestimate the O3 profile by up to ~15 ppbv, and there is a slight difference 

between YSU-std and YSU-mod experiment. This small difference led to a small 

improvement in the statistics score of YSU-mod (R=0.82, RMSE=15.57 ppbv, and 

BIAS=-14.47) over YSU-std (R=0.79, RMSE=16.12 ppbv, and BIAS=-15.03). As O3 is a 

secondary pollutant its calculation depends on many factors such as emission inventory, 

chemistry mechanism, and meteorological factors, which each of them will entail 

additional uncertainties. Thus, small changes in the vertical mixing and O3 precursors 

concentrations and associated emission inventories are likely to produce more evident 

differences between YSU-std and YSU-mod at nighttime and morning, a time when 

meteorological factors such as radiation will not cause O3 formation. 
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Figure 4.4. Simulated YSU-std (circles) and YSU-mod (crosses) vertical profiles of 

ozone versus ozonesondes at 7 CDT (a) and 13 CDT (b) on October 05, 2006. Respective 

scatter plots below. 

 

To analyze the model performance in the vertical distribution of O3, we conducted 

a comparison between NOx and HCHO calculated by the model and observed aboard the 

Aztec aircraft (Figure 4.5). O3 is not directly emitted into the atmosphere. It is formed in 

the atmosphere through chemical reactions of NOx and VOCs in the presence of sunlight. 

Formaldehyde is an important as a tracer for HOx production (Fried et.al. 1997). HCHO 

is fairly short-lived (τ ≈ 3 hours) and is removed from the atmosphere primarily by 

reaction with OH and by photolysis (Hak et al. 2005). Each of these processes produce 

HO2 (Anderson et al. 1996; Calvert et al. 2000) and result in a net production of O3 in the 

presence of NOx. Thus, making accurate estimates of these species is crucial to 

atmospheric chemistry modeling on local, regional and global scales.  
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Figure 4.5. Simulated YSU-std (circles) and YSU-mod (crosses) vertical profiles of NOx 

versus NOx measurements aboard the Aztec aircraft for 4 spins made on October 5, 2006: 

spin 2 from 11:10 to 11:29 CDT (a); spin 3 from 11:36 to 12:20 CDT (b); spin 4 from 

12:21 to 12:57 CDT (c); and spin 5 from 12:58 to 13:40 CDT (d). Respective scatter 

plots below. 
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Overall, nitrogen oxides (Figures 4.5) are relatively well mixed in the boundary 

layer for both, YSU-std and YSU-mod. Note that there is no observed data for NOx in 

spin 1. Similarly to CO, there is an accumulation of NOx near the ground. This 

accumulation is less intense in YSU-mod than in YSU-std. While for spin 2 (Figure 4.5a) 

the vertical distribution of NOx resulted in a higher R (R=0.87) for YSU-mod than for 

YSU-std (R=0.81), the RMSE dropped from 8.01 ppbv to 5.40 ppbv. The YSU-std in 

spin 3 (Figure 4.5b) shows a reduction of R from 0.95 to 0.92 for YSU-mod. However, 

the model presents a decrease of BIAS from 0.61 ppbv in YSU-std to -0.07 ppbv in YSU-

mod. The best improvement in the statistical score, similarly to CO, is the spin 2 and 3. 
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Figure 4.6. Simulated YSU-std (circles) and YSU-mod (crosses) vertical profiles of 

HCHO versus HCHO measurements aboard the Aztec aircraft for 5 spins made on 

October 5, 2006: spin 1 from 10:16 to 11:09 CDT (a); spin 2 from 11:10 to 11:29 CDT 

(b); spin 3 from 11:36 to 12:20 CDT (c); spin 4 from 12:21 to 12:57 CDT (d); and spin 5 

from 12:58 to 13:40 CDT (e). Respective scatter plots below. 
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Formaldehyde (HCHO) (Figure 4.6) is reasonably calculated by WRF/Chem 

showing reasonably good values of R (R > 0.75; table 3) and small RMSE (RMSE < 2.69 

ppbv) and BIAS (BIAS < -2.27 ppbv). Both YSU-mod and YSU-std present similar 

performance. Similarly to O3, HCHO may have negative bias due to underestimations in 

the emission inventory of its precursors and potential direct emission sources and/or 

misrepresentations in chemical processes in the model. 

Although there are no significant differences in the sensitivity analysis for the 

simulation of O3, there are improvements in the statistical scores of O3 precursors, 

especially CO and NOx. Although HCHO presents reasonably good statistical scores, 

there is a negative bias likely due to underestimations in the emission inventory of its 

precursors and potential direct emission sources and/or misrepresentations in chemical 

processes in the model. The time of the biggest improvements in the simulated 

meteorological variables in the comparisons with rawinsondes sondes (10 CDT) matches 

with improvements in the calculation of O3 precursors in the comparison with Aztec 

measurements and these improvements are proved in the statistical scores. Furthermore, 

this period between 9 CDT and 13 CDT is crucial for days of high O3 episodes, because it 

is the time where pollutants trapped in the previous RL mix with pollutants during the 

morning evolution of the PBL. 
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Figure 4.7 Temporal and vertical distribution of momentum eddy diffusivities (Kz) for 

YSU-std (a) and YSU-mod (b), and the respective CO fluxes (c and d) calculated by 

WRF/Chem for University of Houston main campus location for the two days of 

simulation, October 4 and 5, 2006. 

 

Figure 4.7 shows the temporal and vertical distribution of momentum eddy 

diffusivities  Kz for YSU-std (a) and YSU-mod (b), and respective CO fluxes (c and d) 

calculated by WRF/Chem for the University of Houston main campus location. The flux 

of CO is calculated using the following equation (see for instance Wolf et al., 2008): 

 

                                                           Eq. (4.1) 

 

where  is the difference in CO concentration between two model layers, and  is the 
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distance between the center points of the corresponding layers. The proposed 

modification (Figure 4.7b) results in higher eddy diffusivities values (up to 30 m2s-1) than 

YSU-std (<10 m2s-1 Figure 4.7a) during the first hours after the transition (~18 CDT). 

The impact of the modification on the CO fluxes between the different model layers are 

shown in Figures 4.7c and d. The proposed modification (YSU-mod) also impacts the 

vertical distribution of CO after the evening transition (Figure 4.7d) and subsequent time 

steps of the model when compared with YSU-std (Figure 4.7c). More specifically, after 

18 CDT (Figure 4.7d) there are CO fluxes present (up tp 1.5 ppb m s-1) between 50 and 

250 meters in YSU-mod, while there are no CO fluxes at all in YSU-std. Also, between 9 

and 13 CDT the CO fluxes are less intense in YSU-mod than in YSU-std, and these 

differences can be seen from the ground to 1 km agl. Important to note is that Kz values 

are the same in both simulations during this period. Thus, if the Kz and  values are the 

same, the only possible explanation for the CO fluxes to be less intense in YSU-mod than 

in YSU-std is the concentration of CO. Most likely the enhanced mixing between 0 and 6 

CDT led to more CO transported to higher level models, and consequently showing 

different concentrations in the next time steps of the model. 

 

4.4 Conclusions 

 

In this study, we performed a sensitivity analysis study of Weather Research and 

Forecast model with Chemistry version 3.5 (WRF/Chem) employing a modification 

proposed by Cuchiara and Rappenglück (2015) in the calculation of the eddy diffusivities 

in the Yonsei University (YSU), a widely-used planetary boundary layer (PBL) scheme. 
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The modified YSU scheme simulates more realistically the decay of the convective 

boundary layer typical of the evening transition, which is not represented in current PBL 

parameterizations. Also, this work pointed to impacts on prediction of pollutant 

concentrations in the Houston metropolitan area. As a case study, we chose the 48-h 

period from October 4 to 5, 2006. The results of the model were analyzed for October 5, 

2006. On that day intensive boundary layer and chemistry measurements were collected 

by rawinsondes, ozonesonde, and aircraft during the Vertical Mixing Experiment (VME), 

a sub-project of the larger TRAMP study. 

In a first step, we made an evaluation of simulated meteorological variables using 

rawinsonde data, and especial attention was given to the 10 CDT vertical profile due its 

proximity to the chemistry profile measurements collected aboard the Aztec airplane. The 

results indicated that the model simulates well the potential temperature, water vapor 

mixing ratio, and u-v wind component. Although there is no overall improvement with 

the proposed modification, the analysis of meteorological variables indicates that during 

the evolution of the PBL in the morning transition (at 10 CDT) the statistical score 

presented improvements for all variables. This analysis supported one of the premises of 

this study that different calculation of the eddy diffusivities during the evening transition 

of the previous day can impact the prediction of meteorological variables on the next time 

steps of the model. 

In a second step, we examined the sensitivity of pollutant concentrations in the 

WRF/Chem model towards the representation of diffusion processes of the evening 

transition in vertical mixing calculation. Model evaluations showed reasonably good 

agreement with observations during the VME period for both, the standard Yonsei 
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scheme (YSU-std) and the modified Yonsei scheme (YSU-mod). The comparison of 

vertical profiles of O3 showed that there is a small difference (up to ~ 8 ppbv) in the 

calculation of O3 between YSU-std and YSU-mod during the morning hours; in the 

afternoon YSU-mod presented only a slight improvement (R improved from 0.79 to 0.82, 

the RMSE reduced from 16.12 ppbv to 15.57 ppbv, and the model BIAS decreased from -

15.03 ppbv for YSU-mod to -14.57 ppbv for YSU-std in the experiment.  

Furthermore, the improvements in O3 precursors (CO and NOx) were possible 

without a significant increase in complexity or computer time. However, the model still 

oversimplifies the vertical mixing within the PBL, and uncertainties in the turbulence 

structure of the PBL in the model still remain. 

 

 

 

 

 

 

 

 

 

 

 



105 

 

 

 

 

 

4.5 Appendix 

(a) 

 

(b) 

 

(c) 

 

(d)  

 
Figure A4.1. Simulated YSU-std (circles) and YSU-mod (crosses) vertical 

profiles versus rawinsondes (line) of potential temperature (a), water vapor 

mixing ratio (b), u-component of the wind (c), and v-component of the wind at 05 

CDT (d). 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

 
Figure A4.2. Simulated YSU-std (circles) and YSU-mod (crosses) vertical 

profiles versus rawinsondes (line) of potential temperature (a), water vapor 

mixing ratio (b), u-component of the wind (c), and v-component of the wind at 16 

CDT (d). 

 

(a) 

 

(b) 

 

(c) 

 

(d)  

 
Figure A4.3. Simulated YSU-std (circles) and YSU-mod (crosses) vertical profiles versus 

rawinsondes (line) of potential temperature (a), water vapor mixing ratio (b), u-component of 

the wind (c), and v-component of the wind at 19 CDT (d). 
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(a) 

 

 (b)  

 

(c) 

 

(d) 

 

(e) 

 

     
Figure A4.4. Simulated YSU-std (circles) and YSU-mod (crosses) vertical profiles of SO2 versus 

SO2 measurements aboard the Aztec aircraft for 5 spins made on October 5, 2006: spin 1 from 

10:16 to 11:09 CDT (a); spin 2 from 11:10 to 11:29 CDT (b); spin 3 from 11:36 to 12:20 CDT (c); 

spin 4 from 12:21 to 12:57 CDT (d); and spin 5 from 12:58 to 13:40 CDT (e). Respective scatter 

plots below. 
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