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Abstract 

Coastal-urban environments are characterized by complex interactions between mesoscale 

processes and abrupt surface characteristic changes that influence the planetary boundary layer 

(PBL) evolution, convection potential, and air quality conditions. One of the most prevalent and 

influential mesoscale circulations that affects coastal-urban regions is the sea breeze (SB), driven 

by daytime thermal contrasts between the land and sea. The SB is responsible for advecting cooler, 

more moist air from over the water inland, which can result in thermodynamic and kinematic 

changes to PBL properties, lead to convection initiation (CI), and affect local air quality. The 

overarching goal of this dissertation is to further our understanding of the complex coastal-urban 

environment and interactions between mesoscale processes with a particular focus on SB effects 

on the PBL. The Coastal-Urban Boundary Layer Interactions with Convection (CUBIC) field 

campaign utilized an array of PBL profiling instruments to gather observations across the coastal-

urban region of Houston, Texas, with the objective to characterize Houston’s PBL and examine 

the role of the SB and urban heat island (UHI) effects on the evolution of the PBL. Each of the 

three sites collected continuous, high-resolution kinematic and thermodynamic data for a four-

month period to culminate in a rich dataset suitable for spatial and temporal analyses of the PBL 

and SB.  

First, a classification method for handling the large number of CUBIC cases was 

developed. Initially, a self-organizing map (SOM) technique was applied to objectively sort each 

CUBIC day into one of four synoptic regimes based on 700 hPa geopotential heights following 

the techniques applied by Wang et al. (2022). However, verification of the SOM’s ability to 

represent the regional flow over the Houston area showed an inability for the SOM to capture the 

local conditions. Thus, a regional flow classification method based on sounding analyses (700 hPa 

flow) over the Houston area was adapted to ensure connections between the upper-level flow and 

PBL responses to the SB were local and consisted of four regimes: onshore, offshore, 

northeasterly, and southwesterly. Next, the SB was identified using a multivariate approach in 

which 4 out of 5 specified criteria were needed for a case to be flagged as a SB. A total of 52 days, 

or 41% of CUBIC dates, developed a SB. Of the SB cases, 98.2% occur when land-sea temperature 

differences are at least 3°C, with signs of seasonal changes to the SB, with later onset times and 

faster propagation speeds in September SB cases. Investigations in regional flow regime effects 



 xv 

on SB timing show no significant differences amongst regimes, suggesting that onset timing and 

propagation depend on additional mesoscale and seasonal forcings beyond ΔT or regional regime.  

Examination of the PBL height (PBLH), estimated via a fuzzy logic algorithm combining 

data from multiple instruments, showed substantial spatial heterogeneity across the coastal-urban 

interface. This spatial heterogeneity was attributed to mesoscale influences, such as the SB and 

UHI effects. The urban site exhibited PBLH values ~480 m higher than at the coastal location, as 

well as a two-hour temporal difference in when the maximum PBLH is reached. In the overnight 

period, the nocturnal PBLH at the urban site remains elevated by up to 250 m, further indicating 

that sharp contrasts in surface characteristics can lead to meaningful differences in PBL structure. 

Regional-scale flow regimes revealed limited influence on the maximum PBLH, but some regime-

dependent differences during the morning and evening transition periods. A larger role in observed 

PBLH variability was found to be the SB, with SB events shown to take place on days with deeper 

PBLs across all sites when compared to non-SB cases. 

To better understand the array of PBL responses to the SB and possible effects from 

regional flow, two detailed case studies, compared with composite analyses, revealed that the 

depth, structure, and turbulence signatures of the PBL response to the SB evolve as the circulation 

moves inland. The urban site consistently exhibited stronger and deeper wind profiles, with 

offshore cases producing greater post-SB wind speeds and a more pronounced jet-like structure. 

In contrast, thermodynamic responses varied across space but showed no systematic differences 

between regional flow regimes, suggesting that pre-existing thermodynamic structure is a more 

important determinant of SB modification than regional flow. These results point to local-scale 

and surface processes, such as surface fluxes, cloud cover, and spatial heterogeneity in land cover, 

as key drivers of the observed variability in PBL responses to the SB across Houston. 

Finally, a case that was characterized by exceptionally strong thermodynamic and 

kinematic SB responses and CI along the SB front (SBF), offered an ideal opportunity to integrate 

high-resolution observations with a numerical weather prediction (NWP) ensemble to explore the 

processes important to SB-forced CI. The analysis indicated that persistent ascent along or ahead 

of the inland-propagating SBF, in combination with pre-existing moisture, plays a critical role in 

successful CI. Ensemble simulations further revealed forced ascent across much of the domain 

prior to CI, filling gaps between the coastal and urban observations and providing a more complete 

depiction of the spatial evolution of the SB.  
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Chapter 1 

Introduction 

 

1.1 The Planetary Boundary Layer 

 The planetary boundary layer (PBL), the dynamic interface between Earth’s surface and 

the atmosphere, is pivotal in driving meteorological processes that influence weather patterns, 

climate behavior, and pollutant dispersion. It responds to surface forcings on the order of minutes 

to hours, resulting in a distinct diurnal cycle of PBL height (PBLH), stability, and turbulent mixing 

(Garratt 1994; Stull 2012). For instance, the nocturnal PBL is typically shallow, on the order of 

tens to hundreds of meters, and is distinguished by stable stratification and limited turbulent 

mixing. Conversely, the daytime convective boundary layer (CBL) is well-mixed, with strong 

turbulence leading to a much deeper PBL, typically reaching 1000 m and extending up to 3000 m 

in the summer on days with strong insolation. The type and use of Earth’s surface, along with solar 

energy transmitted through the atmosphere, control the diurnal evolution of the PBL and the 

partitioning of mass and energy fluxes. The CBL forms during the day as a result of the absorption 

of solar radiation at the surface and the transfer of sensible and latent heat energy from the surface 

to the atmosphere. This transfer of heat produces convectively driven updrafts and downdrafts that 

act to vertically mix heat, mass, and momentum from the surface through the PBL. Additionally, 

the entrainment zone, i.e., the relatively thin layer at the interface between the PBL and free 

atmosphere, influences the PBL growth and its thermodynamic and turbulence structure. At the 

entrainment zone, air from the free troposphere mixes with air from the PBL, which can directly 

affect cloud formation, convection initiation (CI), and pollutant dispersion. In the overnight period, 

the lack of insolation leads to the formation of a stable boundary layer due to radiative cooling at 

the surface. In an ideal environment of flat, homogeneous land, the PBL evolves canonically, as 

depicted by Stull (2012) in Fig. 1.1. However, this idealized view of the diurnal PBL evolution 

does not capture the impacts of horizontal heterogeneity of soil properties across the Earth’s 

surface, terrain and land-use changes, or large-scale weather patterns (Pinto et al. 2006).  
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Fig. 1.1: Schematic illustration of diurnal PBL evolution assuming homogeneous conditions. 

Figure reprinted from Stull (2012).  

 

An important component of studying the PBL is determining the PBL height (PBLH), the 

height of the boundary between surface-influenced processes and the free atmosphere. It 

characterizes the vertical extent of turbulent mixing, defines the height at which clouds and 

convection typically form, and bounds the volume available for the dispersion of air pollutants 

(Seibert et al. 2000; Haman et al. 2014). Many applications rely on estimations of PBLH, including 

those used to investigate phenomena like CI (Weckwerth et al. 2019; Xu et al. 2023) and air 

pollution dispersion (Liu et al. 2011; Miao et al. 2016). The PBLH is dynamic, varying diurnally, 

seasonally, and spatially due, in part, to the influence of land surface characteristics on surface 

fluxes that help drive buoyancy. While the PBLH is a key parameter, it is difficult to define and 

observe. The definition of PBLH for a given study can be dependent on the investigator’s 

application or even the observations, necessitating approaches that combine multiple techniques 

for a well-rounded estimation of PBLH (Kotthaus et al. 2023). Traditionally, radiosonde data have 

been used to estimate PBLH with numerous methods, including identifying the height of the 

maximum potential temperature gradient, the height of surface-based temperature inversions, the 

height of the minimum relative humidity gradient, or several others. It remains a challenge in PBL 

EZ = Entrainment Zone 
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work to find a universal method of estimating PBLH that works well under different stability 

conditions (Liu and Liang 2010; Seidel et al. 2010; Aryee et al. 2020; Gu et al. 2020).  

While the United States has a dense network of operational surface meteorological stations 

(Automated Surface Observing Systems and mesonets), weather radars, and satellite capabilities, 

there persists a lack of continuous spatiotemporal observations through the depth of the PBL (NRC 

2009; Everett 2018; Geerts et al. 2018; Teixeria et al. 2021). Current operational remote sensing 

technologies face challenges within this layer: satellites have limited ability to observe the entirety 

of the PBL, particularly when clouds are present because of attenuating signals and blocked 

radiation, and operational weather radars offer limited vertical resolution and poor coverage of the 

PBL, since the radar beams scan above the height of the PBL top as the distance from the radar 

increases. Radiosondes, launched by the National Weather Service (NWS) twice a day (0000 and 

1200 UTC), are the only operational, direct measurements of the PBL and these measurements are 

often spaced hundreds of kilometers apart, which leads to an undersampling of mesoscale and 

diurnal variability of the PBL (Pinto et al. 2021). As a result of these limitations in spatial and 

temporal coverage, the PBL continues to be one of the least observed portions of the atmosphere, 

and the need to observe a wide range of motions to adequately resolve turbulence, microscale, and 

mesoscale processes poses additional challenges for PBL observations.  

More recently, other methods employing remote sensing instruments like interferometers, 

lidars, or radar wind profilers have been used to provide more frequent observations through the 

depth of the PBL, addressing the potential shortcomings of temporally coarse radiosonde 

observations (Rogers et al. 1993; Turner and Lӧhnert, 2014; Spuler et al. 2021). In cases where 

integrated profiling systems are used, such as the University of Oklahoma’s Collaborative Lower 

Atmospheric Mobile Profiling System (CLAMPS; Wagner et al. 2019), observations from 

collocated instruments can be combined using fuzzy logic algorithms to produce PBLH 

estimations that combine the strengths of different instruments, while mitigating possible 

instrument weakness points (Kotthaus et al. 2023; Smith and Carlin 2024). Regardless of the 

observational method used to estimate PBLH, knowledge of this parameter provides critical 

context for interpreting PBL processes and insight to boundary layer thermodynamics and 

kinematics. 

As discussed above, the weather and physical processes that take place within the PBL 

have direct health, economic, and societal impacts, including those regarding air pollution (Miller 
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et al. 2020; Sohrabi et al. 2020), severe weather (Smiley et al. 2022; Strader et al. 2022), and 

extreme heat risks (O’lenick et al. 2020; Watkins et al. 2021), making this portion of the 

atmosphere an important place to study and further our understanding. Integrated profiling 

systems, such as CLAMPS, provide opportunities to overcome data gaps in the PBL and to gain 

new insights about the PBLH evolution in complex environments such as coastal-urban 

environments, where large populations are concentrated and numerous local forcings and 

interactions strongly influence weather patterns. Important aspects of coastal-urban environments 

are further detailed in the next section.  

 

1.2 Coastal-Urban Environments 

Coastal-urban environments experience unique and complex PBL processes and 

interactions due to the combination of influences from mesoscale coastal breeze circulations and 

urban heat island (UHI) effects, as well as abrupt surface characteristic changes between the city 

and water interface (Haman et al. 2012; Hu and Xue 2016; Wu et al. 2024). The changes in surface 

characteristics across these regions lead to sharp gradients in temperature and moisture, in addition 

to drastic changes to surface roughness properties (Arya 2001; Baker et al. 2001; Marshall et al. 

2004; Kustas et al. 2005; Varquez et al. 2015; Kristovich et al. 2019). Vertical and horizontal wind, 

temperature, and moisture gradients can evolve rapidly in these environments, necessitating high-

resolution measurements to accurately capture the processes that take place. Furthermore, the 

development of thermal internal boundary layers (TIBL) has been observed within coastal-urban 

regions. A TIBL forms in coastal regions due to the horizontal advection of cool marine air over a 

warm land surface that leads to an unstable shallow layer within the marine layer (Arrillaga et al. 

2016; Calmet and Mestayer 2016). The TIBL deepens with inland distance and the depth can be 

estimated using a number of different equations that take into account factors such as the distance 

from the coast, wind speed, lapse rates, and other variables. Observational studies have found the 

height of the TIBL in coastal-urban regions can be anywhere from 150 m at 5 km inland to 400 m 

at 15 km inland (Batchvarova and Gryning 1998; Yuan et al. 2006). Finally, coastal-urban regions 

often experience unhealthy air quality levels, especially in port locations where there are increased 

pollutants from shipping and freight operations (Daum et al. 2003; Williams et al. 2009; Viana et 

al. 2014). For example, Houston, the fourth most populous city in the United States, has a long 



5 

history of bad air quality, with numerous days exceeding unhealthy ozone levels (EPA 2025). 

Houston also experiences frequent summertime convection, adding another component of 

complexity to the environment and thereby deeming this city a hot spot for targeted field 

campaigns in recent years in an effort to better understand the many complexities present in 

coastal-urban environments. 

 

1.2.1 Coastal Breezes 

 Coastal breeze circulations, which include sea breezes (SBs), lake breezes, and bay 

breezes, are a common feature in coastal regions throughout the world, occurring most often during 

the warm season when daytime heating is at its greatest and synoptic forcing is weak (Miller et al. 

2003; Hughes and Vernon 2018). The basic physical mechanisms driving the development and 

propagation of coastal breezes have been well understood for many years, with extensive literature 

covering both observational and modeling perspectives, with Miller et al. (2003) and Crosman and 

Horel (2010) providing excellent overviews of the advances of each. Coastal breezes form due to 

differential heating of the air over land and water, creating a pressure and density gradient, with 

near-surface low pressure developing over the warm land and high pressure over the cool water 

surface (Fig. 1.2). As a result, a baroclinic circulation is induced with an onshore-directed density 

current and offshore flow aloft. The SB front (SBF) depicted in Fig. 1.2 is the leading edge of the 

onshore propagation of the marine air mass associated with the SB (or any other coastal breeze 

circulation). Propagation of the SBF is dependent on many factors, including prevailing flow, land 

surface characteristics, and the magnitude of the land-sea temperature gradient, with penetration 

distances reaching up to 400 km (Hu and Xue 2016; Noble et al. 2024). Miller and Keim (2003) 

refer to the strength of a SB based on the land-sea temperature difference, with stronger SBs (i.e., 

greater temperature differences) penetrating deeper inland and extending higher vertically.  
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Fig. 1.2: Sea breeze schematic depicting low pressure over the land surface and associated rising 

motion, high pressure over the water surface, creating the pressure gradient force directed onshore. 

Sea breeze front depicted by blue line and return flow depicted aloft (adapted from Miller et al. 

2003).  

 

While the basic mechanisms are well known, the SB remains a popular area of study 

because it impacts many atmospheric processes, its effects and manifestations vary in space and 

time, and because it affects a large percentage of the world’s population. Accurate representation 

of the SB is important for air pollution modeling, convection and precipitation prediction, offshore 

wind energy production, and heat stress forecasting (Papanastasiou et al. 2010; Meir et al. 2013; 

Steele et al. 2013; Sharma et al. 2024). For example, if there is the chance for extreme heat, but 

the possibility of a SB to propagate inland and provide relief, context about the timing and 

magnitude of surface cooling could help emergency planners prepare temporary cooling stations. 

In coastal-urban environments (e.g., Houston, TX), knowledge about convergence zones 

associated with the SBF is key to accurately forecasting air quality and thunderstorm conditions. 

The SB can both aid in dispersing air pollution and act to trap air pollution depending on the time 
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of SB onset, the intensity of the SB, and the location of the SB (Banta et al. 2005). When the SB 

forms late in the afternoon, often under conditions with  offshore large-scale flow, the SBF can 

stall over pollution sources for more than an hour, allowing concentrated emissions to build up 

when photochemistry is active, leading to degraded air quality over a region. In addition to air 

quality modifications, SBs can also trigger convection and lead to measurable rainfall. A prior 

study in India has shown that summertime SBs can contribute to up to 70-80% of seasonal rainfall 

(Reddy et al. 2021). Enhanced convergence associated with the SBF can force updrafts, lift air 

parcels past the lifting condensation level (LCL), and lead to the formation of clouds and 

precipitation if environmental conditions are appropriate. Sharma et al. (2024) found that 

convection associated with the SBF in Houston's coastal-urban area peaked in the early to mid-

afternoon, with the majority of cells having a short time span of 45 mins or less. 

In regions around the world, studies have shown that near-surface offshore large-scale flow 

results in a later SB onset, with diminished inland propagation (Gilliam et al. 2004; Azorin-Molina 

and Chen 2009; Hughes and Vernon 2018; Reddy et al. 2021). Of particular interest, Gilliam et al. 

(2004) found that the greatest SBF intensity occurs under surface offshore flow, especially when 

pre-SB wind conditions are between 4-6 ms-1. Prior studies have also identified increased upward 

motion within the PBL associated with SBF passage, often with updraft magnitudes of 1-2 ms-1 at 

the SBF, sometimes triggering convection (Arrillaga et al. 2018; Wagner et al. 2022; Wang et al. 

2024). After the SB passes, most studies documented cooling surface temperatures, rises in relative 

humidity, and decreased turbulence. While the general behavior is consistent across the literature, 

the magnitude of these effects has not been well characterized in all regions where SBs are 

common. The literature also shows a large spread in the effects of the SB (e.g., magnitude of 

surface cooling or potential for CI to occur), which necessitates continued exploration of the SB. 

Hughes and Vernon (2018) noted that the SB can develop slowly, without clear evidence of a 

frontal passage, prompting their creation of a ‘weak’ sea breeze classification and highlighting one 

of the challenges of automated SB detection methods. Additionally, many studies focus on findings 

for specific seasons (e.g., summer vs winter SB cases), with few examining intraseasonal 

variability. For example, in Delaware, the temperature dropped on average 3-5°C and the dewpoint 

temperature dropped on average 1-2°C after SB passage during the summer, but the variability for 

SBs that occur within differing synoptic environments within the same season was not considered 

(Hughes and Vernon 2018). In Houston, many SB studies focus on air quality effects, convection, 
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or seasonal changes, leaving the warm-season variability of the post-SB PBL less characterized 

(Rappenglueck et al. 2008; Banta et al. 2011; Caicedo et al. 2019).   

 

1.2.2 Urban Heat Islands 

Another important component of understanding coastal-urban environments is the UHI, or 

the phenomenon that occurs when air temperatures in urban areas are higher than their surrounding 

non-urban areas (Oke 1995). UHIs arise when cities, which are heavily comprised of impervious 

surfaces like concrete and asphalt, absorb and store more solar energy than surrounding rural areas, 

leading to greater surface and air temperatures (Voogt and Oke 2003). Chen et al. (2011) illustrates 

the differences in diurnal temperatures between various structures within the urban domain, 

highlighting variations in thermal conductivities and heat capacities. They show that the urban 

ground surface has the greatest amplitude, while wall surface temperatures have the smallest 

diurnal range. Furthermore, studies have shown urban areas can be up to 5-7°C warmer than their 

circumjacent rural areas, particularly in the overnight period when radiative cooling in rural areas 

leads to quick reductions in sensible heat (Smith et al. 2011; Heaviside et al. 2015; Hu and Xue 

2016). An example of this effect was shown in a model-based study by Marshall et al. (2004) with 

the diurnal cycle of temperatures being amplified in Florida when natural vegetation was replaced 

with up-to-date land cover, including man-made surfaces. The greater temperatures lead to 

increased vertical mixing via buoyancy-driven turbulence. Not only do temperatures rise in the 

city, but the lack of natural surfaces leads to a reduction in latent heat flux (i.e., drier air in urban 

areas). In addition to surface flux and resultant vertical mixing changes, urban spaces can also 

induce a local circulation, the urban breeze, similar in principle to coastal breezes (Oke 2005; Fig. 

1.3). As another mesoscale process, the urban breeze circulation develops in response to the 

horizontal variations in temperature between the urban and surrounding areas (Hidalgo et al. 2008). 

The urban breeze is characterized by surface flow from rural regions converging on an urban site, 

with divergent flow above the urban location at the top of the PBL. Altogether, the presence of an 

urban area can drastically alter the PBL thermodynamic and kinematic structure when compared 

to the idealized, canonical diurnal PBL cycle.  
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Fig. 1.3: Urban breeze diagram depicting urban directed near surface flow with divergent flow 

aloft, from Ada Carpenter, Carbon Brief, based on Yang et al. (2024) and Mestayer and Anquentin 

(1995).  

 

The interaction between the UHI and SB circulation is complex, with both mesoscale 

processes modifying the coastal-urban thermodynamic and kinematic structures of the PBL. Past 

modeling and observational studies have found differing atmospheric responses in regards to the 

interaction between urban centers and inland propagating SBs. For instance, some studies have 

found that the SB propagation speed is inhibited by the UHI, with a decreased inland propagation 

distance due to UHI convergence and greater surface friction (Bornstein and Thompson 1981; 

Yoshikado 1994; Kusaka et al. 2000; Ferdiansyah et al. 2020). Conversely, the UHI has also been 

shown to contribute to greater land-sea temperature gradients, allowing for a stronger initial SBF, 

greater heat flux over the city, and a resultant increase in the urban breeze circulation and low-

level flow associated with the SB (Sarkar et al. 1998; Ohashi and Kida 2002). Many factors 

contribute to the interactions between these mesoscale mechanisms, including the background 

synoptic conditions, size of the urban area, and other meteorological and land surface factors 

(Ohashi and Kida 2002; Miao et al. 2011). Despite decades of work investigating urban and SB 

interactions, there is no clear consensus on how these mesoscale features respond and interact with 

each other, in part due to limited observational studies. Thus, further exploration of the interplay 

between urban and coastal phenomena utilizing spatially distributed PBL profile observations is 
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necessary to better understand how the PBL evolves in time and across coastal-urban 

environments.  

 

1.3 Research Goals and Science Questions 

 This work aims to expand our knowledge and understanding of the evolution of the PBL 

and the SB within a coastal-urban environment using an integrated approach utilizing multiple 

ground-based PBL profiling systems and numerical weather prediction (NWP) simulations. The 

collection of concurrent, continuous boundary layer profile observations across a coastal-urban 

domain allows for an extensive investigation into how the boundary layer evolves and interacts 

with SB and UHI circulations. Through a combination of analyses of observed PBL profiles, data 

integration from multiple instruments into value-added products, and simulations with a 

convection allowing ensemble NWP modeling system, this dissertation aims to address the 

following questions: 

1. Is there a critical land-sea temperature difference needed in Houston for a SB to initiate, 

and how does synoptic versus regional flow affect SB timing? 

2. What are the primary influences that affect the spatial PBLH diurnal evolution across the 

coastal-urban interface? 

3. What is the influence of lower tropospheric regional flow in the PBL response to SB 

passage? 

4. What physical mechanisms associated with the SB are important to SB-driven CI and can 

model ensemble simulations resolve these phenomena? 

 

  



11 

Chapter 2 

Observing the Sea Breeze 

 

2.1 TRACER-CUBIC 

 The TRacking Aerosol Convection interactions ExpeRiment (TRACER; Jensen et al. 

2025) field campaign took place in the greater Houston area from October 2021 through September 

2022, with an intensive operation period (IOP) from June 1 through September 30, 2022. TRACER 

was supported by the Department of Energy’s Atmospheric Radiation Measurement (ARM) 

mobile facility (Jensen et al. 2019) and consisted of numerous instruments and observing 

platforms, real-time weather forecast briefings, and numerical modeling efforts. The driving 

science goal of TRACER was to quantify the role that spatially heterogeneous distributions of 

aerosols play in the development and evolution of convective clouds. Specifically, the study aimed 

at investigating how the microphysical, dynamic, and radiative properties of deep convective 

clouds change throughout different parts of the Houston coastal environment and under different 

aerosol loading regimes. Given the importance of aerosols, the main ARM ground-based 

instrumentation suite was deployed to La Porte, TX, as it is representative of aerosol loading from 

multiple local and anthropogenic sources. TRACER consisted of many smaller sub-campaigns 

with varying scientific objectives, ranging from convective storm morphology to radiation budget 

studies, leading to a large amount of scientific data collection in the Houston region during the 

summer of 2022.   

The Coastal-Urban Boundary Layer Interactions with Convection (CUBIC) campaign was 

organized between the University of Oklahoma, the NOAA National Severe Storms Laboratory, 

and the University of Wisconsin - Madison and took place from 1 June to 25 September 2022 as a 

subcampaign under the larger, parent TRACER campaign (Jensen et al. 2019; Jensen et al. 2023; 

Klein et al. 2023). CUBIC was proposed in conjunction with TRACER in order to address the 

need for high-resolution thermodynamic and kinematic observations through the depth of the PBL 

throughout Houston, with an objective to characterize Houston's PBL, which encompasses many 

coastal and urban influences (i.e., SBs and UHI effects) that impact the diurnal evolution of PBL 

characteristics. It was hypothesized that urban and SB circulations affect the structure of the PBL, 
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leading to temporal and spatial variability in flow patterns. Additionally, CUBIC aims to further 

understand the characteristics of the pre-convective environment by evaluating the impacts of 

environmental modifications, such as enhanced ascent, increased low-level moisture, or wind 

speed changes, by local circulations.  

The CUBIC campaign deployed three mobile boundary layer profiling platforms, two 

Collaborative Lower Atmospheric Mobile Profiling System (CLAMPS) units, and the Space 

Science and Engineering Center Portable Atmospheric Research Center (SPARC) unit throughout 

the Houston-Galveston region to observe distinct PBL environments (Wagner et al. 2019; Fig. 

2.1). The configuration of the platforms, which transects through Houston, provides the 

opportunity to capture and investigate the spatial and temporal thermodynamic and kinematic 

differences present within varying land cover regions of the city. The shading in Fig. 2.1 represents 

the local climate zones (LCZ) for the Houston area, which are determined via the land cover for a 

region. The concept of LCZs was created in 2012 as a standard way to characterize urban 

landscapes that takes into account microscale land cover and the different physical properties 

associated with varying land cover types (Stewart and Oke 2012; Demuzere et al. 2021). The LCZ 

classification system consists of 17 zone types, each with a unique combination of surface cover, 

human activity, and surface structure, and was originally developed specifically for UHI studies. 

The universality allows for a systematic comparability of global UHI studies and the maps allow 

for enhanced understanding of important small-scale land-atmosphere interactions by providing 

context about land cover heterogeneity. The LCZ map for the Houston area was generated by 

Spicer (2024) using the most up-to-date data available.  

The Houston-Galveston region comprises various land-cover categorizations (i.e. LCZ), 

with open-to-compact low and high-rise developed land and heavy industry within Houston’s city 

center and surrounding neighborhoods, pastures and cultivated croplands to the west and south of 

the city, and a mixture of forests and grasslands to the north. The three CUBIC mobile profiling 

units were strategically sited to investigate the influence of land-cover gradients and to capture the 

spatial variability of PBL properties across the region. CLAMPS-1 (C1) was deployed 17 km north 

of downtown Houston in Aldine and situated within open mid-rise developed land. SPARC was 

deployed in Pearland to observe an exurban environment ~25 km south of downtown and along 

the outskirts of the developed land to the north and within the sparsely built LZC classification. 

While SPARC was located in a similar LCZ as C1, the air masses at the two sites are expected to 
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be distinct, with C1 being downwind of Houston throughout the majority of the campaign (~70% 

of the time) and SPARC experiencing advected air from the vegetated lands to the south, evidenced 

via the daytime wind rose analyses included in Fig. 2.1. CLAMPS-2 (C2) was located in La 

Marque at the University of Houston’s Coastal Center (UHCC), ~50 km south-southeast of 

downtown and 25 km from the Gulf coast, to sample an environment directly influenced by coastal 

processes. The land cover surrounding C2 is comprised of brush and scattered trees. In addition to 

the CUBIC observation sites, data collected from the ARM AMF site, the main observation 

location for the parent TRACER campaign, is used, with the site located near the heavy industry 

region of Houston in La Porte. The naming convention for the remainder of this work, driven by 

the sampled air masses at each location and for clarity purposes, is urban (C1), exurban (SPARC), 

coastal (C2), and industrial (AMF).  

 

 

 

Fig. 2.1: CUBIC domain, with additional TRACER AMF main site shown in La Porte. Shading 

on map represents local climate zones (Demuzere et al. 2021; Spicer 2024). Doppler lidar wind 

roses at 100-m above ground level (AGL) indicate predominant daytime (sunrise to sunset) wind 

direction throughout the campaign. CLAMPS1 was deployed at the urban site, SPARC at the 

exurban site, and CLAMPS2 at the coastal site. 

 

Each profiling platform is built and equipped similarly to collect temporally high-

resolution thermodynamic and kinematic observations through the depth of the PBL that are 
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complementary to each other. The CLAMPS units are meant to operate as sibling systems, so each 

system includes a Halo Streamline Doppler wind lidar, an Atmospheric Emitted Radiance 

Interferometer (AERI), a microwave radiometer (MWR), and a surface meteorological station. 

The SPARC unit is similar to the CLAMPS platforms but does not include a microwave 

radiometer. There are also no surface winds from SPARC during CUBIC due to siting issues. The 

high temporal resolution of the CLAMPS and SPARC instruments permits observations of small-

scale processes commonly found in the PBL.  

To collect both horizontal and vertical wind data from the Doppler lidars, a scanning 

strategy consisting of fixed-point vertical stares and planned position indicator (PPI) scans at 60° 

elevation angle every 15 minutes was employed at all sites. A velocity azimuth display (VAD) 

technique is applied to the lidar PPI scans to determine the horizontal wind speed and direction 

every 15 minutes with a vertical grid spacing of approximately 26 m (Browning and Wexler 1968; 

Paschke et al. 2015). The fixed-point data are at a 1 s (CLAMPS) or 20 s (SPARC) resolution with 

a simple signal-to-noise ratio filter applied (SNR + 1 < X, where X = Doppler lidar noise threshold; 

C1=1.006, C2=1.0075, SPARC=1.005). The longer temporal resolution with the SPARC lidar is 

due to the difference in configuration between the systems, with the SPARC lidar using a greater 

number of pulses per ray. A single ray (i.e., one line-of-sight measurement) is derived from 

averaging multiple pulses. SPARC uses a greater number of pulses to form a single ray, which 

results in a higher SNR, but a lower temporal resolution as more time is spent on each ray. In 

instances where the vertical velocity variance (σw) is calculated, a 15-minute time period is used, 

corresponding to the temporal span between each PPI scan. The thermodynamic data are retrieved 

from the raw AERI and/or MWR radiance observations following a retrieval process using the 

Tropospheric Remotely Observed Profiling via optimal estimation (TROPoe) algorithm. This 

algorithm is an updated version of the AERIoe algorithm from (Turner and Lohnert 2014; Turner 

et al. 2018), which uses an a priori nearby sounding dataset (climatological soundings), Rapid 

Refresh (RAP) analyses, and radiance observations from the AERI and/or MWR from specific 

spectral bands to retrieve thermodynamic profiles via the optimal estimation technique (Rodgers 

2000). The retrieved profiles are produced every ten minutes and the effective vertical resolution 

varies as a function of observing conditions and height. For further information about the profiling 

units and optimal estimation methods see (Rodgers 2000; Turner et al. 2018; Wagner et al. 2019; 

Maahn et al. 2020). The retrievals shown in this study use different instrument combinations due 
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to instrument availability and quality issues. The retrievals at C1 and SPARC use only the AERI 

data, as the C1 MWR data quality was suspect and SPARC does not include an MWR. At C2, the 

AERI was found to have high noise levels, so the retrievals only include MWR data. The lack of 

AERI data reduces the vertical resolution of the observed radiance measurements and thus leads 

to decreased capability to observe small vertical scale differences in retrieved profiles. 

Throughout the four-month-long deployment, there were a few notable data losses that 

occurred at different sites and times. The largest data losses took place with the Doppler lidar 

systems, with only minimal losses to the thermodynamic data provided by the infrared 

interferometers and/or microwave radiometers due to rainy periods. The Doppler lidar at the 

exurban site, which was housed outside of the mobile trailer, would often become too hot during 

the afternoon, causing a shutdown of the lidar. This results in data losses in 50-60% of days during 

the peak afternoon heating period between 1830-2100 UTC (Local Time = UTC - 5), leaving 44 

days in which there is full daytime lidar data availability at all three locations on the same day 

(Fig. 2.2). During the overnight period at the coastal site, condensation often formed on the inside 

of the lidar lens, leading to data losses in 50-60% of days between the hours of 0830-1330 UTC. 

The Doppler lidar at the urban location did not experience instrument issues throughout the 

campaign, so only minor data losses occurred in conjunction with localized rainfall events in which 

the lidar is unable to collect usable data.  
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Fig. 2.2: CUBIC Doppler lidar data availability heatmap for the urban (a), coastal (b), and exurban 

(c) sites. Temporal resolution shown is 10 min, to be consistent with the resolution of the TROPoe 

datasets. Panel titles include the total number of days with available data at each site. Coastal data 

was limited due to delayed deployment of Doppler lidar system. 

 

2.2 CUBIC Case Classification Methods: Synoptic vs. Regional Flow  

To investigate the contributing factors of PBL and SB variability observed throughout the 

summer of 2022, the CUBIC dataset was first divided into synoptic flow regimes using a self-

organizing map (SOM) technique. The SOM technique is employed to determine distinct synoptic 

patterns, similar to the method applied by Wang et al. (2022) that links summertime synoptic 

patterns with cloud properties in Houston. The premise for this method is to categorize the CUBIC 

dates into synoptic regimes as a way to handle the large number of cases and investigate possible 

influences of large-scale weather patterns on PBL properties. SOM techniques have been utilized 

as a clustering and pattern recognition method in many meteorological and oceanographic 

applications since the late 1990s (Liu and Weisberg 2011; Sheridan et al. 2011; Spassiani et al. 
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2021). The SOM is an unsupervised neural network based on a competitive machine learning 

approach that consists of choosing a desired output node (e.g., the synoptic flow patterns) that 

relates to an input pattern (e.g., the 700-hPa geopotential height input data that contains the pattern) 

and fine-tuning the output iteratively (Kohonen 2012). While the SOM approach is an objective 

way to sort synoptic patterns, some subjectivity still exists when selecting parameters that are 

needed to run the SOM algorithm. In the case of CUBIC, the level of geopotential heights, duration 

of data, and number of nodes are all examples of subjective decisions driving the objective results.  

To produce the SOMs, 21 years of the Fifth-generation European Center for Medium-

Range Weather Forecasts (ECMWF) reanalysis data (ERA5) from 2002-2022 of 1500 UTC 700 

hPa geopotential heights for June through September are used (Hersbach 2023). To train the SOM 

algorithm, 700 hPa geopotential heights were chosen to reduce the terrain effects from the Sierra 

Madres mountains while still capturing the low-level synoptic scale troughs and ridges as well as 

the dominant pressure systems during the summer. Experiments with levels closer to the surface, 

including mean sea level pressure (MSLP), were conducted prior to choosing the 700 hPa level, 

but proved to inaccurately capture the synoptic-scale patterns due to the effects of the topography 

to the west (Fig. 2.3). Since weather systems generally propagate from the west to the east, 

knowledge of the height patterns to the west of Houston are crucial for accurate synoptic-based 

analyses, thus a geopotential height that is elevated enough to mitigate effects from the terrain and 

to capture the west Texas conditions is necessary. The sensitivity testing, input data, and SOM 

configurations are consistent with the findings from past works using SOMs for meteorological 

pattern categorization (Wang et al. 2022; Ford et al. 2015; Mechem et al. 2018).  
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Fig. 2.3: SOM nodes for the 21-year climatology and associated percentage of occurrence (in 

titles). Shading and black contours depict MSLP (hPa). 

 

The 1500 UTC hour is chosen to ensure that conditions are reflective of same-day daytime 

weather patterns prior to SB development. Prior to processing the data with the SOM algorithm, 

the geopotential heights are normalized to mitigate the effects of magnitude variability across the 

data. A two-step sorting approach is adopted, in which the full 21 years of data are run through the 

process to produce an 8x8 set of maps consisting of 64 nodes (not shown). This results in a node 

that consists of only tropical cyclone (TC) days. These dates were subjectively verified against 

satellite imagery and discarded, as TC conditions and effects of TCs on the PBL are outside the 

scope of this work. The remaining days (N=2396) are then processed through the algorithm again 

to produce a 3x3 set of maps (9 distinct nodes) with distinguishable synoptic regimes (Fig. 2.4). 

The final 3x3 set of maps are further sorted into 4 synoptic flow regimes based on the flow 
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direction over Houston; southerly (nodes 1-3, 5, 6), northwesterly (nodes 8, 9), northeasterly (node 

4), and other/transitional (node 7). Individual days are output to a list during the SOM process, 

allowing for statistics to be calculated regarding the occurrence of days for certain regimes/nodes. 

It is important, before any synoptic-based analyses are undertaken, to understand how the CUBIC 

campaign’s conditions compare to the climatology for the region. SOM analyses for the full 21-

year period show conditions throughout the CUBIC campaign are representative of a 

climatologically normal summer season in the Houston-Galveston region. The SOM analyses 

indicate that the Houston area experiences a southerly synoptic regime in 70.5% of days during 

the CUBIC campaign. A northwesterly regime is seen in 21.3% of days, while the northeasterly 

and transitional/other regimes each occur in ~4% of days (Table 2.1). The percentages for the 

CUBIC campaign are nearly identical to the climatological percentage of occurrences of each 

synoptic regime, varying by less than 2% for each regime.  
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Fig. 2.4: SOM nodes for the 21-year climatology and associated percentage of occurrence (in 

titles). Shading and black contours depict 700 hPa geopotential height (m), black arrows show 

flow direction over Houston area, and colored boxes indicate synoptic regime subgroups; southerly 

(blue), northwesterly (pink), northeasterly (green), and transitional (gold).  
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Table 2.1: Summary of the 700 hPa SOM subgroup (southerly, northwesterly, northeasterly, and 

transitional) statistics. Included SOM nodes for each subgroup are listed, as well as the 21-year, 

CUBIC, and sea breeze percentages of occurrence. 

 

 

Upon initial analyses into the two most prominent synoptic regimes, the southerly and 

northwesterly regimes, individual case studies and composite analyses showed little differences in 

pre-SB PBL conditions (not shown). The SOM analyses were not intended to capture the PBL 

conditions, given that 700 hPa is above the PBL, however, such similar conditions prompted 

questions and further investigation into the representativeness of the SOM clustering. As a part of 

the TRACER campaign, atmospheric soundings were launched four times daily, at 0530, 1130, 

1730, and 2330 UTC from the main ARM site in La Porte, TX (AMF) near Galveston Bay (Fig. 

2.1). Unfortunately, observed soundings were not available at 1500 UTC, to be consistent with the 

SOM framework, but comparing 1130 UTC and 1730 UTC sounding composites show some 

discrepancies between the expected 700 hPa flow via the SOM and what was observed above the 

AMF site. Fig. 2.5 shows the 1730 UTC sounding composites for the northwesterly and 

northeasterly SOM regime cases. The northwesterly composite shows a southwesterly wind 

direction at 700 hPa. The northeasterly composite does show northeasterly precisely at 700 hPa, 



22 

but several levels above and below 700 hPa are northwesterly or northerly in direction. The 

southerly composite shows southerly winds at 700 hPa and the transitional shows northwesterly 

winds. All four synoptic regime classifications indicated the same directions based on 1130 UTC 

composites and the 1730 UTC composites (not shown). The differences between sounding 

composites and SOM flow definitions motivates further analysis of the SOM patterns.  

 

 

Fig. 2.5: Composites of ARM radiosondes for northeasterly (a) and northwesterly (b) SOM 

regimes. Thick lines denote composite mean values and thin lines represent +/- one standard 

deviation. 

 

As a first step in understanding the discrepancies, daily 1500 UTC ERA5 700 hPa 

geopotential heights (same input data used in the SOM) are subjectively sorted, based on the SOM 

node patterns. The purpose of this exercise was to compare a human’s interpretation of the present 

pattern (i.e., daily height) to the SOM node patterns in order to identify cases that did not match 

the SOM-identified nodes (e.g., the SOM puts a day in node 3 while the subjective interpretation 

puts the day in node 7). While this negates the largest benefit of using a SOM approach (objective 

vs. subjective), it allows one to assess and better understand how the SOM is applying each day 

into the resultant nodes. Of 122 cases, 17% (21) of cases were subjectively matched to a different 
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SOM node than labeled by the algorithm. Of these cases, 62% (13) of cases were placed into an 

adjacent SOM node, whereas the remaining 38% (8) of cases were allocated into a non-adjacent 

node.  

Adjacent versus non-adjacent node placement is important because the arrangement of 

SOM patterns is not arbitrary. In a produced SOM, each node is meant to represent a prototypical 

pattern. The adjacent nodes represent similar patterns, creating a continuous spectrum of 

variability across the SOM nodes (Kohonen 2001). This property sets SOM techniques apart from 

other clustering methods, such as k-means clustering, in which clusters are treated independently 

and discretely; the SOM captures the gradual transition between distinct patterns, preserving 

topological structures. A Gaussian neighborhood function governs the extent that a surrounding 

node is adjusted during the training process. In early training stages, large neighborhood radii 

ensure the SOM nodes adapt in tandem, allowing for global organization of the map. As iterations 

and training progress, the radius is reduced, which allows for fine-scale adjustments to be made 

and distinctions between adjacent nodes to be made clearer (Hewitson and Crane 2002). 

Ultimately, the final resulting SOM node presents local continuity, where adjacent nodes 

correspond to similar patterns and non-adjacent nodes capture increasingly different patterns.  

The local continuity property of SOMs helps explain why the SOM allocations and a 

subjective placement of cases differ. For example, the difference between nodes 6 and 9 depend 

on the positioning of the high-pressure center and indications of a trough in the eastern domain, 

thus a slight change in the location of this center would lead to differing results on which node to 

place a case into (and therefore changing the flow specifically over Houston; Fig. 2.6). For 

example, the SOM algorithm placed 9 June into Node 9, but the same case was allocated to Node 

6 in the subjective analysis. These nodes reflect differing expected flow over Houston, despite the 

patterns being quite similar. As Reusch et al. (2005) describe, when a SOM is trained on 

geopotential height fields, nearby nodes often correspond to variations of a single synoptic regime 

(e.g., different spatial displacements of a trough), while nodes further apart represent qualitatively 

different flow patterns. Only 7% of CUBIC cases (8 out of 122) were subjectively placed into non-

adjacent nodes, lending confidence to the SOMs ability to capture the qualitative synoptic regime 

patterns well. Since SOMs use an approach that necessitates each case is placed into a node (even 

if it does not match well to any node), an error of 7% is not unreasonable.  
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Still, representing the qualitative regime sufficiently does not address the issue of not 

capturing the flow over Houston. In the end, the application and use of the SOM analysis to 

characterize the regional scale flow over Houston is not viable, nor is it what the SOM is meant to 

do. The SOM characterizes the larger scale, southeastern Texas synoptic patterns, for which the 

regional scale flow over Houston can be (and is often) different. The SOM is not meant to capture 

the specific flow over an individual point, which is where the discrepancies between the sounding 

composites and SOM categorization of cases originate. As a result, it was decided that a new 

framework for categorizing cases would be necessary, to ensure that analyses reflect the regional 

flow over Houston and to allow for making more direct inferences about upper-level flow impacts 

on the PBL.  

 

 

Fig. 2.6: SOM node 6 (left), the 9 June 2022 700 hPa geopotential heights at 1500 UTC from the 

ERA5 dataset (middle), and SOM node 9 (right) are shown as an example case highlighting the 

sensitivity of individual case placement into SOM nodes. 

To determine a regional classification for the CUBIC campaign, the 1730 UTC observed 

soundings are used and analyzed with a simple wind thresholding technique. The 700 hPa flow for 

each day of the campaign (N=116) is classified into a regime defined by wind direction thresholds: 

northeasterly: 35-55°, onshore: 55-215°, southwesterly: 215-235°, and offshore: 235-35°. The 

directional thresholds are based on the orientation of the Texas coastline, which is oriented from 

southwest to northeast, approximately 225° to 45°, with smaller margins for the coast parallel flow 

regimes. Fig. 2.7 depicts the sounding composites for the regional flow regimes. Each regime 
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clearly shows expected wind direction at 700 hPa. With the newly developed regime, the 

distribution of cases across regimes is much more uniform than with the SOM-based synoptic 

regime classification. The onshore regime is the most prominent, with 56 cases accounting for 

48.3% of CUBIC cases. The other regimes have more similar case counts, with 19.8%, 16.4%, and 

15.5% of cases for the northeasterly, offshore, and southwesterly regimes respectively.  
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Fig. 2.7: Regional-based regime radiosonde composites for the onshore (a), offshore (b), 

southwesterly (c), and northeasterly (d) regimes. Thick lines denote composite mean values and 

thin lines represent +/- one standard deviation. 

 

While the SOMs proved effective at identifying broader, synoptic scale patterns, their 

limitations in resolving Houston’s local flow necessitated a more regionally tailored classification 



27 

approach. By shifting to an observed sounding-based approach, the regime definitions are now 

locally representative, providing a more robust foundation for investigating direct upper-level 

influences on PBL evolution and SB dynamics.  

 

2.3 Sea Breeze Identification  

 A driving component of this work involves PBL responses to the SB. Given the varying 

meteorological conditions around the world and differing shapes of coastlines, a one-size-fits-all 

approach has not been found for SB identification. Common objective approaches to SB 

identification typically include finding points in surface time series data where large shifts from 

the background conditions occur simultaneously (e.g. rise in relative humidity, shift in wind 

direction, or drops in temperature). In Houston, the predominant wind direction during the 

summertime is southerly to southeasterly, which aligns with onshore flow. The SB is typically 

weaker and more difficult to identify when onshore flow conditions exist (Atkins and Wakimoto 

1997; Gilliam et al. 2004). As a result, attempts of applying past SB objective identification 

methods proved to be too restrictive and severely limited the number of actual SB cases, as many 

thresholds required greater surface responses to the SB than what was observed (for more 

information on past SB identification methods see Sect. 4.1). For this work, a multistep approach 

was conducted for each day of the campaign to identify SB events. At each CUBIC location, 

analyses of the surface and ground-based remote sensing data were completed to identify periods 

in which at least 4 out of 5 of the following changes in atmospheric conditions occurred 

simultaneously: 

 

1. Rapid rise in surface relative humidity, 

2. Rapid drop in surface temperature, 

3. Wind shift to southerly/southeasterly, coast-perpendicular flow, 

4. Increase in low-level wind speed, 

5. Identification of SB front via radar reflectivity scans. 

 

Since the predominant flow was often southerly, wind shifts at SB passage could be 

minimal/undetectable using surface station data. Additionally, not all SBs result in fine line radar 
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reflectivity signatures, so a combination of multiple SB signatures is needed to flag a day as having 

a SB. Thus, the identification of SB cases used within was completed in a subjective manner, with 

a mix of qualitative (1, 2, 4) and quantitative (3, 5) metrics, without the application of an 

objectively driven algorithm. For every suspected SB case, further analysis is completed to ensure 

the detected changes are associated with a SB and not another mesoscale feature (e.g. not a 

thunderstorm outflow boundary from a nearby storm). An example of the multiple SB signatures 

is presented together in Fig. 2.8 for clarity. 
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Fig. 2.8:  Example of an identified SB case using CUBIC observations and KHGX radar 

reflectivity data at the urban location on 17 July 2022. Wind speed (a), wind direction and wind 

barbs (b), and vertical velocity (c) are shown in the main plot, with sunrise/sunset (thin black 

dashed lines) and SBF (thick black dashed line) times denoted. The smaller subplot shows surface 

meteorological tower data (d) consisting of temperature (blue), relative humidity (red), and 

pressure (green) with the SBF denoted by the arrows pointing within the black box. The insert on 

the lower right, shows the associated radar reflectivity data with the estimated SBF location (black 

dotted line) and urban site (gray star; e). 
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2.4 CUBIC Sea Breeze Statistics 

To set the stage for future analyses, the CUBIC data are first examined to identify SB cases, 

noting whether the SB propagates through the city, the timing of the SB passage at each site, and 

the impacts of regional flow on SB occurrence and timing. This section also addresses question 1 

from Sect. 1.3, which is to determine whether a critical land-sea temperature difference is needed 

for SB development in the Houston region. 

After analyzing each day of the CUBIC campaign using the methods outlined in Sect. 2.4, 

a total of 52 days, or 41% of CUBIC dates, developed a SB in the Houston area. However, the 

number of days in which quality data are available for the 3 hours before and after SB passage is 

lower, at 43 cases. Additionally, there were 6 cases in which thermodynamic and kinematic 

signatures were present in the data that would be consistent with a SB passage, but it was 

impossible to rule out other factors due to complicated nearby convection. These cases, therefore, 

are not included in the following SB analyses. It is important to note that not all SB days exhibiting 

convection led to an inability to detect the SB, there are numerous cases in which convection 

occurs, but the SB is identified clearly and these cases are still used within the following analyses. 

Upon examining the monthly frequency of SB days, there is evidence of a seasonal cycle 

in the SB occurrence throughout the summer and early fall, with June exhibiting the largest number 

of SB cases at 15 days (Fig. 2.9). This number decreases in July to 11 cases, has a minimum in 

August with only 6 cases, and then rises again in September to 11 cases. Statkewicz and 

Rappenglueck (2023) found the same trend in the quantity of SB days with the potential for rainfall 

in a 20+ year climatology of SBs in Houston. Their study applied a SB identification criterion 

consisting of a land-sea temperature change larger than 3°C, the u-component of the geostrophic 

wind larger than 3 ms-1 for onshore flow or less than 6 ms-1 for offshore flow, and an onshore wind 

direction for the time period  9 am to 3 pm local time. Interestingly, when using slightly different 

criteria (ug <3 ms-1 for onshore or <11 ms-1 for offshore) to identify any SB day, they found 

Houston area SBs increase in frequency through the summer, peaking in August, before a large 

decrease in September, portraying the importance of selection criteria in SB results.  
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Fig. 2.9: Number of SB cases per month observed during CUBIC. Black line represents 1700-2100 

UTC averaged monthly land-sea temperature differences.  

 

In summer 2022, CUBIC SB monthly frequency correlates with the trends of the land-sea 

temperature differences (ΔT; black dots/line in Fig. 2.9). Daily temperature difference averages 

from 1700-2100 UTC were calculated between a buoy site off the Gulf coast (29.235°N, -

94.410°W) and the urban location (29.9°N, -95.33°W). The relationship between the occurrence 

of SBs and positive land-sea temperature differences has been well documented in past literature, 

with a positive ΔT being a necessary prerequisite for SB development. In some locations, like the 

southern England coast, a ΔT of only 1°C is needed for SB development, whereas a greater ΔT is 

needed for far inland SB propagation in New England (Watts 1955; Miller and Keim 2003). During 

CUBIC, the ΔT is greatest in June, exceeding 5°C on average from 17-21 UTC, and at a minimum 

in August at approximately 3.0°C. Additionally, daily 1800 UTC temperature differences were 

calculated to investigate whether a critical ΔT is needed for SB development in Houston. The 1800 

UTC time is chosen to ensure the PBL is well developed (> 5 hours after sunrise), and 1800 UTC 

is before the majority of SBs develop. The median ΔT on SB days is just below 6°C, while the 
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first and third interquartiles are 4.5°C and 7.2°C, respectively (Fig. 2.10). For non-SB days, the 

median is lower, at 4°C, with 1.5°C and 5.3°C first and third interquartile values. Not only do non-

SB days have a greater interquartile range, indicating greater variability in the middle 50% of data, 

but these days also have longer ‘whiskers’ (maximum of 1.5 * IQR), which corresponds to a greater 

spread in values than those experienced in SB days. Nevertheless, in 98.2% of SB days, the ΔT is 

at least 3°C, which could be used as a threshold for future SB studies in the region, although it 

would need to be combined with other factors since there is a large overlap of ΔT values between 

SB and non-SB days (i.e., for 62.7% of non-SB days the ΔT at 1800 UTC was at least 3°C). 

Additionally, for 57.5% of the SB cases the temperature difference exceeded 5.5°C, while there 

are only 26.3% of non-SB cases where this threshold was met, indicating a generally larger land-

sea temperature difference in SB cases. While past studies have used similar ΔT thresholds in their 

SB identification methods, it is not always clear why that threshold was chosen. The quantified 

SB cases exhibiting a ΔT of at least 3°C give important context to future studies applying ΔT 

thresholds as SB selection criteria in the Houston area.  
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Fig. 2.10: Box and whisker plots comparing 1800 UTC land-sea temperature differences between 

SB (left) and non-SB (right) cases. Dot-dashed lines represent 3°C and 5.5°C temperature 

differences. 

 

In addition to monthly SB frequency, the SB cases are further divided into monthly 

occurrence per regional regime, as defined in Sect. 2.3 above. The onshore regional regime 

accounts for the greatest number of total SBs, at 16 cases, but with a maximum number in June 

with 8 cases, then only 2-3 cases from July-September. There appears to be a pattern shift occurring 

in September, evident via a more uniform distribution of SB cases across regime types (Fig. 2.11). 

The shift in regional regime for the SB cases is likely related to the equatorward shift of the 

westerly jet stream and eastward shift of the semi-permanent Bermuda high pressure system as the 

seasons change (Higgins et al. 1997; Dima and Wallace 2003). Again, daily 1800 UTC ΔT is 

calculated to investigate the role of the land-sea temperature gradient under differing regional 

regimes (Fig. 2.12). Despite the differing regional flow, the median ΔT across regimes is similar, 

varying by only ~1°C from 5.2°C to 6.2°C, however, the distributions are different. The onshore 



34 

and southwesterly IQRs are nearly identical, with lower ranges than the offshore and northeasterly 

regimes (Fig. 2.12). The offshore regime also contains more outliers, evident via the longer 

whiskers. Contrary to past SB work by Grau et al. (2021) and Statkewicz and Rappenglueck (2023) 

that show a greater ΔT is necessary for SB development during offshore conditions, the offshore 

flow regime during CUBIC presents a lower median ΔT than the onshore regime. This could be 

an indication that the 700 hPa flow does not promote or negate a SB from developing or simply 

that the flow at this level does not correlate with the ΔT value, since past studies typically use flow 

closer to the ground. 

  

 

Fig. 2.11: CUBIC observed sea breeze cases divided by regional regime types per month. 
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Fig. 2.12: Box and whisker plots comparing land-sea temperature differences on SB days based 

on regional regime types. 

 

Given the ability to observe the SB from three points across the coastal-urban region, 

temporal trends of the SB can be examined, which can provide important information about the 

magnitude of SB modification across the coastal-urban environment. Fig. 2.13 shows the 

frequency of SB cases at 30-minute binned intervals for each of the three sites. Throughout the 

CUBIC campaign, the timing of SB onset at the coastal location could span from 1600-2330 UTC, 

with the majority of SBs taking place between the hours of 1730-1900 UTC. Fig. 2.13 also clearly 

shows the progression of the SB across the Houston domain, with the exurban site’s average SB 

passage time between 2030-2200 UTC and the urban site experiencing a peak at 2200 UTC and a 

secondary timing peak at 2330 UTC. In cases where the SB propagates far enough inland to reach 

the urban location, the average time of propagation is just under 4 hours from the coastal site to 

the urban site (Fig. 2.14). There is a seasonal change in propagation time going into September, 

with SB cases propagating from the coastal site to the urban site faster than during the summer 
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months, although fewer SBs propagate far enough inland to reach the urban location. As a result 

of the varying SB arrival times, comparisons between SB and non-SB cases are difficult. For this 

reason, any SB versus non-SB case comparisons are completed using the full diurnal period to 

investigate general differences, as a SB-relative time axis is not easily achieved for non-SB cases.  

 

 

Fig. 2.13: SB passage times binned into 30 min intervals at the coastal (blue), exurban (green), and 

urban (black) CUBIC observation sites. 

 

 

 

Fig. 2.14: SB propagation time from coastal location to urban site colored by regional flow regime. 
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To investigate temporal trends in SB timing throughout the campaign, the wide range of 

SB onset times and the clear seasonal patterns in SB occurrence are further examined by breaking 

down the timing by month (Fig. 2.15a,c,e). During the summer months (June, July, and August), 

the SB passage at the coastal location occurs before 2000 UTC, with most SBs passing between 

1800-1900 UTC. However, in September, the SB occurs later in the afternoon, with most SBs 

observed between 2100-2200 UTC. While SB arrival times at the inland sites vary more than at 

the coastal location, there is a clear shift in SB passage time in September, again, likely related to 

the changing synoptic flow as the upper-level jet stream propagates southward with the changing 

seasons. As summer transitions to fall, the Hadley cell begins to shift south, with it the increased 

potential for increased jet stream undulations (Dima and Wallace 2003). SB onset does not appear 

to be dependent on regional flow regime, with no clear temporal trends amongst regimes, either at 

the coast or further inland at the urban site (Fig. 2.15b,d,f). Again, this is inconsistent with past 

work focused on near-surface synoptic flow, in which the SB onset occurs earlier when synoptic 

conditions are onshore than those with an offshore flow (Azorin-Molina and Chen 2009; Reddy et 

al. 2021; Fig. 2.15). Additionally, investigations of land-sea temperature differences and 

propagation time show no clear relationship when considering all cases together, with a Pearson 

correlation of r=0.37. However, when considering only the onshore regime cases the correlation 

is r=0.62, indicating a slight correlation between propagation time and temperature difference for 

these specific cases. Overall, these results suggest that while land-sea temperature differences are 

important for SB development, other forcings, such as cloud cover and surface roughness changes, 

play a role in propagation speed across the coastal-urban interface in cases occurring under 

offshore, northeasterly, or southwesterly conditions (Fig. 2.16).  
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Fig. 2.15: SB passage times in 30 min bins for the Urban site (a, b), Exurban site (c, d), and 

Coastal site (e, f). Left column (a, c, e) colored by month; June (green), July (blue), August 

(orange), and September (pink). Right column (b, d, f) colored by regional flow regime; onshore 

(blue), offshore (pink), northeasterly (green), and southwesterly (gold). 
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Fig. 2.16: SB propagation time versus land-sea temperature difference scatter plot colored by 

regional flow regime; onshore (blue), offshore (pink), northeasterly (green), and southwesterly 

(gold). Dashed lines denote averages. 

 

The analyses and findings above establish the frequency, timing, propagation inland, and 

regional-scale influences on SB events during the CUBIC campaign, highlighting both seasonal 

variability and an unexpected minimal role of regional-scale flow in modulating SB onset. A total 

of 52 SB cases were identified, with 43 cases containing quality data in the several hours before 

and after SB passage. Of the SB cases, 98.2% occur when land-sea temperature differences are at 

least 3°C, establishing a threshold for future studies. There are signs of seasonal changes to the 

SB, with later onset times in September and propagation speeds 1-2 hours faster than the average 

4-hour propagation. Investigations into regional flow regime effects on SB timing show no 

significant differences amongst regimes, suggesting that onset timing and propagation depend on 

additional mesoscale and seasonal forcings beyond ΔT or regional regime. These results provide 
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essential context for interpreting the influence of the SB on the lower atmosphere, as SB onset 

time and resultant PBL modifications can be different depending on which point throughout the 

diurnal cycle the SB passes over a site. In the chapters that follow, the focus shifts to examining 

the variability of PBL structures across the coastal-urban region.  
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Chapter 3 

Spatial Variability in Coastal-Urban Planetary Boundary Layer Heights 

 

3.1 Introduction 

As mentioned in Ch. 1, the PBLH is an important parameter in boundary layer studies, 

bounding surface-influenced processes from the free atmosphere. The nocturnal PBL is typically 

shallow, on the order of tens to hundreds of meters, and distinguished by stable conditions, while 

the daytime convective boundary layer (CBL) is well-mixed, with turbulence leading to a much 

deeper PBL, often reaching a PBLH between 1000-3000 m. Spatial differences can occur across 

heterogeneous surfaces such as land and water interfaces, urban and rural areas, or regions with 

differing terrain. For example, the urban PBL can be hundreds of meters deeper than the PBL in 

surrounding rural locations due to increased buoyancy from greater surface temperatures and 

increased surface roughness (Pal et al. 2012; Fenner et al. 2024). While these synoptic to meso-ɑ 

scale (200-1000 km) differences in PBLH across differing landscape environments are well 

documented, less is known about the spatial variability of PBLH within meso-β (20-200 km) to 

local scale regions, such as across coastal-urban environments. This chapter is motivated by the 

collection of observations that fill the current gap of available information and provide additional 

insight into smaller-scale variability within a coastal-urban environment. 

Given the importance of PBLH in air quality and convection forecasting, numerous PBLH 

studies using a range of observational methods have taken place in and around the Houston-

Galveston area, enhancing our knowledge of the complicated processes that take place in the 

region. A ceilometer-based climatology study was conducted to analyze the relationship between 

PBLH and ground-level ozone and found that peak afternoon PBLH was elevated for longer 

periods during spring and fall in days with high ozone (Haman et al. 2012). Another study 

leveraged aircraft-based observations (AMDAR and flight campaign data) and identified spatial 

variability in PBLH in Houston but highlighted the need for further validation of the AMDAR data 

in complex coastal-urban regions (Zhang et al. 2020). Nielsen-Gammon et al. (2008) performed a 

spatiotemporal mixed-layer height case study and found large spatial variations in estimated 

heights around the Houston area using multiple airborne remote sensing instruments. While these 
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studies have provided insight into PBLH for specific applications, they were often limited by data 

availability and instrument limitations, environmental conditions, short deployments, or were only 

conducted at a single point location. Although comparisons can be made between the different 

studies, there have been few studies focused on an observation-based investigation of PBLH 

spatial variability for an extended period, particularly within complex coastal-urban regions, where 

numerous processes can interact and affect the PBL evolution and local weather patterns in 

different ways, given the rapid changes to the surface across the domain.  

Unfortunately, many past studies have been severely limited by the coarse spatial and 

temporal resolutions of the operational radiosonde network or targeted field campaign studies, 

hindering one’s ability to understand the spatial heterogeneity of PBLH across a region and/or the 

full diurnal evolution of PBLH at a location. In many cases, investigators have to choose between 

a temporally or spatially focused deployment strategy but attempts to mitigate these limitations 

have been made by utilizing simultaneous observations or using other data sources such as 

reanalysis data. However, remote sensors are still only a point location measurement, limiting the 

spatial extent of knowledge unless multiple instruments are deployed throughout a region. These 

estimates often rely on a single observation parameter to determine the height (e.g., aerosol 

backscatter for Doppler lidars or derived temperature gradients from radiance observations with 

interferometers), which can lead to different estimations and therefore uncertainty in the accuracy 

of the estimated PBLH. Additionally, there are instrument limitations, such as the ability to sense 

through clouds, that may limit the capabilities of a single-instrument method of estimation 

(Duncan et. al. 2022). Although, these single-source estimation limitations can be partially 

mitigated by using collocated instruments whose measurements are then combined via fuzzy logic 

algorithms, one of which is used within and described in Sect. 3.2.1 (Smith and Carlin 2024). 

The CUBIC dataset provides a unique view of the PBLH evolution and variability 

throughout a coastal-urban environment via three locations in the Houston-Galveston region. The 

overarching goal of this chapter is to investigate and quantify the spatial and temporal variability 

of PBLH within a coastal-urban environment by disentangling potential important processes and 

characteristics (i.e., synoptic flow, SB, temperature, turbulence) responsible for observed 

differences. Specifically, this chapter investigates how different processes alter the PBLH in terms 

of depth, timing, and morning/evening transition differences across the area. We hypothesize that 

substantial spatial heterogeneity in PBLH will exist across the coastal-urban interface, in part due 
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to urban influences on the PBL and seek to answer the second science question posed in the 

Chapter 1: What are the primary influences that affect the spatial PBLH diurnal evolution across 

the coastal-urban interface? The multiple deployment sites and continuous nature of the CUBIC 

data allow for observations of the full diurnal evolution of PBLH, as well as investigations of 

mesoscale spatial influences on PBLH variability.  

 

3.2 Data Analysis Methods 

 

3.2.1 Planetary Boundary Layer Height Algorithm 

To estimate the PBLH, a fuzzy logic method is applied that combines thermodynamic and 

kinematic profiling data from each CUBIC platform. Fuzzy logic methods have been applied in a 

variety of atmospheric science applications, most extensively with radar products (Gourley et al. 

2007; Yang et al. 2013; Bonin et al. 2018). In a fuzzy logic approach, input variables are related 

to an output characteristic via membership functions that range from 0 to 1. The membership 

functions are defined such that a ‘measure of truth’ is applied as opposed to a binary yes/no 

condition. For a set of input variables, membership values are aggregated via a weighted mean. 

That aggregate field of membership is used to estimate the output characteristics (i.e., PBLH in 

this instance). The method used here applies the algorithm developed by Smith and Carlin (2023), 

which uses a two-step approach to estimate PBLH. The first step uses measurements that show 

mixing is ongoing, which consists of turbulence estimates from the Doppler lidars in the form of 

calculated vertical velocity variance, σw. Additionally, the temperature inversion height is used to 

enhance the capabilities of the algorithm in the overnight and transition periods when PBL 

development is dominated by buoyancy-driven processes. The inputs (e.g. σw) are regridded onto 

a 10 m by 10 min grid via interpolation and then evaluated by the membership functions. This 

results in a 2-dimensional output (time/height) field consisting of values between 0 and 1 that 

represent the degree of membership within the PBL. The height at which the membership function 

first reaches 0.5 or below is flagged as the first-generation PBLH estimate. This choice ensures 

that the height estimate is still connected to the surface and represents the point where half of the 

inputs indicate that mixing is occurring (Bonin et al. 2018). The second step of the algorithm 
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includes measurement indicators that mixing has taken place. Specifically, profiles of signal-to-

noise (SNR), SNR variance, u and v-components of wind, potential temperature, and water vapor 

mixing ratio are used. Each profile is passed through a Haar wavelet transform allowing for the 

detection of gradients. The membership functions used in the second step on the indicators are 

dynamic and defined based on the gradients identified, which differs from the static membership 

functions in the first step. After identification of the gradients, aggregates and the second-

generation PBLH estimates are produced following the same procedure as the first-generation but 

allowing the first-generation estimates to constrain the second-generation estimates (i.e., second-

generation PBLH must be within 25% of first-generation estimate). Using a triangle-weighted 

mean, the PBLH estimates are smoothed, and the smoothed outcome reflects the final estimate. 

This particular method has been shown to agree well with traditionally used radiosonde-based 

height estimation methods, with Pearson correlation values > 0.8. For complete details, please see 

(Smith and Carlin 2023). It is also important to note that this particular algorithm depends on 

Doppler lidar observations, so if Doppler lidar data is missing (e.g. rainy periods) the PBLH is not 

calculated for those times and thus continuous results will not be available for the days where these 

outages are present. 

 

3.2.2 Composite Techniques 

Composite analysis techniques have been a long-used method to characterize different 

meteorological variables of interest (i.e. temperature and wind speed) with long-duration datasets 

(Bonin et al. 2018; Chen et al. 2021; Zhang et al. 2024). The basis of compositing techniques is to 

create an averaged final product from data spanning a specific time frame or from within a specific 

environment. For example, high-temporal-resolution kinematic and thermodynamic profiler 

observations similar to those deployed in CUBIC have been composited to detect changes within 

the PBL on the order of minutes in past studies regarding lake breezes, severe convective 

environments, and bores (Wagner et al. 2008; Loveless et al. 2019; Wagner et al. 2022). Although 

data from a single summer will not fully encapsulate the range of annual variations, the nearly 

four-month dataset can serve to supplement our understanding of the PBLH in the Houston region 

by highlighting features of the PBLH in different land use locations and under different synoptic 

conditions often experienced during the summer. 
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Composites of PBLH are created here for each CUBIC site for the duration of the 

campaign. Days in which little data is available (i.e. excessive rainy periods or instrument issues) 

are removed from the composite dataset to ensure only quality data is included. Additionally, 

resulting composites only include data at a specific time if at least 85% of data is available for a 

given time (e.g. a count is kept for each time stamp and a threshold of 85% is used). Composites 

are also created for subsets of PBLH cases, including synoptic regimes and SB versus no SB cases. 

Additional composites are created in the same manner for other atmospheric variables such as 

potential temperature and vertical velocity variance. 

 

3.3 Campaign-Duration Composites 

To gain insight into general summertime heterogeneity of PBLH across the Houston area, 

Fig. 3.1a depicts the mean composite PBLH at each location encompassing the duration of the 

CUBIC campaign. While examining a parameter like PBLH, it is important to consider potential 

differences in data included in the composites. The number of days included in each composite 

varies across CUBIC sites. Beyond the case numbers, it is also important to consider any patterns 

in data availability. At the exurban site, data losses occurred during the midday, which is an 

important time to consider when studying PBLH evolution and trends. To understand how these 

data outages impact the composites, the analysis is repeated at all three sites, including only the 

same 44 days where full daytime observations are available at all 3 sites.  

To assess how data availability influences the observed PBLH differences, comparison of 

individual sites using both the reduced (44-day) and full-record composites (urban = 104, exurban 

= 94, coastal = 64) are conducted. The urban location shows the greatest difference, with 

differences greater than 75 m from 2000-2300 UTC and maximum differences just over 200 m at 

2100 UTC or 4pm local time (local time = UTC - 5; Fig. 3.1b). The exurban site has two peaks 

where PBLHs differ between the composites by more than 100 m at 1900 and 2130 UTC. These 

differences between the reduced and full-record PBLH composites are likely due to the limited 

data in the reduced-record composites that occur during hotter days when deeper PBLs can be 

expected (i.e. exclusion of hottest days). Still, given the generally small differences between the 

two composites, the full-record composites will be used throughout the remainder of the analyses 

to provide a more representative example of summertime PBLH through the Houston region.  
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Fig. 3.1: a) Campaign averaged PBLH for the full records at each site (solid lines) and the reduced-

record when data were available at all three sites ( dashed lines). b) Difference in PBLH estimates 

between full-record and reduced-record composites. Grey dotted lines indicate campaign average 

sunrise and sunset times. 

 

Beyond the impact of data availability, Fig. 3.1a also reveals notable spatial and temporal 

differences in PBLH across the region. For example, the time at which the maximum PBLH is 

reached varies by 1 hour and 50 minutes between the coastal and urban sites. Furthermore, the 

height magnitude also varies between sites by ~480 m. The time and height differences are likely 

influenced by a combination of factors including the UHI and the marine boundary layer. Cities 

can continue to warm as the day progresses and urban structures and surfaces continue to absorb 

solar radiation, leading to greater temperatures and resulting in deeper PBLs (Pal et al. 2012). 

Additionally, the influence of the marine boundary layer with the onshore flow acts to advect a 

cooler, more stable air mass inland, limiting the depth of the PBL in the region where the TIBL 

develops. At the urban site, which is located further inland than downtown Houston, enhanced 

surface warming and roughness over this city has altered the characteristics of TIBL and promoted 

deeper boundary layers. The CUBIC height differences are greater than a past study investigating 

PBLH differences in Paris and surrounding suburban and rural areas (Pal et al. 2012). In Paris, 
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PBLH differences were found to be ~185m between urban and rural areas, and only ~67 m between 

the city and suburbs. The coastal influences are likely responsible for the greater height differences 

when compared to the Pal et al. (2012) study, since marine boundary layers are generally shallower 

than those over land, and Paris does not lie directly on the coast like Houston. In CUBIC, the 

coastal site is only ~25 km from the coast, meaning the marine boundary layer has little time to be 

modified by the land surface/continental influences, resulting in a more pure marine impact by the 

marine boundary layer than further inland, where the marine boundary layer undergoes more 

modifications to its structure, in part due to the increased influence of the TIBL further from the 

coast. Near and within the city, additional IBLs form in response to changes of surface roughness 

and thermal surface properties, acting to further modulate the PBL at the intersection of the marine 

and continental boundary layers (Mestayer and Anquentin 1995). Potential temperature profiles 

from the inland sites occasionally show shallow (< 150 m) convectively unstable layers consistent 

with a TIBL and past works estimating the TIBL depth as a couple of hundred meters. (Arrillaga 

et al. 2016; Reddy et al. 2020).  

To better understand the urban-rural contrasts observed in PBLH, particularly at the urban 

site, the examination of surface temperature structures associated with the UHI is undertaken. Fig. 

3.2 below depicts the average 2 m temperatures for four different hours via the high spatial 

resolution (2.5 km) Unrestricted Mesoscale Analysis (URMA) data product (NOAA 2025). While 

surface temperature data is observed at several sites throughout Houston, the URMA product is 

used to provide a spatially continuous representation of the UHI. The URMA is created using three 

model analyses (3 km North American Mesoscale, 3 km High-Resolution Rapid Refresh, and 13 

km Rapid Refresh), numerous observational data sources, including surface stations, radiosondes, 

and satellite data, and employs extensive data quality assurance checks. The urban site is within 

Houston’s UHI dome (based on URMA temperature data; Fig. 3.2), despite not being located in 

the heart of downtown, providing further support for the increased convectively driven mixing and 

deeper PBLH. The exurban site, located on the outskirts of the city and upwind of the urban-

modified air mass in 70.5% of CUBIC days (determined via SOM analyses), follows a similar 

diurnal PBLH evolution to the coastal site, which further corroborates the hypothesis that urban 

characteristics are heavily influencing the PBLH at the urban location.  
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Fig. 3.2: Composites of 2-m surface temperature for the CUBIC campaign duration derived from 

the URMA reanalysis dataset. Top panels represent daytime temperatures at 1800 and 2100 UTC 

and bottom panels depict nighttime temperatures at 0300 and 0600 UTC. The observation locations 

of the three CUBIC sites and the ARM AMF site are shown along with the location of the central 

business district (CBD) of Houston. 

 

In addition to the daytime influences of the UHI and marine layer, substantial differences 

in PBLH also emerge during the overnight hours. From 0200-0630 UTC, the urban nocturnal 

PBLH is approximately 250 m greater than the exurban and coastal locations. Through this time, 

the PBLH remains consistently elevated at the urban site, suggesting that mixing in the nocturnal 

boundary layer (NBL) does not collapse at the urban location. This finding is consistent with past 

evidence of greater PBLH in urban areas during the overnight period due to increased turbulence 

from warmer surface temperatures (e.g., Pal et al. 2012; Tsiringakis 2021). Overnight, cities can 
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release stored heat from buildings and pavement, leading to turbulent mixing from buoyancy that 

results in a deeper NBL than a traditional, purely stable NBL. Additionally, the radiative cooling 

is lessened in urban areas, leading to more unstable PBLs than the surrounding rural areas. The 

composite heights alone highlight important local modifications to the PBLH from the UHI and 

marine boundary layer, but are unable to provide insight into temporal PBLH trends throughout 

the campaign. 

To investigate the temporal trends, violin plots (Fig. 3.3) and the calculated interquartile 

range (IQR; range between the 25th and 75th percentiles; Fig. 3.4) of PBLH at each site in three-

hour intervals. The shape of the violins illustrates the probability of different PBLH estimates, 

while the lines correspond to the mean (black line) and median (orange line) values. Generally, the 

greatest variability in PBLH occurs during the late morning and afternoon hours when diurnally 

driven, buoyant turbulence is at its greatest. The height frequency between the urban and exurban 

locations are similar from 1500-2100 UTC, with only small increases in frequency around 400 m 

at 2100 UTC at the urban location (Fig. 3.3). These sites begin to deviate at 0000 UTC, 

approximately 1 hour prior to average sunset, where the exurban site has greater variability in the 

lower interquartile range than the urban site. Additionally, the coastal and exurban locations each 

show a distinct bimodal distribution at 0000 UTC, which is likely related to a combination of 

factors for the higher and lower PBLH peaks. The lower PBLH bimodal peak could be due to PBL 

collapse after SB arrival, the occurrence of localized rain showers leading to lower PBLH with 

limited recovery time prior to sunset, or reflective of faster surface cooling rates at these locations. 

Contrarily, the secondary PBLH bimodal peak is reflective of days in which clear skies and a more 

canonical PBL evolution is observed, leading to PBLH decreases after the 0000 UTC hour. After 

0000 UTC, the urban PBLH is consistently greater than at the exurban and coastal locations, with 

greater spread (e.g., height of violins) throughout the overnight period. Given the prominent 

summertime UHI conditions that the urban site experiences, evident in Fig. 3.2, the greater PBLH 

and increased IQR in the overnight period (0300-0900 UTC) can be attributed to urban-induced 

modifications of the PBL. The coastal location exhibits a more uniform distribution of PBLH 

values at 1500 UTC than the inland locations, indicating a wider range of PBLHs at this time. 

From 1800-0000 UTC, the shape of the violins at the coastal site are similar to those at the urban 

and exurban sites, except the range between the lower and upper interquartile is smaller at the 

coastal location. Overnight, heights are more variable at the coastal location than at the exurban 
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site, but still confined below 250 m. This could, in part, be due to the difference in the scanning 

strategies between the coastal and exurban Doppler lidars that was discussed in Sect. 2.1. The 

sampling frequency was lower at the exurban site (every 20 s instead of every 1 s), meaning 

smaller-scale turbulence cannot be resolved at the exurban site. Visual comparisons of vertical 

velocity data from the coastal location shows turbulent motions below 250 m that are not present 

at the exurban site. The differences may also be driven by the locations themselves, with the coastal 

site experiencing marine influences that could potentially drive the greater overnight PBLH. The 

violin plot analyses depict the variability that is included in the campaign PBLH composites in 

Fig. 3.1 and indicate a large range of PBLHs throughout the campaign, with greater than 1500 m 

spread during the afternoon hours. Given this variability, further analyses are needed to understand 

the drivers responsible for the array of PBLH results at each given site.  
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Fig. 3.3: Campaign averaged PBLH violin plots every 3 hours from 1200-0900 UTC. Thick black 

line indicates value mean, while thin orange line indicates the median. 
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Fig. 3.4: IQR for each site every 3 hours from 1200-0900 UTC. Grey dashed line indicates 

campaign average sunset time. 

 

3.4 Regional Flow Influences 

Past PBLH research has shown diurnal and seasonal variations in the PBLH; however, 

there is limited research into how the diurnal evolution of PBLH differs under different regional 

regimes within the same season (Liu and Liang 2010; Seidel et al. 2010; Banks et al. 2015; Jiang 

et al. 2021). To address this knowledge gap and begin the investigation into important processes 

responsible for the observed PBLH variability, the CUBIC dates are sorted into four specific 

regional regimes using the sounding technique described in Sect. 2.3 above. The flow regimes 

represent differing advected air masses, particularly the onshore and offshore regimes. Given the 

temperature and moisture differences of the land surfaces between the continental land surface to 

the northwest and the Gulf to the southeast of Houston, it is hypothesized that the PBL evolution 
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and any SB events that take place within these contrasting regional flow regimes would be quite 

different. For example, under offshore regional flow conditions, the advected air mass from over 

land would be warmer and drier than with onshore regimes, which could result in greater PBLH 

via buoyant mixing.  

The PBLH composites show only a few substantial differences throughout the diurnal 

evolution (Fig. 3.5). Individual site comparisons show little difference in maximum PBLH 

between regional regimes. Counterintuitively, the onshore and offshore regimes are similar in 

maximum height despite their different air mass source regions. There is evidence at the exurban 

location, via the +/- 1 standard deviation shading, of comparatively larger variability in the PBLH 

for the northeasterly regime. The exurban location is likely experiencing urban effects under this 

regime due to the advection of industrial/city air to the north-northeast of the site (Fig. 2.7d). The 

LCZ classification for the area to the northeast of the exurban site along the Houston ship channel 

is characterized as heavy industry and is an area with concentrated petrochemical refineries (Fig. 

2.1). Given the northeasterly wind flow, the influences of the petrochemical refineries (e.g. 

increased aerosol content) and urban characteristics (e.g. warmer temperatures) would be advected 

over the exurban site, corresponding to increased spread just after 2100 UTC. While the average 

for this regime is not higher than others, the standard deviation does shed light on increased 

variability, making this an important finding since a higher PBLH leads to a greater volume 

available for pollutant dispersion in the area and could influence local air pollution forecasts.  

Beyond the maximum PBLH values, the regional regime influences the rate at which the 

PBL develops and decays. Regional flow influences are shown to have the greatest impact during 

the morning and evening transition periods, when differences in PBL growth and decay rates differ 

between the regional regimes. The greatest regional influence during the morning transition occurs 

at the coastal site, where each regime shows a distinct growth pattern, with the southwesterly 

regime showing the quickest PBL growth, reaching a maximum PBLH just over 1000 m at ~1500 

UTC. Meanwhile, the offshore regime’s averaged PBLH is only 500 m by 1500 UTC, growing at 

the slowest rate out of the regimes. Future studies could be conducted to identify the reasons for 

these differences, including the employment of additional data sources, such as cloud cover or 

numerical studies. While the exurban site shows little difference in growth rates across regimes, 

the urban location follows a similar pattern as the coast, with the southwesterly regime growing 

most rapidly and the offshore the slowest. During the evening transition, the onshore and 
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northeasterly regimes exhibit similar decay rates at all three sites, evident via their similar slopes. 

The exurban site exhibits the greatest differences in the evening transition, with the offshore and 

northeasterly regime showing a faster collapse of the PBL compared to the onshore and 

southwesterly regime that more gradually decays throughout the evening. Each site reaches a 

relatively stable nighttime PBLH for each regime at about 0200 UTC (~1 hour after sunset), with 

exurban and coastal heights between 50-100 m and approximately 250 m at the urban location. It 

is important to note that the overnight jumps in PBLH shown at the coast and exurban sites are 

heavily influenced by outflow boundaries from nearby convection that led to increases in vertical 

velocity variance and resultant deeper PBL.  

Taken together, these results suggest that while the general diurnal structure of PBLH 

remains relatively consistent across regional regimes, important deviations still emerge, 

particularly during transitional periods of the day. While this analysis only consists of one summer 

in Houston, the distribution of the regimes across the campaign allows for insight into a wide range 

of effects from regional regimes on the PBLH.  Since the CUBIC regimes aligned with the 

climatological regime patterns, there is confidence that the results are representative of a typical 

summertime PBLH in the Houston region. Overall, the differences in PBLH are larger when 

comparing the three different sites than the differences observed for different regional regimes. 

Thus, the primary factors for the observed heterogeneity and variability in PBLH are likely due to 

local and smaller-scale processes occurring across the coastal Houston region.  
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Fig. 3.5: Campaign averaged PBLH at the urban site (a), exurban site (b), and coastal site (c) for 

onshore (blue), northeasterly (green), offshore (pink), and southwesterly (gold) regional regimes. 

 

 

3.5 Sea Breeze vs. Non-Sea Breeze Planetary Boundary Layer Heights 

Given Houston’s proximity to the Gulf, the summertime SB is a common, mesoscale 

phenomenon that influences PBL dynamics and thermodynamics and thus is hypothesized to 

account for a large portion of the PBLH variability in the campaign composites from Sect. 3.3. SB 

PBLH composites are created in which all observed SB cases at a given site are averaged together 

for the full diurnal period. As was seen in Sect. 2.4, the timing of the SB passage varied throughout 

the campaign from site to site, but also temporally at each location. The SB onset was earliest at 

the coastal location, on average ~1830 UTC (1:30 pm LT), but anywhere from 1600-2330 UTC. 

The SB would then pass the exurban site anytime between 1900-0100 UTC, but typically around 

~2100 UTC (4:00 pm LT). Finally, if the SB propagated to the urban location, it would reach the 

site by ~2300 UTC (6:00 pm LT) or at any time between 1930-0100 UTC. Thus, the pre-SB PBL 

conditions for each site vary, with the inland locations experiencing no SB effects until the mid to 

late afternoon, while at the coastal location pre-SB conditions are constrained to morning hours. 
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Spatial differences between sites in SB and non-SB cases are consistent with those in the full 

composites, with deeper PBLs at the urban location and shallower PBLs at the coastal and exurban 

sites (Fig. 3.6). 

Composite PBLHs for SB days are greater than for non-SB days at each of the three sites, 

with the greatest differences occurring at the urban and coastal locations (Fig. 3.6). SB cases at the 

urban location result in a maximum PBLH ~330 m greater than days that do not experience a SB. 

At the coastal location, the difference between SB and non-SB cases is ~290 m, while the exurban 

site has the smallest increase in maximum heights at ~230 m. However, the afternoon PBLH values 

at the exurban location may underestimate true maxima due to missing data on the hottest 

campaign days. While deeper PBLs on SB days may initially seem counterintuitive, as the SB 

typically results in a stagnation or decrease in PBLH, these results suggest that the SB is more 

likely to happen on days on which deeper PBLs develop. The SB is more likely to initiate on days 

with a greater land-sea temperature difference, corresponding to days with stronger surface heating 

and deeper PBLs. Additionally, the time of the maximum PBLH corresponds well with the average 

SB onset timing at each site, indicating the pre-SB conditions are typically representative of well-

developed PBLs before any SB modifications to the PBLH.  

Contrary to the synoptic regime investigation, the morning and evening transition periods 

indicate minimal differences in growth and decay rates between SB and non-SB cases. The lack 

of a difference in the morning is not surprising, given that the SB does not form and propagate 

inland until the early afternoon and therefore would not lead to changes in the morning transition. 

The evening transitions are slightly different between the two types of cases, with the exurban and 

coastal locations indicating greater initial PBLH decay rates on SB days. This is likely due to SB 

effects on the PBL, with the onshore advection of cooler marine air often leading to clearer skies 

behind the SBF, more radiative loss in the early evening causing decreased heights, and a more 

abrupt evening transition.  

During the overnight period, exurban and coastal PBLH show negligible differences 

between the two types of cases, but the urban site has some small differences. SB cases result in 

PBLH ~150-200 m greater in the early overnight period from 0200-0500 UTC. The heights slowly 

decay after 0200 UTC in SB cases, eventually becoming shallower than non-SB cases by 0530 

UTC. In non-SB events, the urban PBLH evolution shows steady heights of ~250 m throughout 

the entirety of the overnight period. This consistent behavior in non-SB cases could potentially 
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lead to more accurate air quality forecasts, as a nearly constant PBLH (evident in single case PBLH 

reviews, not shown) would equate to a consistent volume available for pollutants to be trapped 

near the surface.  

 

 
Fig. 3.6: PBLH composites for SB (solid lines) and non-SB (dashed) days. The vertical dotted 

lines correspond to the campaign average sunrise and sunset times. The table insert lists the average 

maximum heights for each type of case and the corresponding differences. Additional horizontal 

dashed lines help denote height differences between cases. 

 

3.6 Sea Breeze vs. Non-Sea Breeze Thermodynamic and Kinematic 

Characteristics 

Given the hundreds of meters difference in PBL heights between SB and non-SB cases at 

each site, this section further investigates the thermodynamic and kinematic characteristics of the 

PBL to identify what parameters are responsible for the difference in PBLH. While different 

meteorological factors can influence when the maximum PBLH is reached on any given day (e.g., 

outflow boundaries, cloud cover), a relative time reference allows comparison between the two 

types of cases. Analyses here center on the time that the maximum PBLH occurs and show the 3 

hours before and after that time. While the majority of SB cases result in stagnated or declining 
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PBLH after the SB passage, there are a number of cases at the coastal location where the maximum 

PBLH is not coincident with SB passage. With the earlier SB onset (~1800 UTC or 1pm local 

time) at the coast the PBL could recover and deepen in the several hours following SB passage 

and prior to the onset of the evening transition.  

Figure 3.7a shows the 100-200 m layer-averaged potential temperature for SB and non-SB 

cases at each of the three locations. The urban location exhibits temperatures approximately 2.5 K 

warmer on SB days, while there is less of a difference (< 2 K) in temperatures between the case 

types at the exurban and coastal locations. At the coastal location, there are slightly higher 

temperatures (~ 1 K) in the 1-1.5 hours before the maximum PBLH is reached on SB days 

compared to non-SB days. At the exurban location, the temperature differences leading up to the 

maximum PBLH are minimal but increase in the 3 hours following the maximum. The greater 

temperature difference at the urban location relative to the exurban and coastal sites results in a 

deeper PBL because of increased buoyant mixing due to the warmer temperatures, consistent with 

observational and numerical modeling findings from Paris, Berlin, and Seoul (Pal et al. 2012; Ryu 

and Baik 2013; Fenner et al. 2024).  

Wind speed differences between SB and non-SB cases also contribute to PBLH variability.  

Each site exhibits 1-3 ms-1 weaker wind speed in SB cases, particularly in the hour leading up to 

the maximum PBLH (Fig. 3.7b). The combination of warmer temperatures and weaker horizontal 

winds leads to a greater vertical velocity variance on SB days due to increased buoyancy-driven 

turbulence (Fig. 3.8). Larger vertical velocity variance within the PBL corresponds to greater 

turbulent mixing, which leads to deeper PBLs, consistent with our PBLH results. In Figure 3.8 

below, the composited vertical velocity variance profiles for 4 hours throughout the middle of the 

afternoon for SB and non-SB cases are shown. Results indicate greater turbulent mixing on SB 

days compared to non-SB days, with stronger mixing in the lowest kilometer of the atmosphere in 

SB cases. The enhanced vertical velocity variance within the lowest kilometer likely corresponds 

to the depth of the SB, which will be investigated further in the next chapter. Again, the urban 

location exhibits the greatest difference between the two types of cases, suggesting that urban 

factors are influencing this location. The combination of warmer temperatures, lower wind speed, 

and greater vertical velocity variance all coincide with increased PBLH on SB days compared to 

days that SBs do not form.  
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These results highlight the mesoscale conditions under which SBs are most prevalent, with 

distinct differences in pre-SB PBL conditions for SB days that are reflective of different regional 

forcings that make the formation of a SB more likely. When greater temperatures are present over 

land, the land-sea temperature difference will be increased, leading to a greater pressure gradient 

force and density gradient, and raising the likelihood of SB development. Additionally, past 

research has shown that the SB is more likely to develop under weaker horizontal wind speed 

conditions (Grau et al. 2021; Wang et al. 2022). Understanding these differing mesoscale 

conditions is important in understanding how they modulate PBL development and their direct and 

indirect implications for air quality forecasting and pollution dispersion. 
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Fig. 3.7: Maximum PBLH time-relative thermodynamic (a) and kinematic (b) 100-200 m layer-

averaged time series for 3 hours before and after maximum PBLH time for SB days (Solid lines) 

and non-SB days (dashed lines). The vertical lines represent the time of maximum PBLH.  
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Fig. 3.8: Vertical velocity variance comparisons at a) 1800 UTC, b) 1900 UTC, c) 2000 UTC, and 

d) 2100 UTC for each location for SB (solid lines) and non-SB (dashed lines) days.  

 

3.7 Summary and Conclusions 

This chapter characterizes the spatial heterogeneity and temporal variability of PBLH 

across a coastal-urban area using high-temporal resolution ground-based remote sensing 

observations collected during the CUBIC field campaign in the Houston-Galveston region. Three 

mobile boundary layer profiling units were deployed throughout Houston to sample differing PBL 

environments, each equipped with thermodynamic and kinematic instruments capable of sampling 

continuously and through the depth of the PBL. The analyses within this chapter leverage a multi-

instrument fuzzy logic PBLH estimation algorithm, enabling a robust evaluation of diurnal and 

summer-season PBLH evolution across the coastal-exurban-urban domain.  

The results demonstrate substantial spatial heterogeneity in PBLH across the coastal-urban 

interface, driven primarily by mesoscale influences such as the local SB circulation and UHI 
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effects. During the day, the urban site exhibits PBLH values ~480 m higher than the coastal 

location, with the timing of maximum PBLH occurring nearly two hours later due to sustained 

surface heating associated with urban land cover. In the overnight period, the nocturnal PBLH at 

the urban site remains elevated relative to the coastal and exurban sites by up to 250 m, consistent 

with persistent turbulent mixing caused by the UHI effect. These findings reinforce the notion that 

even within a relatively small spatial domain, sharp contrasts in surface characteristics can lead to 

meaningful differences in boundary layer structure. 

Analyses were conducted to determine important processes and characteristics responsible 

for the observed PBLH spatial heterogeneity. Regional-scale flow regimes revealed limited 

influence on the maximum PBLH. However, regime-dependent differences in PBL growth and 

decay rates during the morning and evening transition periods were evident, suggesting regional 

forcing-dependent interactions with local land-atmosphere coupling processes may be taking 

place. In contrast, SB events were shown to take place on days with deeper PBLs across all sites 

when compared to non-SB cases, indicating a more likely SB occurrence when deeper PBLs are 

present. On average, SB cases were associated with a maximum PBLH ~280 m higher than non-

SB cases, with the urban location exhibiting the greatest difference of ~330 m and the exurban 

location showing the least at ~230 m. Composited thermodynamic and kinematic data indicate that 

SB days are associated with elevated low-level potential temperatures, suppressed horizontal wind 

speeds, and enhanced vertical velocity variance, all indicative of increased buoyant and 

mechanical mixing conducive to deeper PBL development. These findings highlight the 

importance of the SB and UHI as key modulators of daytime PBL dynamics in coastal-urban 

regions. 

Building on the evidence that the SB forms on days with distinctly different PBL 

conditions, the next chapter delves deeper into how SB events modify PBL thermodynamics and 

kinematics across the Houston region. While this chapter established that PBLH varies across the 

coastal-urban environment and between SB and non-SB days, with the most pronounced effects 

observed over urban surfaces, important questions remain about how much the SB can impact the 

PBL and whether intraseasonal variability in regional flow is responsible for distinctive SB 

modifications.  

The results presented in this chapter underscore the critical role of mesoscale processes, 

particularly the SB and UHI, in shaping PBL structures across the coastal-urban environment. The 
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observed spatial variability in PBLH, both diurnally and across sites, highlights the sensitivity of 

PBL dynamics to surface heterogeneity and mesoscale circulations. While synoptic-scale flow 

regimes exhibited limited influence on daily maximum PBLH, their modulation of morning and 

even transition patterns suggest a more nuanced role in land-atmosphere interactions. Furthermore, 

the differing PBL responses across sites point to complex, site-specific interactions between 

synoptic forcing, surface characteristics, and mesoscale circulations. These findings motivate a 

deeper investigation into the mechanisms in which SB events modify the thermodynamic and 

kinematic structures of the PBL, especially under varying synoptic conditions. The next chapter 

builds on this foundation by isolating the SB impacts on the PBL, with a focus on intraseasonal 

variability in synoptic flow and associated PBL responses to SB passages.  
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Chapter 4 

Sea Breeze Effects on Planetary Boundary Layer Evolution 

 

4.1 Introduction 

As discussed in Sect. 2.2, an important goal of the CUBIC campaign was to improve the 

understanding of the PBL structure in the Houston region where coastal and urban effects alter the 

canonical PBL evolution depicted in Fig. 1.1. Specifically, we wanted to explore the hypothesis 

that SB interactions affect the environment and result in spatially and temporally variable flow. 

Given that SBs are common in coastal regions, an understanding of their modifications to the PBL 

is crucial for forecasting purposes and enhancing our knowledge of mesoscale interactions and 

PBL processes. The previous chapter explored general meteorological conditions and PBL 

characteristics, with an emphasis on PBLH, throughout the CUBIC campaign. Analyses showed 

substantial PBL characteristic differences spatially across Houston, the result of mesoscale 

influences like the SB and UHI. SB days occur more frequently when the pre-SB conditions are 

warmer and calmer than non-SB days. In this chapter, SB characteristics and modifications to the 

PBL are explored. The regional flow classification system from just above the PBL (700 hPa or 

~3000 m AGL), introduced in Ch. 2, is applied to investigate the possible interconnections between 

boundary layer processes and mid-level flow. While the SB is a mesoscale, PBL process, this 

chapter explores the possible impacts lower tropospheric flow can have on the mesoscale SB 

circulation, hypothesizing that flow above the PBL can impact how the PBL responds to a SB 

passage. 

This science chapter is further motivated by the need to understand the full, well-rounded 

picture of warm-season SB effects on the PBL throughout the Houston region. In past coastal 

breeze research, the use of specific thresholds to identify SB cases includes parameters like wind 

shifts of a certain degree (offshore flow to onshore flow), temperature drops greater than a certain 

amount, or relative humidity increases. For example, Wagner et al. (2022) classified Lake 

Michigan lake breeze events requiring a reversal in the u-component of the zonal wind from an 

offshore to onshore flow, an abrupt drop in surface temperature, a decrease in mixed layer height, 

and no rain within 3 hours of the wind shift. Some work prescribes strict thresholds, like 30° wind 
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shifts or at least a 3°C positive temperature difference between inland and coastal temperatures in 

order for a coastal breeze to be identified (Arrillaga et al. 2016; Hughes and Vernon 2018). 

However, the specific criteria and thresholds have traditionally been tailored to the specific area 

of the study. While these methods allow for objective SB identification, applying pre-defined 

thresholds can lead to missed SBs – perhaps many – when non-canonical or weak SB cases occur. 

Given the predominant wind direction (Fig. 2.1) over the Houston area during the day in the 

summertime (southerly) and the orientation of the coast (southwest → northeast), initial testing 

applying traditional, surface parameter-based thresholds to identify SB cases resulted in an 

inaccurate number of SB cases that do not reflect the true frequency of SB occurrence. Initial 

testing included 5 cases in which onshore flow before the SB was present and a clear SB radar 

signature was visible. In the testing, the automated algorithm did not flag these cases, which 

motivated the development of a holistic identification method for this work. It is expected that SB 

cases occurring during onshore boundary layer flow condition will result in subtle changes to 

boundary layer characteristics, making them harder to detect using conventional criteria developed 

for more canonical SB cases. In particular, this chapter aims to quantify the full range of SB 

modifications to the PBL and investigate the influence of regional flow regimes on the magnitude 

of thermodynamic and kinematic changes to the PBL following the passage of the SBF. It is 

hypothesized that SBs in the Houston area, including non-canonical and weakly forced events, 

produce measurable modification to the PBL structure that may be dependent on the synoptic 

environment of passage. Exploring methods that go beyond traditional detection thresholds will 

enable a comprehensive characterization of the full spectrum of SB events.  

The following analyses will first examine two CUBIC SB cases that occur in opposing 

regional flow regimes to investigate the spatial evolution of the SB and how it modifies the PBL 

across the coastal-urban environment. The insights gathered from the case study comparisons are 

then compared with composite analyses to determine whether the PBL responses to the SB are 

systematically dependent on the regional regime. This chapter, therefore, addresses the third 

science question outlined in Sect. 1.3: What is the influence of lower tropospheric regional flow 

in the PBL response to SB passage? 
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4.2 Sea Breeze Case Comparison: Onshore vs. Offshore  

In this section, two SB cases are evaluated: an onshore and offshore SB case which 

occurred on 17 August and 11 July, respectively. These specific cases were chosen for two main 

reasons: data availability around SB passage and similar SB passage times at each site, allowing 

for a comparison between SBs at comparable periods throughout the diurnal cycle. While the 

kinematic observations at the exurban site are limited around the time of the SB passage due to 

high temperatures causing the Doppler lidar to shut down (see Sect. 2.1, Fig. 2.2), there are no 

other significant data gaps at the SB time at any site for either case. The case comparison shows 

how the cases propagate from the coastal site to the urban site and how the thermodynamic and 

kinematic responses to the SB differ across the Houston domain. Specific questions are also 

investigated, such as: are the kinematic responses to the SB different between sites or cases? Is the 

thermodynamic response consistent between sites or cases? How does the spatial evolution of the 

SB differ between the cases? In each case, the SB does propagate through the domain to the urban 

location. The SB propagation time for the onshore case spanned approximately 3 hrs and 50 mins, 

with SB onset at the coastal location at 1847 UTC (1:47 pm), the exurban location by 2100 UTC 

(4:00 pm), and reaching the urban site by 2235 UTC (5:35 pm). In the offshore case, the SB 

propagation time from the coast to the urban site was slightly faster, taking 3 hrs and 30 mins, with 

passage times at 1930 UTC (2:30 pm), 2130 UTC (4:30 pm), and 2300 UTC (6:00 pm) at the 

coastal, exurban, and urban sites, respectively. Interestingly, the land-sea temperature difference 

between the two cases is greater than 2°C despite the similar propagation speeds, with the onshore 

case at 6.4°C and the offshore case at 8.9°C. Also, the land-sea temperature difference in the 

offshore case is over 3.5°C greater than the average offshore land-sea temperature difference. 

Generally, past work has shown that offshore flow leads to a slower propagation speed because of 

the opposing flow, but the greater temperature difference in the offshore case is likely what drives 

the 20 minute faster propagation speed, following past literature that uses land-sea temperature 

differences to determine SB strength (Miller and Keim 2003 ; Igel et al. 2018). 

Given the findings from Ch. 3 of distinct pre-SB PBL conditions, the following analyses 

begin with an examination of the hours prior to SB passage, then move into investigations of the 

PBL kinematic and thermodynamic responses to the SB, and finally discuss the overall differences 

between the two regional regime type SB cases. Figs. 4.1-4.3 show the full diurnal period for each 

case from 1000-1000 UTC (5:00 am-5:00 am) at each of the three observing locations. The SB 



67 

passage time is indicated in each figure, as well as distinct breaks in the aerosol layers overnight 

and indications of elevated wind speeds overnight analogous to nocturnal low-level jets (i.e., low-

level wind maximum; Li and Chen, 1998), clearly depicting an array of physical phenomena 

important to this particular region. During the early morning from 1000-1530 UTC, several hours 

prior to SB passage, the two cases both indicate southwesterly PBL winds at each site, veering to 

a more westerly direction within the growing PBL after sunrise (Figs. 4.1-4.3). These near-surface 

wind directions differ from their upper-level flow, in which the 700 hPa flow is southerly (onshore) 

and northwesterly (offshore) by 1500 UTC. Despite the contradictory upper-level flow, the early 

morning PBL wind directions are quite similar, with only a slightly more westerly component to 

the flow in the onshore case.  
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Fig. 4.1: Time-height wind speed and wind barbs (a,b), instantaneous vertical velocity (c,d), 

vertical velocity variance (e,f),  and potential temperature (filled contours) and water vapor mixing 

ratio (black contours; g,h) at the coastal location from 1000-1000 UTC for the offshore (left) and 

onshore (right) SB cases. Black dashed lines indicate SB passage times, while grey dashed lines 

depict sunrise and sunset times. 
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Fig. 4.2: Same as Fig. 4.1, but at the exurban site. Gap in Lidar data due to overheating Lidar. 
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Fig. 4.3: Same as Fig. 4.1, but for the urban location. 

 

While there are some differences between the individual cases, there are also a few spatial 

differences in the wind speed profiles at 1000 UTC and 1130 UTC (Fig. 4.4). Unfortunately, the 

early morning lidar wind data is limited from the coastal location, as moisture formed on the lidar 
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lens, degrading data quality. However, each site shows a clear increase in wind speed with height, 

reaching a maximum speed between 8-10       ms-1. At 1000 UTC, the onshore case shows stronger 

winds at the urban site than the exurban location, but the opposite is true for the offshore case. 

This trend continues through 1300 UTC, but by 1530 UTC, only the onshore case still exhibits 

spatial differences in the wind profiles, with the urban site showing wind speed ~2 ms-1 greater 

than the coastal and urban sites. The early morning wind conditions across the Houston domain 

differ only slightly across space, but with opposite trends depending on the specific case. 

 

 

Fig. 4.4: Horizontal wind speed profiles for the onshore (solid) and offshore (dashed) cases for the 

urban (black), exurban (green), and coastal (blue) sites. Panels show profiles at 1000 UTC, 1130 

UTC, 1300 UTC, and 1530 UTC.  

 

Thermodynamically, the near-surface temperatures across sites are very similar through 

1300 UTC in both cases (Figs. 4.5 and 4.6). The greatest differences occur above the surface, with 
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the coastal location showing a gradual increase in potential temperature with height and a relatively 

constant slow increase through the layer from just above the surface through 2000 m. The inland 

locations, however, show changing lapse rates with height, evident by the difference in slope of 

the temperature profiles as height increases. In the onshore case the urban location shows a greater 

increase in temperatures from the surface to ~100 m below an isothermal layer from 100-250 m at 

1000 UTC and 1130 UTC. The exurban site shows a similar greater increase in temperatures near 

the surface but does not exhibit an isothermal layer. In the offshore case, the urban location shows 

a smaller increase in potential temperature compared to the exurban and coastal location, 

consistent with what would be expected with a UHI (i.e., warmer temperatures overnight; Hu and 

Xue 2016). By 1530 UTC, the inland sites have warmed several degrees more than the coastal 

location, with each site showing a similar lapse rate above ~500 m. The moisture signatures vary 

more substantially than the temperatures, with differences in the rate of decreasing moisture with 

height from the coastal, exurban, and urban sites. The coastal site shows the most consistent rate 

of decrease, but the inland sites show a clear difference in the stratification of the moisture content. 

The urban site shows the most pronounced curvature in its profile, indicating that the magnitude 

of changing rates of moisture decrease with height is greatest at this location. For example, in the 

onshore case from 1000-1130 UTC, the urban site shows nearly constant moisture content from 

100-300 m, while the exurban location shows a sharp decrease within this layer before gradually 

decreasing. Overall, the greatest spatial differences in the overnight and early morning 

thermodynamics occur above the surface, with varying lapse rates across the Houston domain for 

both temperature and moisture. The following analyses will focus specifically on the spatial 

evolution of SB responses across the CUBIC domain using the two cases. 
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Fig. 4.5: Potential temperature (red) and water vapor mixing ratio (blue) profiles for the onshore 

case for the urban (solid), exurban (dashed), and coastal (dotted) sites. Profiles are at 1000 UTC, 

1130 UTC, 1300 UTC, and 1530 UTC. 
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Fig. 4.6: Same as Fig. 4.5, but for the offshore case. 

 

 The timing of the SB passage is similar across both cases and sites, occurring within a 

roughly 45-minute window. This allows the following comparisons to take place during similar 

times of the day, which can be important since the diurnal evolution of thermodynamic and 

kinematic properties can vary greatly throughout the diurnal cycle.  Before the SB arrives, both 

cases exhibit well-developed CBLs with strong thermals and positive vertical velocity variance at 

the urban and coastal sites (Fig. 4.7). The exurban location does not have kinematic data at the SB 

passage time due to the Lidar overheating, but thermodynamic data exists and will be included. 

Pre-SB horizontal winds in the onshore case are weak and variable with little difference between 

sites, while in the offshore case, the coastal site shows weaker and more directionally variable 

winds compared to the urban location. 

 After the SB passage, the response in horizontal wind speed varies substantially across the 

Houston domain. In both cases, the urban site experiences a greater increase in near-surface wind 
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speed than the coastal site, but the magnitude and profile shape differ between cases (Fig. 4.8). In 

the onshore case, winds at the urban location were more than 2 ms⁻¹ stronger than at the coast, 

with a small jet-like maximum at ~150 m at the coast, contrasting with a more well-mixed profile 

inland, indicating a deeper SB response. In the offshore case, wind speed increases by ~4 ms⁻¹ up 

to 300 m at both sites, but above this level, the urban site exhibits stronger winds than the coastal 

site. The coastal wind maximum occurred between 150-350 m, while the urban maximum was 

near 500 m, suggesting that the SB kinematic structure deepens as it propagates inland. Not only 

does the urban location exhibit a greater increase in wind speed post-SB passage, but the offshore 

case itself shows stronger wind speed across the Houston domain as well.  

 Vertical motion and turbulence also evolved differently across space (Fig. 4.7). At the 

coast, a strong (>2 ms-1) updraft at the SBF is observed in the onshore case but not in the offshore 

case, and neither case exhibits a clear updraft signature at the urban site, suggesting that persistent 

ascent along the inland propagating SBF is not sustained across the coastal-urban environment. 

Turbulence within and above the SB layer show contrasting responses at the coast: in the offshore 

case, the SB layer below 500 m contains short-duration updrafts and downdrafts with increased 

variance, while in the layer between 500-1250 m, vertical motions appear longer in duration and 

oscillatory in nature. These signatures are not apparent in the onshore case, where strong upward 

motions were dominant above the SB inflow layer and enhanced turbulence extends from ~350-

1500 m, with variance decreased within the SB layer. At the urban site, both cases show abrupt 

decreases in vertical velocity variance post-SB, with near-zero values above 500 m and weaker 

buoyant plumes than pre-SB conditions. 
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Fig. 4.7:  Time-height horizontal wind speed and wind barbs (top), vertical velocity (middle), and 

vertical velocity variance (bottom) at the coastal (left) and urban (right) sites for the offshore 

(bottom) and onshore (top) cases. The time axes are centered on SB passage time and span 4 hours 

total.  
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Fig. 4.8: Averaged wind speed two hours before (dashed lines) and two hours after (solid lines) 

SB passage for the onshore (left) and offshore (right) cases at the coastal (blue) and urban (gold) 

locations.  

 

Thermodynamic profiles across the three sites reveal notable spatial variability in how the 

SB modifies the PBL (Fig. 4.9). The individual cases show distinct PBL temperature 

characteristics throughout the time series, with the onshore case more well-mixed, less stratified, 

and cooler than the offshore case at all sites. In both cases, inland locations exhibit convectively 

unstable temperature profiles, with surface temperatures 1-2 K warmer than at 500 m. The spatial 

differences in temperature responses to the SB in the onshore case are minimal. The SB produces 

a rapid 1-3 K temperature decrease within 30 minutes at all locations, extending through 1500 m. 

In the offshore case, the coastal site shows no distinct cooling but instead a stagnation of daytime 

heating below 1500 m, followed 4-6 hours later (5:50-7:50 pm local time) by a temperature 

increase aloft, suggesting non-SB related modifications above the SB layer. Inland sites cool more 

gradually after the SB in the offshore case, with temperature decreases confined to     ~500 m at 

the coastal and exurban locations and ~1000 m at the urban site. Despite many daytime hours left 

in each case at the coastal location, the consistent southerly flow and advection of the marine air 

mass inhibit any further heating from taking place near the surface. This is important context, as 

maximum temperature forecasts and potential health hazards due to heat could be greatly impacted 
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in the hours after SB passage, even if a drop in temperature associated with the passage of the SBF 

is negligible.  

 

 

Fig. 4.9: Potential temperature 6-hour time series for the onshore (left) and offshore (right) cases 

at the urban (top), exurban (middle), and coastal (bottom) sites. Time axes are centered on SB 

passage time.  

 

Moisture time series show an even larger magnitude and more complex PBL response to 

the SB (Fig. 4.10). In the onshore case, low-level moisture at the coast rises sharply, by ~10 gkg-1 

through 1500 m, while inland sites show progressively weaker and shallower increases, only ~3 

gkg-1 at the exurban location and ~8 gkg-1 through 1000 m at the urban site. This decreasing depth 

with inland distance suggests the top of the SB layer is being mixed and/or eroded by entrainment 

of the residual PBL as it propagates inland. Given the deepening kinematic signature as the SB 

propagates inland, the increased wind shear is likely acting to erode the top of the SB layer. In the 

offshore case, however, the moisture evolution differs. At the coast, only surface moisture 

increases, while the 500-1500 m layer remains steady before gradually decreasing in moisture 

content. Further inland, the locations experience ~4 gkg-1 increases in moisture concentrated in the 
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lowest 500 m. Across both cases, the urban site stands out as the only location with consistently 

large, rapid moisture increases, albeit confined to lower levels.  

 

 

Fig. 4.10: Same as Fig. 4.9 but for water vapor mixing ratio.   

 

Together, these findings highlight that while the SB passage produces broadly similar 

timing across sites, the depth, structure, and turbulence signatures of the response evolve as the 

SB moves inland. Stronger and deeper wind profiles at the urban site, contrasting updraft behavior 

at the coast, and shifts in turbulence regimes above and within the SB layer all point to a complex 

spatial evolution of SB dynamics across the Houston region. The offshore case exhibits stronger 

post-SB wind speed across sites, with consistent jet-like wind profile shapes. Thermodynamically, 

the results indicate that SB-driven thermodynamic changes vary strongly across space: temperature 

responses become weaker and shallower inland in the onshore case but more gradual in the 

offshore case, while moisture increases may be strongest at the coast or inland, depending on the 

case. The spatial patterns also point to mixing processes above the SB layer as a key control on 

how far inland deep moisture is able to penetrate.  
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4.3 Kinematic and Thermodynamic Composites 

A schematic representation of the PBL and 700 hPa kinematic connections is shown in Fig. 

4.11. In the case study analyses, the offshore case indicates greater overall wind speeds compared 

to the onshore case, with the urban site showing greater relative increases compared to the coast. 

The 700 hPa flow is generally above the PBL, on average ~3000 m AGL in the midlatitudes, but 

is hypothesized to be responsible for the enhanced SB response through a feedback-like 

mechanism. Once a SB has formed, a return flow aloft must also form to close the circulation and 

satisfy the mass continuity principle. Under the offshore regime, the 700 hPa flow is inherently 

offshore and oriented in the same direction as the SB return flow, located in the upper portions of 

the PBL. With both flows in the same direction, the 700 hPa flow could be acting to enhance the 

return flow portion of the SB circulation. This would, in turn, lead to an enhanced SB flow, again 

satisfying the necessary mass continuity principle. The opposite holds for the onshore regime (i.e., 

opposite 700 hPa flow). In the onshore regime, the 700 hPa flow acts against the return flow, which 

would result in a slower return flow and consequently weaker SB circulation. Given the indications 

of greater SB flow under offshore regional flow conditions, this explanation and application of 

interconnections between the PBL and large-scale flow above suggest that while the SB is a PBL 

mesoscale process, it may be altered by larger-scale flow conditions above the PBL.  
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Fig. 4.11: SB circulation schematic depicting physical explanation of PBL and 700 hPa flow 

interconnections.  

 

While the preceding analyses provide a detailed view of the kinematic and thermodynamic 

evolution of two differently categorized SB events, the CUBIC campaign observed over 40 SB 

cases under a range of regional flow regimes. Therefore, investigations into whether the signatures 

discussed above represent systematic responses tied to the larger-scale environmental flow will 

now be conducted. To address this, the following section employs composite analyses consisting 

of all SB cases within each regional flow regime (i.e., onshore, offshore, northeasterly, and 

southwesterly) to assess how robust the observed patterns are and how they compare to the other 

two regional regime patterns. The main question examined in the composite analyses is whether 

the kinematic and thermodynamic impacts of the SB on the PBL outlined above are regime 

dependent. 

With the use of the four-month-long CUBIC dataset and composite analysis techniques, it 

is possible to examine whether the case differences found in Sect. 4.2 are apparent for the summer 

of 2022, suggesting a systematic, regime-dependent SB modification to the PBL. Specifically, the 

following questions will be addressed;  

1. Does the offshore flow regime present enhanced flow, following the hypothesized 

regional flow feedback mechanism from the beginning of Sect. 4.3? 
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2. Do onshore regime cases result in significantly greater and deeper thermodynamic 

responses compared to other regime classifications? 

 The following composites will be centered on the SB passage time to highlight the PBL 

response specifically due to the SB, despite the array of SB passage times across the regimes (See 

Sect. 2.4 for SB timing information). To create the composites, the SB passage time for each case 

is determined, the 4 hours before and after SB passage are used for the composite window, and 

each case is then averaged together (see Sect 3.2.3 for details on compositing). Each site’s 

composites contain a different number of cases, since data availability and the propagation of the 

SB through the city were not constant throughout the campaign. As a reminder, given the limited 

data around the SB passage time from the exurban site, only the coastal and urban locations are 

used to investigate the kinematic signatures. Table 4.1 below shows the number of cases making 

up the composites for each given site and regime. It is important to note that only two to three 

(depending on the site) cases occur in the southwesterly regime, thus the uncertainty would be 

large. However, it was decided to keep the composites, as the southwesterly regime is still a 

possible environment in which SBs occur.  

 

Table 4.1: Regional flow composite case numbers at each site.  

Regional Flow Urban Exurban Coastal 

 Kinematics Thermo Kinematics Thermo Kinematics Thermo 

Onshore 12 13 NA 8 11 13 

Offshore 5 5 NA 5 5 7 

Northeasterly 8 8 NA 12 8 11 

Southwesterly 2 2 NA 0 2 3 

 

Beginning at the coast, under each regional regime, there are increases in wind speed 

following the SB passage (Fig. 4.12). In the case study results, there was a delayed increase in 

wind speed in the onshore case; however, that is not present in the composite results. The pre-SB 

wind profiles are nearly identical in the onshore, offshore, and southwesterly regimes, averaging 

3-4 ms-1 from the surface to 1000 m (Fig. 4.13). The northeasterly regime is slightly weaker and 

more evenly mixed from the surface to 500 m before beginning to decrease. In terms of the coastal 

response to the SB, the onshore and offshore regimes lead to greater sustained winds than the 
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coast-parallel regimes, with ~1-2 ms-1 greater maximum wind speed. The onshore profile shows a 

very similar shape to that observed in the case study, with it well-mixed below 500 m. While the 

offshore profile does show a low-level wind maximum at ~150 m, this is considerably less 

pronounced than in the case study. Given the above-average land-sea temperature difference in the 

case study, the weaker wind response exhibited by the composites is to be expected, as a larger 

land-sea temperature difference is what determines the strength of a SB (Miller and Keim 2003). 

The difference in wind profile shapes between the coast-perpendicular composites suggests a 

difference in SB depth, with a deeper SB in the onshore cases and a shallower SB under offshore 

conditions. Additionally, the differences between regime wind speed magnitudes post-SB are quite 

small, < 1.5 ms-1 , suggesting that other, more localized forcings drive the PBL response at this 

location. 

 

 

Fig. 4.12: Composite SB passage time-centered wind speed observations at the coastal site for the 

onshore (a), offshore (b), southwesterly (c), and northeasterly (d) SB cases. 
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Fig. 4.13: Composites of wind profiles two hours before (dashed lines) and two hours after (solid 

lines) SB passage at the coastal site for the onshore (blue), offshore (pink), southwesterly (gold), 

and northeasterly (green) cases. Black profile denotes total average across all cases, with shading 

representing +/- 1 standard deviation. 

 

At the urban location, the horizontal wind kinematic responses to the SB are more 

pronounced than those at the coast (Fig. 4.14). Across the regimes, there are greater pre-SB 

differences in wind speed, with each regime showing immediate increases in the wind speed 

following the SB passage. Interestingly, there is an initial increase in winds in the northeasterly 

regime ~3 hours before SB passage, which may be associated with bay breeze instances that also 
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exhibit increased wind speed (Lappin et al. 2025); however, this has not been confirmed. The post-

SB increased winds are generally below 1000 m, with the greatest magnitudes between 150-500 

m depending on the regional flow regime (Fig. 4.15). The offshore case exhibits the greatest 

increase in wind speed and the only discernible difference in profile shape, with a jet-like nose 

located at ~500 m, indicative of greater shear and associated with a deeper SB layer than the other 

regimes whose maximum wind occurs at lower heights. The offshore composite analyses are also 

quite similar to the observed case study from Sect. 4.2 in magnitude and shape. Across the sites, 

the same findings from the case study hold true, with the offshore case exhibiting a greater 

kinematic response to the SB and the urban site showing stronger responses compared to the coast. 

The composite results also support the theory of regional flow enhancing (or inhibiting) the return 

flow and therefore enhancing (or inhibiting) the SB flow. The difference among regimes, though, 

is quite minimal. The onshore, northeasterly, and southwesterly regimes show nearly identical 

post-SB wind profiles and while the offshore regime is different, the overall increased wind speed 

is no more than 1 ms-1 greater than other regimes. As such, the kinematic response to the passage 

of a SB is more dependent on the spatial characteristics and distance from the Gulf than on lower-

tropospheric regional flow.  
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Fig. 4.14: Same as Fig. 4.12 but for the urban location. 
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Fig. 4.15: Same as Fig. 4.13 but for the urban location. 

 

The coastal vertical velocity variance (σw) composites show distinct differences between 

the regional regime types, with limited changes to σw following the SB passage in the onshore or 

northeasterly cases, a large decrease in σw in the offshore composite, and an increase in σw for the 

southwesterly cases (Fig. 4.16). While the case study results at the coast showed contrasting post-

SB σw responses, those signatures (i.e., onshore = low σw near surface, high above, and offshore = 

greater σw near surface and low above) are not present within the composite results. Instead, there 

are indications of changing turbulence with height following the SB passage in each regime except 

the offshore regime that immediately decreases to near zero throughout the PBL. In the 4 hours 
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following the SB for the other three regimes, σw magnitude begins to decrease with height above 

500 m.  

 

 

Fig. 4.16: Vertical velocity variance composites at the coastal site for the southerly (top) and 

northwesterly (bottom) synoptic regime SB cases. Black dashed line depicts differentiation in 

turbulence regimes post-SB.  

 

 One of the biggest spatial differences is shown in the σw composites at the urban site. While 

the coastal location only showed a distinct reduction in σw in the offshore regime, at the urban 

location there is a clear decrease in σw post-SB in every regime (Fig. 4.17). There are a few possible 

explanations for the spatial differences exhibited between sites; the land surface characteristics 

could be playing a role, the difference in the time of day, or the fact that the coastal site experiences 

a ‘purer’ SB (e.g. the SB has not propagated across much land surface yet). At the coastal site, the 

SB has not yet mixed with a continental air mass, but as it propagates across land, the SB can be 

modified by entrainment. By the time the SB reaches the urban site, it may have lost much of its 

initial sharpness, so the forced ascent and associated turbulent updrafts are weaker. Combined with 

the cooler, more moist air over a rough, previously heated surface could result in the rapid collapse 
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of the σw observed at the urban site. The pre-SB conditions are also notably different between 

regimes, with enhanced σw in the 2-3 hours prior to SB passage in the offshore and northeasterly 

cases, relatively uniform σw in the onshore regime, and more chaotic σw behavior in the 

southwesterly cases, which could also be caused by the limited number of cases (2). Despite these 

pre-SB conditions, it is clear that regardless of the regional flow over the Houston area, the 

turbulence is drastically reduced at the urban location with the passage of the SB, consistent with 

the case study results.  

 

 

Fig. 4.17: Same as Fig. 4.16 but for the urban location.  

 

The thermodynamic composites show striking similarities in the pre-SB conditions across 

regimes, with temperatures at the specific sites nearly identical, independent of the regional flow 

classification (Fig. 4.18). The only exception is in the southwesterly cases, which are notably 

cooler and more stratified at the coastal site. As with the case study results, the inland sites show 

surface temperatures greater than the atmosphere above, leading up to the SB passage, indicating 

convectively unstable conditions. In terms of PBL responses to the SB, the onshore composites 

show more gradual cooling post-SB than the offshore regime. While the greatest rate of cooling 
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takes place at the surface, the depth of the cooling differs among sites and regimes. In each regime, 

the coastal site indicates a warming trend at 1500 m, relatively stagnant conditions at 1000 m, and 

cooling below, with the offshore cases showing a quicker rate (e.g., steeper slope in time series). 

The inland sites, however, show no further warming post-SB passage, likely due to the temporal 

difference in SB passage time, with coastal SB passage typically in the early afternoon, well before 

peak daytime heating occurs. The main takeaway from the temperature responses is that at the 

coastal location, differences between regimes are small, but the surface temperature in the offshore 

cases at the inland sites decreases more rapidly in the first hour post-SB, consistent with the greater 

wind speed response discussed previously. Additionally, the offshore and northeasterly regimes 

indicate an initial temperature drop at the SB passage, while the onshore and southwesterly 

composite drops are negligible. Despite these differences, the temperature trends after 1-hour post-

SB passage are nearly identical across regimes, so while the initial response to the SB may vary 

slightly, that response is short-lived and only observed at the inland sites. 
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Fig. 4.18: Composite SB passage time-centered temperature observations for the onshore (column 

1), offshore (column 2), northeasterly (column 3), and southwesterly (column 4) regional regimes 

at the urban (top), exurban (middle), and coastal (bottom) sites. Contours correspond to heights 

from the surface to 2000 m; darker colors = closer to the surface. 

 

One of the biggest differences between the regime types is, again, the moisture response. 

At the coast, the greatest rise in moisture occurs under onshore conditions and is seen through 

1000 m (Fig. 4.19). The increases in the other three regimes are lesser in magnitude (~1 gkg-1) and 

most prominent only at the surface. The inland sites vary more in their moisture response than the 

coast, but with similar trends of a more subtle increase at the exurban site and a quicker increase 

at the urban location. The depth of the SB response at the exurban site does not reach 1000 m in 

any regime, as evidenced by stagnant or drying trends above 1000 m. While the onshore and 

northeasterly regimes are moister than the offshore and southwesterly regimes, the relative 

increases in post-SB moisture are nearly identical, showing that the onshore regional flow cases 

do not lead to a greater thermodynamic response than other regimes, differing significantly from 

the case study findings.  
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Fig. 4.19: Same as Fig. 4.18, but water vapor mixing ratio.  

 

4.4 Discussion and Conclusions 

The case study comparisons and composite analyses highlight the intraseasonal variability 

of PBL responses to the SB in Houston classified via regional flow regimes. While the horizontal 

wind speed responses to the SB are weaker at the coast and stronger at the urban location, only in 

the horizontal wind data are there indications of a regime-dependent response to the SB. The 

composite results show very similar post-SB wind profiles for the onshore, southwesterly, and 

northeasterly regimes, but the offshore regime shows a distinct difference at the urban site, with a 

jet-like structure and a maximum wind speed of ~ 8.5 ms-1  at 500 m. Differences exist in the PBL 

characteristics amongst regimes (e.g., moisture levels, wind speed magnitude), with the greatest 

differences occurring spatially across Houston. There was no detection of systematic differences 

in the thermodynamic response to the SB across regional regimes. Instead, the case study analyses 

suggest that the pre-existing thermodynamic structure is a more important factor in how the SB 

will modify the PBL. While there are spatial differences across the city with the propagation and 
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modification of the SB, this chapter shows minimal differences among regional regimes, indicating 

that larger-scale flow does not lead to substantial differences in PBL responses to the SB. There 

are some indications in the kinematic analyses that the offshore flow regime produces enhanced 

SB wind speeds, consistent with the schematic in Fig. 4.11; however, these are also small in 

magnitude, suggesting not a substantial impact from the regional flow. The thermodynamic 

findings, along with the kinematic analyses, indicate that local-scale and surface processes are 

more important in driving the observed variability in PBL responses to the SB than the regional 

flow. The case study analyses showed distinct post-SB responses, proving that the response to the 

SB is not consistent. 

 The work shown and described above has highlighted important spatial differences within 

PBL characteristics and the intraseasonal variability of PBL responses to the SB, both of which 

are important factors in understanding the evolution of the PBL in the coastal-urban environment. 

An additional and important aspect that adds complexity to the Houston region’s summertime 

weather is the occurrence of daytime thunderstorms. In the onshore case investigated within this 

chapter, CI occurs along the inland propagating SBF. Observations at the coast show that within 3 

minutes of the SB passage, strong (> 2 ms-1) upward motions occur from the surface through 1500 

m above the ground, particularly above the SB inflow layer. This response to the SB is coupled 

with a rapid rise in moisture of > 10 gkg-1 and a drop in temperature of ~3 K. While similar 

magnitude thermodynamic responses are observed at the urban site, the persistent upward motions 

are not. Thus, it appears that forced ascent is prevalent near the coast but dissipates with the inland 

propagation of the SBF. This raises the question of what processes are necessary for successful CI, 

especially if forced ascent along the SBF diminishes inland. Is the influx of a high equivalent 

potential temperature air mass enough to destabilize the atmosphere behind the SB, allowing 

parcels to more easily reach the lifted condensation level? The CUBIC dataset offers rich, high-

resolution profiling observations from multiple points along the SB path, but further tools are 

needed to understand which mesoscale processes may be responsible for the observed CI, to further 

investigate the observed signals, and to capture the continuous evolution of the SB as it propagates 

inland.  

 

  



94 

Chapter 5 

Sea Breeze Forced Convection Initiation: A Case Study on Observations and 

Ensemble Forecasts from 17 August 2022 

 

5.1 Introduction 

 The high-temporal resolution observations continuously collected during the CUBIC 

campaign capture a detailed look at the diurnal evolution of the PBL and SB propagation and 

related PBL modifications at multiple strategically chosen locations. The results presented in the 

previous chapters provided new insights about the complex interactions of PBL and mesoscale 

processes in a coastal urban environment, but open questions remain about how the SB 

characteristics evolve as it propagates inland and the role of the SB in CI.  Using the site-specific 

measurements in combination with NWP simulations extends the spatial context and allows for 

in-depth examinations of processes across the coastal-urban environment. While accurately 

simulating the physical processes that are important to atmospheric phenomena within the PBL 

continues to be an area of active research for NWP models, using NWP simulations alongside 

observations can be a useful tool to both better understand observed phenomena and to evaluate 

model performance (Smith et al. 2019; Reddy et al. 2022; Kim et al. 2023).  

Prior research on SB-related CI has focused on the prevalence of CI near the SBF, with 

many studies relying on idealized NWP simulations to further our understanding of the mesoscale 

processes most important to CI in these environments (Azorin-Molina et al. 2015; Fu et al. 2021; 

Boyer et al. 2025). These studies have found differing results in terms of the most preferred areas 

for SB-forced CI to occur, whether it be ahead or along/behind the SBF (Rao and Fuelberg 2000; 

Fovell 2005; Boyer et al. 2025). In cases where CI occurs ahead of the SBF, work has shown two 

particular pathways for CI. First, the area is primed for CI by the SB through persistent ascent and 

vertical moisture advection ahead of the SB, which establishes an elevated tongue of moist air 

(Fovell 2005). Second, that CI can occur ahead of the front due to the development of enhanced 

convergence ahead of the SB (Fankauser et al. 1995). When CI exists behind the SBF, recent works 

have attributed this to the advection of a mesoscale air mass with high θe (MAHTE; Boyer et al. 

2025; James et al. 2025). MAHTEs are found on the cool side of a frontal boundary and lead to 
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destabilization of the atmosphere behind the SBF. Not only can a MAHTE be advected inland, but 

the return flow (i.e., upper portion of SBC) advects relatively drier (lower theta-e) air aloft, acting 

to increase lapse rates and further destabilize the atmosphere. While the SBF can act as a forcing 

mechanism to trigger convection, providing the dynamic lift of an updraft to carry parcels from 

the surface through the PBL, predicting the location and timing of SB-forced CI remains a 

challenge, especially in regions characterized by considerable surface heterogeneity that can lead 

to substantially different thermodynamic structures across a region, such as coastal-urban regions 

like Houston.  

The analyses in Ch. 4 revealed that onshore cases have generally weaker kinematic 

responses to the SB than offshore cases and that the responses are weaker at the coast compared 

to further inland at the urban site, regardless of regime. Additionally, the onshore composites 

exhibited a generally deeper thermodynamic response to the SB than in other regimes. In the case 

study of the 17 August 2022 case, the magnitude of the kinematic and thermodynamic responses 

was exceptionally strong. This case also exhibited clear CI near the SBF as it propagates inland, 

while many other onshore cases do not produce CI, suggesting that the kinematic and 

thermodynamic signatures present in this case are important to successfully initiate convection. 

The past literature has shown forced ascent and convergence along the SBF are needed as a 

triggering and lifting mechanism for CI, but observations from this case show ascent at the SBF 

only at the coastal location, far removed from where the CI occurs. However, the observations do 

support a deep, moist air mass behind the SBF that persists inland, which falls in line with the 

theory of CI occurring due to destabilization on the cool side of the frontal boundary.  

In this final chapter, CUBIC observations from the onshore case examined in Ch. 4, which 

exhibits apparent SB-forced CI, are analyzed alongside an ensemble of forecasts produced by the 

National Severe Storms Laboratory Warn-on Forecast System (WoFS; Stensrud et al. 2009; 

Heinselman et al. 2024). The observational data can only provide insight into what happened at a 

single point, but adding in model data provides the opportunity to examine the spatial evolution of 

the SB and driven responses continuously through time. The 17 August 2022 case is characterized 

by strong responses following SB passage, with strong upward motions at the coastal site (though 

not at the urban site) and rapid, large moisture increases across the Houston region. Past SB CI 

literature shows a consensus that moisture is a necessary component for successful CI to occur, 

independent of where the CI originates with respect to the SBF (Fovell 2005; Sharma et al. 2024; 
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Boyer et al. 2025). Based on the case results from Ch. 4 and previous SB-CI studies, we 

hypothesize that the CI in this case depends on two mechanisms: 

1. The forced ascent at the coast to establish a moist air mass and advect moisture 

vertically (Fankauser et al. 1995; Fovell 2005) and 

2. The moist air mass advects inland, even though the forced ascent is less prevalent 

inland. This air mass can destabilize (increased CAPE, decreased CIN) enough that 

forced ascent inland is not a required condition for CI (Boyer et al. 2025; James et 

al. 2025). 

 

5.2 Warn-on Forecast System Overview 

 The WoFS is a convection-allowing ensemble (CAE) NWP modeling system that creates 

an ensemble of 36 forecasts. The model has high spatial resolution, with a horizontal 750 X 750 

grid at 3-km spacing and 51 terrain following vertical levels. The WoFS uses the 36-member High 

Resolution Rapid Refresh (HRRR) Data Assimilation System (HRRR-DAS; Doswell et al. 2022) 

to initialize the forecast and a combination of operational HRRR forecasts and perturbations from 

the Global Ensemble Forecast System (GEFS) provides the boundary conditions (Zhou et al. 

2022). The WoFS is a mixed-physics ensemble-based system with a combination of 6 unique 

physics parameterizations (Table 5.1). The WoFS also has a rapid data assimilation cycle, 

assimilating conventional observations, multi-radar/multi-sensor (MRMS) radar reflectivity, 

MRMS radial velocity, GOES-16 cloud water path data, and GOES-16 clear sky radiances every 

15 mins, allowing for the latest observations to help guide the model forecasts.  

The WoFS was created at NSSL and designed specifically to provide probabilistic 

guidance for hazards that are associated with individual convective storms (Skinner et al. 2022). 

The WoFS is different from traditional CAEs that operate in a ‘next-day’ capacity and provide 

guidance for regional convective threats. The WoFS goal is to provide ‘now-casting’, 0-6 hour 

forecasts issued every 30 minutes, which aligns with lead times consistent with the National 

Weather Service’s watch-to-warning products and can act as the bridge between observations and 

the next day model simulations from traditional CAEs. A single 6-hour forecast is used herein, 

initialized at 1700 UTC and running to 2300 UTC. To date, the WoFS has been most commonly 

applied in severe and impactful weather situations such as potential severe weather outbreak days, 
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fire weather, or cases in which high flood risks are in place (Jones et al. 2022; Britt et al. 2024; 

Burke et al. 2024). The WoFS was run post-mortem for this project, with only the first 18 members 

included in the WoFS-like ensemble due to computational expense. The application of the WoFS 

to simulate the SB is outside of its typical use case; however, while it is not the scope of this 

chapter, this experiment can be used as a proof of concept, to confirm whether this modeling 

configuration holds the ability to accurately forecast more weakly forced mesoscale boundaries 

and the associated CI.  

 

Table 5.1: WoFS model specifications, including ensemble member specific physics 

combinations. 

Warn-on Forecast System 

Specifications 
 

Ensemble 

Member 

PBL 

Scheme 

SW 

Radiation 

Scheme 

LW Radiation 

Scheme 

Model Version WRF-ARW v3.9+  1, 7, 13 YSU Dudhia RRTM 

Grid Dimension 300x300x50  2, 8, 14 YSU RRTMG RRTMG 

Domain Size 750 km x 750 km  3, 9, 15 MYJ Dudhia RRTM 

Horizontal Grid 

Resolution 
3 km 

 
4, 10, 16 MYJ RRTMG RRTMG 

PBL YSU, MYJ, MYNN  5, 11, 17 MYNN Dudhia RRTM 

Radiation 

SW/LW 
Dudhia/RRTM, 

RRTMG/RRTMG  
6, 12, 18 MYNN RRTMG RRTMG 

Microphysics NSSL double-moment  
    

Land Surface 

Model 
RUC (smirnova) 

 

    

 

5.3 PBL Parameterizations 

 The use of NWP within the meteorological field is far-reaching and extremely important 

to our fundamental understanding of atmospheric processes. However, there are still challenges 

that make accurately simulating the many scales of motions present in the atmosphere difficult. 

While technology and computing sources have greatly improved within the last several decades, 

turbulence and other sub-mesoscale processes occur at scales that are still too small for operational 

numerical models to simulate explicitly, requiring the use of parameterizations (i.e., inherent 

assumptions of atmospheric processes; Stensrud 2007). Of particular interest to this work, a mix 
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of PBL parameterizations is used within the WoFS to handle the vertical transport of heat and 

momentum as well as turbulence. PBL schemes differ in their treatment of the turbulence closure 

problem that arises from Reynolds averaging. Reynolds averaging results in unknown moments of 

turbulence, which can be handled by PBL parameterizations in a number of different ways, with 

the two main choices being either local or nonlocal mixing. Local mixing schemes refer to 

parameterizations where each model level interacts only with the adjacent level, producing smaller 

turbulent eddies and a slower vertical transfer of momentum, heat, and moisture. Conversely, 

nonlocal mixing schemes allow for vertical mixing across model levels, leading to larger eddies 

and a more physically reasonable portrayal of real atmospheric eddies that vary in size. Many 

previous studies focused on PBL parameterization behavior have found that non-local schemes 

generally have a warm, dry bias while local mixing schemes exhibit cool and moist biases (Zhong 

et al. 2007; Coniglio et al. 2013; Gomez et al. 2016; Potvin et al. 2020).  

In the WoFS, three different PBL parameterization schemes are used: the Yonsei 

University (YSU), Mellor-Yamada-Janjic (MYJ), and Mellor-Yamada_Nakanishi-Niino Level 2.5 

(MYNN) schemes (Janjic 2002; Hong et al. 2006; Nakanishi and Niino 2006). The YSU scheme 

is a non-local, first-order turbulence closure scheme, while the MYJ and MYNN are 1.5-order 

closure schemes, both with local mixing. The YSU scheme utilizes a turbulence diffusion equation, 

based on an eddy diffusivity coefficient and counter gradient correction term, to derive the 

prognostic flux variables located within the mixed layer. The MYJ scheme uses a one-dimensional 

prognostic equation for turbulent kinetic energy (TKE), while the MYNN predicts sub-grid TKE 

terms, the differences of which lead to changes in how the model simulation handles vertical 

mixing.  

 

5.4 Forecast Evaluation and Coastal Sea Breeze Modifications to the PBL 

Prior to process-specific investigations using the NWP output, a comparison to the 

observed conditions is necessary to ensure the simulation captures a representative environment. 

On 17 August 2022, under onshore 700 hPa synoptic regime conditions, a SB forms along the 

coast in the early afternoon, propagates inland through the city of Houston, and results in apparent 

SB-forced CI, evident via radar reflectivity imagery from the operational KHGX WSR-88D radar 

(Fig. 5.1). The SB propagation through the city was 10 minutes faster than the CUBIC campaign-
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average propagation time, taking approximately 3 hours and 45 minutes to propagate from the 

coastal location to the urban site. It was observed at the coast at ~1850 UTC, the exurban site by 

~2100 UTC, and reached the urban location by ~2235 UTC. Comparing the observed reflectivity 

with WoFS ensemble simulated composite reflectivity shows some ensemble members 

overproducing convection, but also evidence of CI in the same general region as what was 

observed, lending confidence in the ensemble’s ability to reliably represent this case (Fig. 5.2).  

 

 

Fig. 5.1: Observed radar reflectivity on 17 August 2022 at KHGX. Dotted lines indicate the leading 

edge of the SBF.  
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Fig. 5.2: Observed (purple x-markers) and simulated radar reflectivity >= 35 dBz. Ensemble 

members colored by PBL scheme: YSU (pink), MYJ (green), and MYNN (blue).  

 

The following point analysis comparisons are completed by finding the 4 nearest model 

grid cells to each observation site’s latitude and longitude, averaging those profiles together, and 

then using the averaged model profile to compare against observed profiles. This method mitigates 

possible translation errors and potential spurious individual grid cells from contaminating the 
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results. Fig. 5.3 depicts the AMF radiosonde observed and modeled temperature profiles at 1730 

UTC, thirty minutes after model initialization. From the surface to ~850 hPa, the ensemble 

members are consistently warm-biased compared to the observations by ~1-3°C. In the observed 

profile, there are two lower-tropospheric temperature inversions, one at ~850 hPa and another at 

~800 hPa. Each ensemble member indicates a change in lapse rates around these heights, with 

most members showing isothermal layers.  

 

 

Fig. 5.3: Observed (black) versus modeled (colored) temperature profiles at 1730 UTC radiosonde. 

The observed temperature profile was collected with a radiosonde released at the AMF site. 

Ensemble members colored via PBL scheme; YSU (pink), MYJ (green), and MYNN (blue), and 

shading in (a) corresponds to profiles shown in (b). 

 

Given the low spread amongst common PBL scheme members in Fig. 5.3, the ensemble mean for 

each PBL scheme can be used for a more concise exploration of ensemble model behavior. 

Comparing the surface temperatures from the coastal and urban locations for the duration of the 

WoFS run, the warm bias found in the AMF profile comparison is shown throughout nearly the 
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full simulation run for each PBL scheme-specific ensemble mean at the coastal location (Fig. 5.4). 

At the urban site, the observed temperatures become greater than the modeled surface temperatures 

beginning just after 1900 UTC and continue to warm until 2230 UTC, leading to a change in the 

bias later in the simulation period. This is partially due to rain-cooled temperatures within the 

different ensemble members, evident via rapid reductions in temperature in the ensemble means, 

while the urban site did not receive rain to lead to cooling temperatures.  
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Fig. 5.4: Comparison of observed and WoFS PBL-scheme averaged surface temperatures for the 

duration of the simulation at the urban (a) and coastal (b) sites. 

 

         To further confirm the representative nature of the simulation run, identifying modeled SB 

occurrence in each ensemble member is necessary, as the SB is the key component of this case’s 

observed PBL evolution and CI. The same multi-step approach to identify the SB that is described 

in Sect. 2.4 for the observational data is used to determine SB occurrence and passage times in the 

ensemble data, with the exception of radar reflectivity data. The numerical simulation is not of a 



104 

high enough resolution to resolve the low dBZ fine-line radar SB signature associated with the 

SBF. For the selected case, every ensemble member successfully depicts a SB, however, not all 

members show clear propagation of the SB through the entirety of the Houston region. Given the 

prevalence of convection throughout the Houston domain, tracking of the SB through the city is 

difficult to discern from potential thunderstorm and/or outflow influences in many members. 

Despite this, the SB passage is clear at the coastal location in all members, the exurban site in 

13/18 members, but only discernible at the urban location in 2/18 members. Given that the SB 

passage is discernible at the coastal site for each member, site specific comparisons of observed 

and modeled SB modifications to the PBL will focus on this location. While some members do 

initiate convection along the coast, this occurs outside of the CUBIC domain (southwest and 

northeast), with most members producing CI further inland from the coastal site. 

         Within the ensemble, the timing of modeled SB arrival at the coastal location spans a 2-

hour window, with an average arrival time of 1915 UTC and a bimodal peak in timing at 1900 

UTC and 1945 UTC when binned into 15 minute periods (Fig 5.5). The observed SB passage 

occurs at 1847 UTC, so each of the ensemble members was within ~1 hr of the observed passage. 

The YSU scheme leads to earlier SB passage times than the more spread SB passage times of the 

MYNN and MYJ schemes (Fig. 5.5).  

The earlier passage times for YSU members are coincident with greater surface and land-

sea temperatures (Fig. 5.6). The ΔT is calculated at 1800 UTC, prior to SB passage, between a 

point in the Gulf and the urban location, consistent with the analyses in Sect. 2.3. The members in 

which the YSU PBL parameterization is used have an average ΔT of 1°C warmer (~8°C) than the 

other parameterizations (~7°C), showing that the earlier SB passage times are correlated with 

greater land-sea temperature differences. This finding is in line with the CUBIC onshore SB cases, 

in which a weak correlation (r = 0.62) between SB onset and land-sea temperature differences was 

found (see Sect. 2.4). The observed ΔT was 6.4°C at 1800 UTC, with 5/18 ensemble members 

simulating the observed ΔT within 0.5°C. Overall, one member’s ΔT is too small, 5 members are 

within 0.5°C, and the remaining 12/18 members are too large; all YSU members are in this group.  
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Fig. 5.5: Sea breeze passage times for each ensemble member at the coastal location. Colors 

correspond to the three different PBL schemes: YSU (pink), MYJ (green), and MYNN (blue). The 

black dashed line represents the observed SB time. 

 

 

Fig. 5.6: Land-sea temperature differences for each ensemble member, separated by PBL schemes. 

The horizontal line indicates the observed value, while the light grey area corresponds to +/- 0.5°C 

of the observed value, and vertical displacement is done to mitigate overlapping points. 
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In Ch. 4, the case study analyses at the coast for 17 August 2022 showed several distinct 

PBL responses to the SB that were considerably stronger than those in the onshore composite 

analyses. This included an increase in horizontal wind speeds by > 2.5 ms-1, rapid increase in water 

vapor mixing ratio greater than 8 gkg-1 throughout the lowest 1500 m, and a multi-degree drop in 

temperature also in the layer below 1500 m. To investigate the model’s ability to simulate the SB 

well and capture the exceptional responses observed in this case, the modeled kinematic and 

thermodynamic responses to the SB are compared with the coastal observations. Comparing the 

modeled horizontal wind speed responses to the lidar observations show good agreement. While 

the observed wind speeds prior to the SB were lower than the majority of the ensemble predictions 

and differences can be noted when grouping simulation results based on PBL-scheme, the 

observed wind speed response to the SB falls within the middle of the ensemble envelope in the 

lowest 500 m (Fig. 5.7). Overall, the horizontal wind speed response across the model ensemble 

captures the shape and magnitude of the observed response.  
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Fig. 5.7: Doppler lidar observed (black) and simulated (colored) wind profiles two hours before 

(dashed lines) and two hours after (solid lines) SB passage at the coastal site. Thick colored lines 

denote PBL-scheme averaged profiles and skinny lines represent each individual ensemble 

member. Colors represent different PBL schemes: YSU (pink), MYJ (green), and MYNN (blue). 

 

 The simulated thermodynamic responses show less agreement with observations and an 

increase in ensemble spread (Fig. 5.8). Given the simulated timing difference in the ensemble 

members, Figs. 5.8 and 5.9 show the time-height thermodynamic data, with observed and 
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simulated SB passage times indicated in each panel, so that one can examine the timing and 

magnitude difference in thermodynamic responses to the SB between the simulated and observed 

data. The observed temperatures cool by multiple degrees within the first 30 minutes post-SB 

passage in the layer from the surface up to ~1750 m. Additionally, by 2100 UTC (~2 hours after 

SB arrival), enhanced cooling occurs below 500 m, with surface temperatures dropping down to 

or below 302 K. The depth of the initial thermodynamic response to the SB in the model ensemble 

is generally underestimated, with many members only showing cooling up to 1000-1500 m, as 

opposed to the observed 1750 m. This difference in depth response can be attributed to the modeled 

SB depth, evident via the wind barbs shown in Fig. 5.8. Many members show the winds begin to 

veer to a west-northwesterly direction with height between 1250-1500 m, thus cooling from the 

SB would not extend beyond this depth. Again, there are some PBL scheme-specific differences 

amongst the ensemble members, with MYNN showing the least SB cooling. Each MYJ member 

depicts the enhanced cooling below 500 m, although the timing of the cooling relative to the SB 

passage time varies. While the ensemble members differ in their responses to the SB, in general, 

most members capture the more subtle initial drop in temperature and delayed enhanced cooling 

in the hours post SB passage.  
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Fig. 5.8: Observed (top) and simulated (bottom) potential temperature for the duration of the 

simulation period (1700-2300 UTC). Solid black lines denote observed SB passage, dashed black 

lines depict modeled SB passage, and wind barbs are included on simulated subplots. The top row 

in the bottom half corresponds to YSU ensemble members, the middle row denotes MYJ ensemble 

members, and the bottom row shows MYNN ensemble members. 

 

The greatest deviation from observations occurs with the modeled moisture, both with the 

pre-SB moisture content in the PBL and the underestimated SB moisture response (Fig. 5.9). In 

the observations, there is a rapid increase in moisture in the layer from the surface through 2000 
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m (strongest in the lowest 1000 m), increasing from ~16 gkg-1 to ~23-26 gkg-1. Prior to the SB, 

most of the MYJ and MYNN members are too moist, some members by > 2 gkg-1 below 1500 m. 

Contrarily, the YSU members are closer to the observed pre-SB conditions, despite the previously 

established warm bias. Regardless of capturing the pre-SB moisture well, the YSU members show 

minimal and delayed increases in water vapor mixing ratio upon SB passage, with each member 

underestimating the increase in moisture. The MYJ ensemble members handle the moisture 

response the best, with five out of six members indicating a rapid increase in moisture content, 

particularly in the lowest 500-1000 m. The MYNN members have mixed results, with some 

members indicating no discernible moisture increase and some having delayed increases in 

moisture. Collectively, the ensemble spread for moisture responses to the SB is large, with no 

member able to capture the magnitude and timing of the observed moisture response in this case, 

but many members showing smaller increases. 
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Fig. 5.9: Same as Fig. 5.8, but for water vapor mixing ratio. 

 

 Comparisons of the PBL responses to SB passage highlight that while the kinematic 

signatures are well represented, the thermodynamic responses are not captured as well. The 

ensemble simulations broadly succeed in capturing the occurrence and timing of the SB, though 

with notable variability across PBL schemes and some discrepancies relative to observations. All 

members depict the SB passage at the coastal site, with propagation inland becoming increasingly 

ambiguous due to simulated convection and outflow interactions. Simulated cooling is limited to 
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a shallower layer than observed and all members underestimate the observed rapid moistening. 

These results show that the ensemble can reliably reproduce the dynamical structure of the SB, but 

may struggle with the thermodynamic impacts, particularly moisture transport, which has 

significant implications for CI. However, the model spread in thermodynamic responses does 

allow for the further examination of CI success or failure, given the slightly differing environments 

and progression of the SB, which will be explored in the next section. Building from this 

foundation, the next section explores the hypothesis introduced in section 5.1 that CI depends on 

two mechanisms: (i) forced ascent at the coast acting to establish a moist air mass and (ii) advection 

of the air mass inland destabilizing the environment such that persistent forced ascent inland is not 

required for CI. 

 

5.5 Mesoscale Process Investigations - Sea Breeze Spatial Evolution and 

Convection Initiation 

 

As discussed in Sect. 5.1, past work focused on SB-CI has shown that increased low-level 

moisture and ascent can both be important factors for successful SB-CI to occur. The 17 August 

2022 case observations showed rapid increases in moisture upon SB passage, which several 

ensemble members were able to simulate, although not of the correct magnitude. Additionally, the 

simulated wind speed response at the coast was comparable to the observed response at the coast, 

indicating that the model is able to capture the SB and thus can be used for further investigations 

into the convection evolution. The 4-D model data allows for investigations across space, 

enhancing our knowledge of the SB processes and their evolution as the SB propagates inland and 

further allows for investigations of post-SB destabilization in the region. These investigations 

provide a critical link between the simulated (and observed) SB-forced PBL modifications and the 

convective outcomes.  

The following analyses will use a variety of methods, including nearest point profiles, 

spatial plots, and vertical cross sections that are drawn perpendicular to the coast between points 

corresponding to locations urban site (30.13°N, -95.44°W) and southeast of the coastal site 

(29.07°N, -94.79°W, Fig. 5.10). To simplify the analysis, the first 6 ensemble members 

corresponding to one of each of the physics combinations available in WoFS are shown (the 
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remaining 12 members repeat these configurations with perturbations added). This method is used 

instead of PBL parameter-specific ensemble means to mitigate possible dilution of signal caused 

by different SB passage times. Recalling from table 5.1, the first six ensemble members used the 

following physics parameterizations: three PBL schemes (YSU, MYJ, and MYNN) and two 

shortwave and longwave radiation schemes (Dudhia/RRTM or RRTMG/RRTMG). Moving 

forward, a shorthand nomenclature will be used for brevity when referring to these ensemble 

members: YSU-D/R, YSU-R/R, MYJ-D/R, MYJ-R/R, MYNN-D/R, and MYNN-R/R.  

 

 

Fig. 5.10: Depiction of vertical cross section path (dashed line) across Houston CBD showing the 

start and end points (blue dots) to the southeast of the coastal site and northwest of the urban site, 

respectively.  
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Given the hypothesis that forced ascent along the SBF plays a key role in priming a moist 

air mass conducive to CI, it is essential to first compare the observed ascent at the coast to the 

modeled ascent then move to examinations of the spatial evolution of the ascent as the SBF 

propagates inland. In comparing the ascent at the coastal site, the observations indicate strong and 

persistent upward motions at and behind the SBF that are > 2 ms-1 (Fig. 5.11). A similar signature 

is apparent in four out of the six ensemble members: YSU-D/R, YSU-R/R, MYJ-D/R, and MYNN-

R/R. However, none of these members indicate the correct magnitude of the upward motions, 

maximizing at 1.5 ms-1or lower. The YSU-D/R is particularly weak, < 0.5 ms-1, but the duration 

of the upward motion signature is similar to the observations, indicating persistent ascent as the 

SBF passes over the site. The MYNN-D/R member shows a shallow and weak updraft signature 

shortly after the SB passage, but overall does not indicate persistent ascent along the SBF. While 

the MYJ-R/R member indicates ascent at the SBF, it is of the same magnitude and duration as 

updrafts well after the SB passage, which suggests the updraft may not be solely tied to the SBF 

alone.   

 

 

Fig. 5.11: Observed (left) and simulated (right) vertical velocity through duration of simulation 

period (1700-2300 UTC). Solid black lines denote observed SB passage, dashed black lines depict 

modeled SB passage, and wind barbs are included on simulated subplots. 

 

Examining the ascent signals across space, at 1910 UTC, the SB has begun to propagate 

inland and is near the coastal site in the following members: YSU-D/R, YSU-R/R, and MYJ-R/R. 

The YSU-R/R member shows a clear updraft signature along the well-formed SBF, with updrafts 
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through 2000 m (Fig. 5.12; black boxes). While the YSU-D/R member shows weak upward 

motions further inland, there are no indications of forced ascent along the SBF at this particular 

time. In the MYJ-R/R member, there is an indication of a weak (~0.5 ms-1) updraft along the 

leading edge of the SBF, although this member’s environment has likely already been modified 

by nearby convection. An hour later, the SBF has reached the coast in each member, with updraft 

signatures > 0.5 ms-1 reaching over 2000 m in three of the six members (YSU-D/R, YSU-R/R, and 

MYJ-D/R; Fig. 5.13). The MYNN members do not show strong signals of SB frontal ascent, only 

shallow and weak signals that are not persistent at the leading edge of the SB along the coastal 

region. Therefore, four of the six ensemble members (YSU-D/R, YSU-R/R, MYJ-D/R, and MYJ-

R/R) clearly indicate strong SBF ascent at the coast, prior to the inland propagation of the SB. Of 

note, the MYNN-R/R member showed clear, persistent ascent in Fig. 5.11 but not in Figs. 5.12 

and 5.13. The vertical cross section path is slightly displaced from the exact coastal observation 

location, which suggests that the frontal ascent may not be consistent along the entirety of the SBF. 

Additionally, by 2010 UTC there has been CI in both the MYJ-R/R and MYNN-R/R members, 

modifying their nearby environments and potentially affecting the inland propagation of the SBF 

and any associated ascent signature. 
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Fig. 5.12: Vertical cross section at 1910 UTC depicting wind barbs, updrafts > 0.5 ms-1 (red dashed 

contours), water vapor mixing ratio > 16.0 gkg-1 (green contours), horizontal wind speed > 4 ms-1 

(warm colored filled contours), and radar reflectivity > 10 dBz (filled contours). Black boxes 

denote updrafts along SBF while purple boxes show updrafts ahead of SBF but associated with 

the leading edge of moist airmass. 
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Fig. 5.13: Same as Fig. 5.12, but at 2010 UTC. 

 

As the SBF propagates inland, there is no persistently forced updraft present in the YSU 

ensemble members (Figs. 5.14 and 5.15). These members also do not initiate convection within 

the CUBIC domain. However, the MYJ-D/R and both MYNN members do show evidence of 
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updrafts through time as the SBF moves inland, though these updrafts tend to modulate and are 

sometimes displaced slightly ahead of the front (Figs. 5.12 and 5.13; purple boxes). Regardless, 

these three members show persistent ascent that propagates inland with the SB, which differs from 

the point observations that show no discernible updraft inland at the urban location. By 2230 UTC, 

both the MYJ-D/R and MYNN-D/R members have CI that has occurred along the cross-sectional 

path and in association with the SB. These cross-section analyses show that the ensemble members 

that initiate convection show more persistent updrafts associated with the inland propagating SBF, 

while the members that lack persistent updraft signatures fail to produce CI even if they showed 

clear ascent at the coast. These findings suggest that persistent ascent along (or ahead of) the SBF 

as it propagates inland is an important process for CI to occur and disproves our hypothesis that 

ascent at the coast to establish a moist air mass and vertically advect the moisture is more important 

than sustained ascent.   In future studies, it should also be investigated to what extent the UHI 

plays a role in modifying the vertical distribution of moisture with the inland propagating SB. 
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Fig. 5.14: Same as Fig. 5.12, but at 2130 UTC. 
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Fig. 5.15: Same as Fig. 5.12, but at 2230 UTC. 

 

 While the previous analyses showed that the forced ascent at the coast is not what 

establishes the elevated moist air mass, the coastal water vapor mixing ratio analyses from Sect. 

5.4 indicates moistening of the environment post-SB; thus the expectation for a moist air mass is 

still prevalent. Furthermore, the observations of the moisture from the coastal and urban sites in 

Ch. 4 indicate that the thermodynamic response to the SB may weaken inland, but it does become 
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more concentrated within a shallower layer as the SB propagates inland. This finding is attributed 

to the continuous mixing of the continental and SB air masses as the SB propagates inland, 

modifying the SB inflow layer. The second mechanism hypothesized to be important to the CI in 

this case is the advection of the elevated moist air mass inland which is able to then destabilize 

enough that the forced ascent inland is not necessary for successful CI. Again, while the ascent at 

the coast is not responsible for priming the air mass, there is still evidence of a moist air mass; 

thus, the advection of this moist air is still expected. In the following analyses, the evolution of 

water vapor mixing ratio is examined across space to examine whether evidence of a concentrated 

layer of moisture forms as the SB propagates inland.  

The advection of the moisture inland as the SB propagates shows differing evolutions 

across the ensemble members (Figs. 5.16-5.19). Among the YSU members, there are indications 

of a more concentrated air mass as the SB propagates inland. The MYJ and MYNN members show 

no discernible weakening or development of a more concentrated moist layer, although the 

progression of the moist layer across the domain is limited due to CI along the path of the cross-

section. In these members, each shows a relatively consistent moisture gradient through space up 

until convection occurs, suggesting that as the moist air mass advects across the domain, no 

perceptible weakening is taking place. These members also exhibit more moisture in place 

throughout the simulation period, which suggests that the spatial moisture distribution prior to the 

SB is important. As unveiled in the previous analyses, the ensemble members that produce 

convection also exhibited more prominent ascent, which can deepen the pre-existing moisture. In 

this case, the pre-existing environment is important for the SB to successfully prime the 

environment enough for CI to occur (i.e., moisten and destabilize), which is also aided by more 

vigorous ascent. Thus, while priming the moist air mass by the SB is critical and aided by persistent 

ascent, there must be pre-existing, supportive moisture ahead of the SB for CI to successfully 

occur, which partially disproves the original hypothesis. 
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Fig. 5.16: Vertical cross section at 1910 UTC depicting wind barbs, updrafts > 0.5 ms-1 (red dashed 

contours), horizontal wind speed > 4 ms-1 (purple contours), and water vapor mixing ratio > 15 

gkg-1 (green filled contours). 
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Fig. 5.17: Same as Fig. 5.16, but at 2010 UTC. 
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Fig. 5.18: Same as Fig. 5.16, but at 2130 UTC. 
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Fig. 5.19: Same as Fig. 5.16, but at 2230 UTC. 

 

The final process of the hypothesis that has not been explicitly examined yet is the 

destabilization behind the SBF in connection with both the inland propagation of a MAHTE within 

the SB layer and the advected drier air mass by the return flow aloft. Based on our hypothesis and 

the expectation of the closed SB circulation shown in Ch. 4, it is anticipated that the moisture 

advection, and therefore priming, is further enhanced by the return flow. Equivalent potential 
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temperature (θe), which is a conserved quantity that reflects the effects of both temperature and 

moisture, is a useful diagnostic tool for identifying air masses with enhanced convective potential 

(i.e., destabilization; Hanft and Houston 2018). In the following analyses, the evolution of θe is 

examined across space to examine whether evidence of a destabilized air mass is present behind 

the SBF. Tracking θe as the SB moved inland also highlights regions where marine inflow and 

SBF ascent have combined to moisten and destabilize the environment for successful CI.  

The propagation of the SBF across the Houston domain does show a MAHTE of varying 

strength behind the SB within each ensemble member (Figs. 5.20-5.23). Similar to the moisture 

evolution shown above, the MAHTE in the YSU members is much weaker than in the MYJ and 

MYNN members. However, there is clear evidence of the advection of drier air with the return 

flow, apparent via the quick decrease in θe just behind the SBF and above the MAHTE. Meanwhile, 

the MYJ and MYNN members show a stronger MAHTE behind the SB that propagates inland and 

is further modified through time by the local CI that occurs. These members show varying effects 

from the return flow, with MYJ-D/R and MYNN-D/R members indicating possible return flow 

enhanced destabilization prior to CI, but the MYJ-R/R and MYNN-R/R members not showing a 

clear signature. Thus, while each ensemble member shows a MAHTE behind the SBF, indicating 

some destabilization behind the front, the advection of the return flow aloft is not always present 

to enhance the destabilization.  
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Fig. 5.20: Vertical cross section at 1910 UTC depicting wind barbs, updrafts > 0.5 ms-1 (red dashed 

contours), and equivalent potential temperature (filled contours). Black boxes denote location of 

MAHTE behind the SBF. 
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Fig. 5.21: Same as Fig. 5.20, but at 2010 UTC. 
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Fig. 5.22: Same as Fig. 5.20, but at 2130 UTC. 
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Fig. 5.23: Same as Fig. 5.20, but at 2230 UTC. 

 

5.6 Discussion and Conclusions 

High temporal resolution observations from the CUBIC campaign, combined with spatially 

continuous WoFS ensemble forecasts, provide an extensive view of the SB structure, its evolution 

across space and time, and its relationship to CI across the Houston region. The analyses in Ch. 4 

showed that onshore cases have weaker kinematic responses to the SB, but generally deeper 
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thermodynamic responses. In the case of 17 August 2022, the magnitude of kinematic and 

thermodynamic responses were exceptionally strong and the case presented CI along the SBF as 

it propagated inland, suggesting that the strong SB responses may play a role in CI potential. This 

chapter explores the hypothesis, formed based off Ch. 4 results and prior SB-CI studies, that the 

CI in this case depends on two main mechanisms; forced ascent at the coast to establish a moist 

air mass and that the elevated moist air mass advects inland, destabilizing enough that ascent inland 

is not necessary for CI to occur.  

The analyses within this chapter only partially support the hypothesis posed. Each 

ensemble member shows evidence of a moist, unstable air mass following the SBF, but not all 

members have forced ascent at the coast. Forced ascent along the coast is not critical for 

destabilizing the air mass in this case. Instead, persistent ascent along the inland propagating SBF 

appears important, as this ascent is prevalent in ensemble members that successfully produce CI. 

Additionally, pre-existing moisture can be further deepened by the persistent upward motion. 

While the ensemble shows evidence of a MAHTE behind the leading edge of the SBF, proof of 

the return flow advecting a cooler, drier air mass above the SB inflow layer was inconsistent among 

ensemble members, particularly those with CI. The presence of a MAHTE alone suggests a 

destabilized atmosphere behind the front, but the destabilization is not further enhanced by the 

return flow in all members. However, this work only explored a single case, thus further work is 

necessary to determine whether these results remain true in other CUBIC cases before any 

generalization can be made.  

The combined analysis of observations and WoFS results allowed us to gain new insights 

and showed that specific processes do appear necessary and important for successful CI to occur. 

Persistent ascent ahead of and along the inland propagating SBF was prevalent in members 

exhibiting convection, thus it may be a key differentiating factor for CI. Although our observations 

do not show the forced ascent, the modeling data suggest that ascent is occurring in the gaps 

between our observations. Additionally, the observed radar reflectivity and ensemble members 

show initiated convection prior to reaching the urban location, leaving gaps in the observational 

data in which ascent, important to CI, could be occurring. The results herein also point to moisture 

content as being an important factor for CI, regardless of whether the air mass is established by 

coastal ascent. The members that did not initiate convection (YSU members) showed less pre-SB 

moisture and weaker MAHTEs than those that successfully achieved CI.  
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The ensemble members that do initiate convection do so in differing regions with respect 

to the location of the SBF. The MYJ-R/R member is overzealous with its handling of the 

convection, producing cells ahead, along, and behind the SBF. This member, therefore, is not 

considered a reasonable representative member for what was observed. The MYJ-D/R and MYNN 

members, though, initiate convection either displaced slightly ahead of the SBF or along/behind 

the front. The MYNN-R/R member initiates convection ahead of the SBF, with this member 

exhibiting strong ascent and deep moisture ahead of the main SBF. This evolution is consistent 

with the findings by Fovell (2005), that showed persistent forced ascent ahead of the leading edge 

of the front elevates moisture and, with the persistent ascent, can trigger convection. The MYNN-

D/R member, on the other hand, has CI along the SBF in line with the MAHTE and forced ascent, 

suggesting the combined factors of a destabilized atmosphere and forced ascent at the SBF work 

together to successfully produce CI. The MYJ-D/R member has CI slightly away from the cross-

sectional path, but shows evidence of SBF enhancement of the convective cells, suggesting that 

even CI triggered ahead of the SBF can be further intensified by the arrival of the SB. The 

ensemble of forecasts and their differing handling of CI suggest that the collocated deep moist air 

mass and forced ascent are the important factors to where CI will occur. Without the forced ascent, 

a moist air mass alone is not enough to produce CI (e.g., YSU members). Thus, while different 

perturbations within the ensemble may lead to CI occurring in a different region with respect to 

the SBF location, the same physical mechanisms are essentially at play for CI.  

Altogether, while the original hypothesis was only partially supported, this analysis 

provides insight into the mechanisms that control CI in association with the Houston SB. The 

findings highlight that a moist, high θe air mass alone is insufficient for CI without persistent 

ascent, and that the collocation of a deep moist air mass and ascent along or ahead of the SBF is a 

key discriminator between ensemble members that produce CI and those that do not. Although this 

study focuses on a single case, its high-resolution observations and ensemble context offer a 

valuable framework for diagnosing SB-CI interactions. Future work expanding this analysis to 

multiple events can help determine the robustness of these relationships.  
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Chapter 6 

Summary and Conclusions 

 The PBL is a dynamic layer of the atmosphere, pivotal in driving meteorological processes 

that influence weather patterns, climate behavior, and air pollution dispersion. Furthermore, 

coastal-urban environments are a complex region comprised of many compounding PBL 

processes. As an estimated 40% of the United States population resides within coastal-urban areas, 

it is increasingly important to further our understanding of the mesoscale processes that take place 

and that continue to be a source of forecasting errors that can have potential impacts on the health 

and safety of residents (Ha et al. 2015; NOAA 2024; Joe et al. 2025). One of the most prevalent 

and influential mesoscale circulations that affects coastal-urban regions is the SB. Driven by 

daytime land-sea thermal contrasts, the SB modifies the exchange of heat, moisture, and 

momentum in the PBL as it propagates inland. The accurate representation of SBs is important, as 

the SB can affect local air pollution, convection and precipitation outlooks, offshore wind energy 

production, and heat stress forecasting. Past literature has shown a large spread in the effects of 

the SB on the PBL, which necessitates continued exploration of the SB. Many past studies focus 

specifically on air quality effects, convection, or seasonal changes, but there have been limited 

observational studies focused on intraseasonal variability of the PBL through the evolution of a 

SB passage. The overarching goal of this dissertation aimed to further our understanding of the 

complex coastal-urban environment and interactions between mesoscale processes, with a 

particular focus on SB effects on the PBL. This dissertation used an array of high temporal 

resolution observations at strategically chosen sites across Houston’s coastal-urban region to 

highlight the spatial evolution and intraseasonal variability of the PBL and SB modifications to 

the PBL. Additional tools, such as fuzzy logic algorithms and NWP simulations, were used 

alongside the observations for detailed insights to the diurnal evolution of PBLH and the needed 

factors for successful SB-forced CI to occur.  

The CUBIC field campaign consisted of a four-month-long deployment using collocated 

ground-based remote sensing instruments at three distinct sites across the coastal-urban 

environment of Houston, Texas. Each site collected continuous, high-resolution kinematic and 

thermodynamic data to culminate in a rich dataset suitable for spatial and temporal analyses of the 

PBL. A classification method for handling the large number of CUBIC cases was developed. 
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Initially, a SOM technique was applied to objectively sort each CUBIC day into one of four 

synoptic regimes based on 700 hPa geopotential heights following the techniques applied by Wang 

et al. (2022). However, verification of the SOM’s ability to represent the regional flow over the 

Houston area showed an inability for the SOM to capture the local conditions. Thus, a regional 

flow classification method based on sounding analyses (700 hPa flow) over the Houston area was 

adapted to ensure any connections between the upper-level flow and PBL responses to the SB were 

local. SB cases were identified using a multistep approach utilizing the CUBIC datasets and 

operational NEXRAD radar data, with a total of 52 days developing a SB and 43 cases in which 

continuous data in the 4-6 hours surrounding the SB passage was collected. While a purely 

objective SB identification method was not employed in this work, the applied approach ensured 

weak and non-canonical SB cases that occurred were captured, mitigating the potential loss of 

cases if traditional objective methods were to be applied. A seasonal trend in SB occurrence was 

documented, consistent with land-sea temperature trends, in which June produces the greatest 

number of SBs, decreasing numbers through the summer, and then an increase with a shift into fall 

in September. This trend is consistent with the monthly averaged land-sea temperature difference 

trend. Additionally, in 98.2% of SB cases, the land-sea temperature difference exceeded 3°C, 

indicating this value could be applicable for thresholding in objective SB identification methods 

with minimal case omission. However, given the vast array of environments around the world 

where SBs occur, this 3°C threshold is likely only useful in the Houston region. Similar analysis 

could be explored if studying the SB in a different location, but this 3°C value may be quite useful 

for future work in the Southeast Texas region. 

 An important goal of the CUBIC campaign was to characterize the PBL within the Houston 

region. To address this, the implementation of a fuzzy logic algorithm for PBLH estimation 

utilizing the CUBIC observations was employed and results were analyzed to gain insight about 

the diurnal evolution of the PBL. Composites of PBLH from each site showed substantial spatial 

heterogeneity across the coastal-urban domain, driven primarily by the mesoscale influences of 

the SB and UHI. The urban location showed a ~480 m higher maximum PBLH than at the coast, 

as well as elevated PBLH in the overnight period when the UHI effects are greatest. There was 

also a temporal difference across space, with the urban site reaching a maximum PBLH two hours 

after the coastal location. While the effects of the regional flow on the diurnal evolution of PBLH 

showed no significant difference in maximum heights reached, there is variability in the growth 
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and decay rates during the morning and evening transitions across regimes. Ultimately, given the 

minimal regime-specific differences, the primary factors for observed heterogeneity and variability 

in PBLH are due to local and small-scale processes. SB cases occur in deeper PBL environments 

and UHI effects result in deeper PBLs both during the day and in the overnight period. Thus, the 

primary influences that affect the spatial PBLH diurnal evolution across the coastal-urban interface 

are SBs and the UHI.  

 To better understand the array of PBL responses to the SB and possible effects from 

regional flow, an in-depth case study analysis was conducted for two cases, with the results 

compared against composite analyses. The case studies showed that the depth, structure, and 

turbulence signatures of the PBL response to the SB evolve as the SB propagates inland. The urban 

location exhibited stronger and deeper wind profiles, with the offshore case resulting in greater 

post-SB wind speed magnitudes. The thermodynamic responses vary strongly across space 

between the two cases, with some indications that point to mixing processes acting to suppress the 

depth of the moisture response as the SB propagates inland. Composites showed only in the 

horizontal wind data indications of a regime-dependent response to the SB. Compared to the 

onshore regime, post-SB wind profiles reached a greater maximum wind speed and a more 

pronounced jet-like structure in the offshore regime. This kinematic response was hypothesized to 

be related to the enhanced return flow by the 700 hPa flow, which in turn enhanced the SB flow 

via the conservation of mass and the understanding of the SB as a closed circulation process. There 

was no indication of a systematic difference in the thermodynamic response to the SB for the 

different regional regimes. Instead, the composite analyses, alongside the case study results, show 

that the pre-existing thermodynamic structure is a more important factor in how the SB will modify 

the PBL than the regional flow. Thus, the regional regime does not result in substantial differences 

in how the PBL responds to the SB, indicating that local-scale and surface processes are more 

important drivers of observed variability. The effects of surface fluxes, cloud cover, and spatial 

heterogeneity in land cover could all be playing a role in how the PBL responds to a SB passage.  

 The onshore case studied in Ch. 4 showed exceptionally strong thermodynamic and 

kinematic responses to the SB, exhibited CI along the SBF, and presented an ideal case to combine 

the high temporal resolution data with an NWP ensemble simulation to investigate the spatial 

evolution of the SB and determine the important factors that contribute to SB-forced CI. Given the 

signal for strong SB-forced ascent at the coast, but no updraft at the urban site, it was hypothesized 
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that two mechanisms were important for CI to occur: forced ascent at the coast establishes and 

deepens a moist airmass, and the moist airmass advects inland, destabilizing enough that forced 

ascent inland is not required for CI. However, the results only partially support this hypothesis. 

All members exhibit a MAHTE behind the SBF, but not all members show strong ascent at the 

coastal location, suggesting that the forcing near the coast is not what establishes and deepens a 

moist airmass. Instead, persistent ascent along the inland propagating SBF acts to both deepen the 

layer of moist air and increase the moisture content in the SB inflow region. Contrary to the original 

hypothesis, both persistent ascent ahead of and/or along the SBF and pre-existing moisture content 

are important for successful CI to occur and are key differentiating factors amongst the ensemble 

members that do and do not produce CI. The added benefit of spatially continuous data provided 

by the model simulation allowed for evaluation of the SB evolution across the coastal-urban 

domain. While the CUBIC observations showed no forced ascent at the urban site, the simulations 

were able to fill in the gaps between the coastal and urban sites and exhibited forced ascent across 

much of the domain prior to CI occurring.  

 This work has expanded our knowledge of PBL dynamics across the coastal-urban 

interface and the role highly spatially heterogeneous land characteristics can play in mesoscale 

processes. While this study included four months of data collection and numerous SB cases to 

explore, there are still important unanswered questions regarding the SB and how it affects the 

PBL. The role of surface forcings, such as latent and sensible heat fluxes, is one area that this work 

does not consider. Additionally, how these surface forcings change across the coastal-urban region 

is not fully understood and likely plays a significant role in how the PBL responds to the SB. The 

findings from this work suggest that flow above the PBL leads to negligible differences in PBL 

responses to the SB, so future work focusing on the interconnections and interactions between the 

surface layer and atmosphere above (e.g., land-atmosphere interactions/feedbacks) would likely 

advance our understanding of how the SB evolves through time. While the case study analyses 

showed that pre-existing moisture is important for successful CI to occur, an expanded analysis of 

more cases would be able to provide more robust answers to the key factors for SB-CI. Future 

work should explore longer-term climatologies, assess the impact of additional mesoscale features 

such as outflow boundaries or low-level jets, and evaluate model performance in capturing the 

observed SB response patterns. A continued hindrance to expanding our knowledge of how the 

PBL and SB evolve through the coastal-urban region is the lack of spatially dense observations 



137 

through the depth of the PBL. The expansive high-resolution dataset collected during CUBIC 

provides a robust basis for these next steps and underscores the value of targeted, synergistic 

observational campaigns in complex regions.  
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