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ABSTRACT 

 Understanding of the atmospheric boundary layer (ABL) thermodynamics and 

ABL depths (zi) is critical for a wide range of applications including weather forecasting, 

wind energy, aviation, and air quality and transport models and associated studies on 

turbulence mixing of tracers and greenhouse gases. ABL dynamics under advection over 

arid regions remained underexplored though critical for rapidly warming climate of 21st 

century. Additionally, obtaining some comprehensive details on the impact of horizontal 

advection on ABL is also important as the ABL undergoes substantial dynamic changes 

during advective processes (e.g., frontal passages). Most NWP models strictly rely on 

ABL parameterization schemes under steady-state assumptions while the empirical 

studies also consider horizontally homogeneous atmospheric conditions for estimating 

ABL depth (zi) growth rates. Under advective processes numerical models of ABL 

thermodynamic state suffer from two limitations: (1) the modelled vertical profiles of 

thermodynamic parameters are influenced by advection and (2) the parameterization 

schemes that diagnose zi are not fully accurate due to the fact that schemes are based on 

steady-state assumptions.  

Within this work, we explored how synoptic events impact daytime zi variability 

in different seasons over an arid region (here, three sites in West Texas: Lubbock, 

Amarillo, and Midland) by using radiosonde-derived thermodynamic profiles during 

more than 20 synoptic events and ground-based Doppler lidar measurements within two 

case studies (a cold front passage and a dryline passage over Lubbock). Additionally, all 

the cases for radiosonde based analyses were further classified into four categories, cases 

with only: (1) elevated mixed layer, (2) dryline (3) elevated mixed layer and dryline and 

(4) no elevated mixed layer and dryline. Results suggest that zi decreases substantially 

during frontal passages yielding shallower zi in the cold sector than the warm sector. We 

also found that zi in the post-frontal airmass remained more uniform throughout the year 

compared to the zi in the prefrontal airmass indicating a clearer zi seasonal cycle pattern 

in the warm sector and the impact of airmass advection on zi variability.  

However, one should note that the upper air soundings over the US are not 

continuous (only twice a day); therefore, depicting an incomplete picture of zi changes 

during the course of a frontal passage. Using Texas Tech Scanning Doppler Lidar (T2-
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SDL) measurements of vertical aerosol backscatter and vertical velocity profiles, we 

obtained instantaneous zi changes during the course of a cold front passage on 21 March 

2022 and a dryline passage on 2 May 2022 over the experimental site at Reese AFB. It 

can be concluded that zi decreases in the postfrontal sector due to the cold air advection 

and subsidence present behind the cold front resulting in a stratified and stable ABL. In 

contrast, a dryline passage results in the transition from a shallow and stable ABL in the 

pre dryline sector to a deep, well mixed, convective ABL in the post dryline sector. In a 

nutshell, by explaining how airmass exchange associated with frontal environments 

impacts overall ABL dynamics, new parameterizations for ABL modeling can be 

developed with emphasis on the impact of advection on zi variability. 
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CHAPTER I 

INTRODUCTION 

1.1 An Overview of the Atmospheric Boundary Layer 

The atmospheric boundary layer (ABL) is the lower most part of the troposphere 

that is directly influenced by the earth’s surface forcing in one hour or less (Stull, 1988). 

How deep this surface forcing is in the lowest part of the troposphere is referred to as the 

ABL depth, typically characterized by a temperature inversion. Understanding of ABL 

dynamics both qualitatively and quantitatively is critical for a wide range of economic, 

health, and societal impacts including numerical weather prediction (NWP) models 

(Sgoff et al., 2020), severe thunderstorms (Cohen et al., 2017) and convective initiation 

(Peckham et al., 2004; Xue and Martin, 2006; Buban et al., 2007 Buban et al., 2012), and 

urban development (Barlow et al., 2017), air quality and pollen forecasting (Han et al., 

2009; Crazzolara et al., 2019), renewable energy including wind (Peña et al. 2016). 

Additionally, a better understanding of ABL depth variability and weather forecasting in 

a time of an increasing number of billion dollar weather and climate disasters (Smith, 

2021) is required for improving parameterization schemes in both NWP and global 

climate models. Additionally, such knowledge can finally help to reduce the uncertainty 

in global climate change projections. For instance, there exists evidence that temperature 

trends and variability due to climate change depends on the state of ABL depths and 

thermodynamics, in particular over polar regions (Davy and Esau, 2014). Global 

parameterization schemes are based on neutral conditions but provide an inaccurate 

turbulence physics in the stable stratified highly convective ABL in the Arctic and the 

responding amplification in surface temperature. Improving these depictions in the Arctic 

can thus produce better global climate model projections as these models are heavily 

reliant on these observations (Davy and Esau, 2014).  

Given its proximity to the surface, the ABL can respond directly or indirectly to 

surface forcings at time scales of less than one hour within the day (Garratt, 1994). The 

layer is critical for facilitating the exchange of momentum, heat, moisture, aerosols, as 

well as greenhouse gases (GHG such as CO, CO2, CH4, and N2O) and other atmospheric 

tracers (e.g., SF6) between the Earth’s surface and the atmosphere. Exchange processes 
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between the ABL and the rest of the atmosphere are driven by contrasts in surface cover, 

roughness, and topography. Knowledge of ABL thermodynamics and turbulence are 

important for understanding convection initiation, cloud formations, waves, eddies, and 

localized wind shear (Stull, 1988). 

 Three distinct processes generate turbulent thermals, waves, and eddies. First, 

solar heating result in surface and latent heat fluxes thus producing rising thermals of air. 

These rising motion from these thermals help promote the formation of clouds and 

potential convection if sufficient moisture is present in the ABL. Next, frictional drag 

along the Earth’s surface helps to produce wind shear at the ground level. Finally, surface 

cover and underlying topography along the Earth’s surface help to produce turbulent 

wakes and waves adjacent and downwind to these obstacles (Stull, 1988). Above the 

ABL, the remaining part of the troposphere is defined as the free troposphere (FT). 

Between the ABL and FA, the entrainment zone (EZ) is characterized through a zone of 

vigorous mixing of ABL and FT air. This EZ is centered around the altitude of a sharp 

drop off in water vapor mixing ratio (henceforth referred to as mixing ratio only) and 

pollutant concentration, a capping inversion in potential temperature, and an increase in 

wind speed. The altitude at which this occurs is referred to as the ABL top or zi (Fig. 1.1).  

 

 

Fig. 1.1. Typical daytime profiles of mean virtual potential temperature (𝜃𝑣
̅̅ ̅), wind speed 

(�̅�), water vapor mixing ratio (�̅�), and pollutant concentration (𝑐̅) within the ABL. 

(Source: Stull, 1988). 

 

Currently, the ABL processes are not adequately depicted both spatially and 

temporally by surface observation networks and from satellite imagery. Vertical sampling 
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of the ABL profile has been commonly depicted through radiosonde profiles. While these 

profiles do provide valuable information in depicting the vertical structure of the ABL, 

they only give a snapshot of the ABL as they are typically launched twice a day (i.e. 12 

UTC and 0 UTC in the United States). Thus, they only depict the morning and evening 

vertical ABL structure and thermodynamics respectfully and not the changes that occur in 

between these two times.  

To help better depict the diurnal evolution of the ABL, ground based remote 

sensing platforms (i.e. Doppler lidar) have been developed and deployed to allow for 

continuous profiling of aerosol concentration and vertical velocity for the entire ABL at a 

high vertical and temporal resolution (Illingworth et al., 2019; Cimini et al., 2020). These 

instantaneous profiles can help to detect zi though several atmospheric parameters under 

different climates and regimes (Collaud Coen et al., 2014; Duncan Jr. et al., 2021). 

Finally, by using muti platform measurements, one can obtain multiple viewpoints on the 

instantaneous high-resolution changes in the ABL during the course of the day (Cimini et 

al., 2020).  

The purpose of the studying the ABL is to better understand and depict the 

variability the layer undergoes daily as well as the exchange processes between the 

biosphere and atmosphere which is essential to help improve our understanding of 

Earth’s climate system. Through this, the atmospheric science community can develop 

better and improve on existing ABL parameterization schemes (i.e., large eddy 

simulations (LES)) and initial conditions for numerical weather prediction (NWP) models 

and reanalyzes to better inform the general public of what to prepare for and expect in 

regard to impactful weather. NWP model initialization and validation are dependent on 

surface, remote and upper air and satellite observations. Additionally, these ABL 

observations can be evaluated and assimilated to help produce new ABL 

parameterizations and thus produce NWP models with higher resolution and more 

accuracy (Stoll et al., 2020). Additionally, previous work showed strong evidence that 

new observations not only help evaluate, and develop model parameterizations and 

performing data assimilations, but also help explore the factors governing the ABL 

thermodynamics on diverse temporal and spatial scales (Ma et al., 2010). 
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1.2 Factors governing ABL Thermodynamics 

To obtain a detailed understanding about the ABL thermodynamics and 

associated changes in ABL depths, one should also understand the factors that play a 

major role on impacting the ABL thermodynamics. Fig 1.2 shows a schematic of the 

major factors that impact ABL thermodynamics. On the diurnal scale, the ABL 

thermodynamics are directly influenced by surface forcing and fluxes (i.e. ground, 

sensible, and latent heat fluxes) (Engelbart and Bange, 2002; Behrendt et al., 2020). 

Within the ABL itself are features and variables that contain two components: (1) mean 

and (2) perturbation. The mean component depicts the effects of the mean temperature 

and wind on the overall ABL thermodynamics The perturbations represent the turbulence 

features in the ABL. These perturbations in the ABL are represented through rising 

thermals and sinking downdrafts and are very influential on the instantaneous variability 

of the ABL thermodynamic profile which are produced directly by surface forcings. 

Additionally these perturbations provide a better understanding of local cloud formation 

and convection initiation as explained earlier (Stull 1988). Increasing surface fluxes allow 

for entrainment of dry warm air from FT into the ABL in turn causing the growth and 

development of the ABL during the daytime hours. This entrainment can also be 

enhanced by presence of wind shear across the EZ thus leading to further increased 

growth in ABL.  

Additionally, since there is a seasonal variation on surface forcing and fluxes, this 

results in seasonal variability in ABL depths. Higher zi are observed during the summer 

months due to a longer and more intense period of solar forcing and surface fluxes with 

the opposite being true during the winter months (Pal and Haeffelin, 2015). Both the 

diurnal and seasonal scale reveal that regions across the globe with the quickest response 

to solar forcing thus leading to larger surface buoyancy fluxes and higher surface 

temperatures are known for having the deepest zi and largest variability (Medeiros et al., 

2005).  

Additionally, ABL thermodynamics and zi vary on diverse spatial scales due to 

variations in terrain characteristics (i.e., mountains and plains, coastal and marine, and 

urban and rural). Land and sea interfaces are known for having the largest spatial 
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variability in zi and thermodynamics due to land surfaces having a smaller thermal 

conductivity and water having a higher specific heat. 

 

 

Fig. 1.2. Idealized schematic depicting the various factors the govern ABL 

thermodynamic and depth variability during the course of the day. The ABL from bottom 

to top consists of the surface layer (SL), convective boundary layer (CBL), and 

entrainment zone (EZ). The ABL top (zi) is depicted by dashed orange line separating the 

ABL from the free troposphere (FT). Vertical water vapor mixing ratio (q) and potential 

temperature (θ) profiles within the ABL and FT are indicated by red and gray lines 

respectfully. Surface and moisture fluxes indicated by colored arrows. (Source: Pal et al., 

2021). 

 

 Heterogeneities of the Earth’s surface play a role on the ABL thermodynamic 

structure variability as well as cause micro and mesoscale circulations (Giorgi and 

Avissar, 1997) and can be visualized through aggregation effects where heterogeneities in 

vegetation, irrigation, and terrain cause spatial variability in latent heat fluxes and 

equivalent potential temperature. This eventually leads to deep convection over the areas 

with higher latent heat fluxes and equivalent potential temperature (areas with higher 

moisture). Positive and negative LAFP can set up in the regions of heterogeneous soil 

moisture which can lead to dynamical effects and mesoscale circulations (Giorgi and 

Avissar, 1997). These resulting mesoscale circulations can thus impact the overall 

vertical structure and the turbulent fluxes within the ABL across a region. These factors 
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are important to consider in semiarid and arid regions across the globe where low soil 

moisture is highly prevalent (Giorgi and Avissar, 1997). 

1.3 ABL over Arid Regions 

 The development and variability of ABL depends on the characteristics of 

the underlying land surface. Unlike the ABL over marine and coastal regions, the ABL 

over land is influenced by surface type and heterogeneity as explained previously. 

Incoming shortwave solar radiation results in a diurnal cycle of surface sensible heat 

fluxes (Fig. 1.2). This helps produce a larger diurnal range in both zi and temperature due 

to the limited heat capacity of the surface layer. The largest diurnal range in zi with values 

in excess of 1500 m have been observed in the subtropical desert regions of North 

America, Africa, Arabian Peninsula and Australia (Ao et al., 2012; Davy, 2018). The 

diurnal range in zi varies across land due to the presence of different moisture regimes 

and soil types. Soil moisture variability plays a major role on impacting zi and ABL 

thermodynamics which in turn impacts both sensible heat fluxes at the surface and land 

atmospheric feedback processes (LAFP) (Blad and Rosenberg, 1974; Todd et al., 2000).  

Land areas with higher precipitation anomalies results in those respective areas having 

higher soil moisture content. This increased soil moisture and higher vegetation can thus 

increase evaporation rates and introduce latent heat fluxes limiting the growth of the 

ABL.  

However, in semi-arid regions, less soil moisture and sparse vegetation cover 

allow for stronger land-atmospheric coupling due to a more active LAFP (Koster et al., 

2004; Molad et al., 2019). As a result, there is less modulation on the ABL diurnal 

variability in semi-arid regions compared to humid regions. Based on the past studies for 

semi-arid and arid regions, some of the deepest daytime zi on the globe were observed 

with values greater than 4 km in northwest China (Zhang et al., 2005; Ma et al., 2011) 

and up to 5.5 km in the Sahara Desert (Marsham et al., 2008). While these past studies 

noted deeper ABL depths in arid regions, these studies only accounted for surface fluxes 

and entrainment processes and excluded the role of advection. 
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1.4 ABL under Advection 

Up to this point, the ABL depth and thermodynamics characteristics have been 

discussed under steady state conditions. However, like any other layers of the 

atmosphere, ABL thermodynamics are prone to changes and heterogeneities due to 

airmass advection as the atmosphere is considered to be fluid in nature. These advective 

processes in the atmosphere are equally considered important as vertical fluxes and 

turbulence (Stull, 1988; Burgos-Cuevas et al., 2021). Numerical models of ABL 

thermodynamics under advective processes suffer from two limitations: (1) the “real” 

vertical profiles of thermodynamic parameters (i.e., observations in this context) are 

influenced by advection while models ignore that and (2) the parameterization schemes 

that diagnose zi are not fully accurate due to the fact that schemes are based on steady-

state assumptions.  

Lenschow (1973) and Stull (1988) clearly stated that in addition to horizontal 

advection of momentum, moisture, heat and pollutants, advection of zi needs to be 

considered in the investigation of ABL properties under advection on different temporal 

(diurnal, inter-diurnal, synoptic, etc.) and spatial scales (mesoscale and synoptic scale in 

this context). How the zi changes with time (
𝑑𝑧𝑖

dt
) mainly depends on three factors: 

changes in zi due to horizontal advection by the mean wind along horizontal changes of zi 

(e. g. , −𝑢𝑗
𝑑𝑧𝑖

d𝑥𝑗
), entrainment velocity (we), and subsidence velocity (wl), (Stull 1988) as 

outlined in Eqn. 1 for one-dimensional advective flows 

𝑑𝑧𝑖

dt
= −𝑢𝑗

𝑑𝑧𝑖

d𝑥𝑗
+  𝑤𝑒  +  𝑤𝑙 (1) 

Thus, understanding how zi changes under the impact of advection is important, 

because neglecting it can cause errors in forecasting zi tendencies (i.e., zi growth rate). In 

synoptically active environment, these errors in ABL parameterization schemes increase 

since an interaction of two different air masses leads to significant inhomogeneities in both 

the horizontal and the vertical structures of ABL. When spatial inhomogeneity in ABL 

persists during the afternoon hours, model simulations using different ABL 

parameterizations (e.g., mixed layer model, eddy diffusivity or K-closure) yield different 

zi when compared with in situ observational measurements (Lac et al., 2013; Anurose and 
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Subrahamanyam, 2015) suggesting that the lack of correspondence between model output 

and observations is primarily related to the omission of advection. Additionally, most of 

the observation-based studies of zi variability assumed horizontally homogeneous 

conditions (i.e.,
𝑑𝑧𝑖

𝑑𝑥𝑗
= 0), ignoring horizontal advections (i.e., from frontal systems, or 

mesoscale circulations) altogether (Seidel et al., 2012; Mehta et al., 2017; Bianco et al., 

2021). Thus, oftentimes, the interpretation of the observations also suffers from the 

omission of advection leading to errors and an incomplete understanding on the impact of 

advection on measured zi variability.  

Pietersen et al., (2015) noted that there are several contributions to the development 

and growth of the ABL. In addition to surface and entrainment fluxes, large scale forcings 

of subsidence and advection of heat and moisture are equally important to the development 

of the ABL (Fig. 1.3). By only taking surface and entrainment fluxes into account (thus 

excluding advection and subsidence), zi variability was found to be overestimated by 70% 

(Fig. 1.4a). This has also been proven in a more recent study where an increase in 

subsidence, cold-air advection and advection of specific humidity resulted in shallower zi 

over the Sacramento-San Joaquin River Delta in Northern California during the summer 

months (Rey-Sanchez et al., 2021). 

 

Fig. 1.3. Sketch from Pietersen et al., (2015) depicting the processes driving the 

development of the ABL. The ABL responds to sensible heat (SH) and latent heat (LE) 

fluxes, turbulence within the ABL, advection of heat and moisture from the synoptic 

wind, subsidence from synoptic high pressure systems, and from mesoscale flows caused 

by differences in terrain. 
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Fig. 1.4. Temporal evolution of ABL height (zi) on 25 June 2011 with only surface and 

entrainment processes (a) and including the contributions of large-scale subsidence and 

advection (b). zi is estimated using ten methods (eight observational and two model 

interpreted). Two of the observational methods are based on remote sensing instruments 

(vertical UHF radar and an aerosol LIDAR). Three observational methods rely on 

profiles made with soundings (two classical radiosondes manufactured by MODEM and 

GRAW and a new method developed by Meteo-France). The last three observational 

methods relied on profiling by aircraft (one remotely piloted and two manned aircraft). 

Finally, the two model retrieved zi on the interpretation of model results from the mixed-

layer model and DALES. (Source: Pietersen et al., 2015). 

 

In the past literature, four key advective processes were reported that directly or 

indirectly influence ABL thermodynamics and relevant spatiotemporal zi variability 

across: (1) urban-rural interface, (2) land-sea interface, i.e., in coastal areas, (3) mountain 

and adjacent plains and (4) frontal boundaries. The first three advective processes (i.e., 1-

3 in the list) are mainly related to different types of geographical locations and related to 

fixed features and heterogeneities in the landscape that lead to inhomogeneities in the 

ABL, while advection due to frontal passages (i.e., fourth in the list) are primarily driven 

by airmass exchange across a large region, thus, inhomogeneities in the atmosphere.  

In essence, these advective processes are not fundamentally different from each 

other as they create airmass inhomogeneities except different types of advective fluxes 

are involved and horizontal scale or the extension of the impact of different types of 

advections are different. In particular, the first three advective features are fixed in space 

while frontal passage is a dynamical feature. Table 1 summarizes the similarities and 
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differences among the four advective processes based on the past literature. For instance, 

at the urban-rural interface, advection of urban boundary layer (UBL) airmass was found 

to be dominant over rural region for 30-40 km horizontal distance in the downwind (e.g., 

(Angevine et al., 2003; Zhang et al., 2011; Barlow, 2014) while the onshore flow often 

dominates more than 100 km inland in coastal areas (e.g., Liu et al., 2001; Pal and Lee, 

2019a). The next few subsections will be spent going into detail about each of these four 

advective processes. 

 

Table 1.1 An overview of the four key advective processes and features including their 

time and length scales.  

Advective 

Processes 

Time Scale Length 

Scale 

Moving/ 

Stagnant 

Interface 

Atmospheric 

Variables 

Impacted 

References 

Urban-Rural 

Interface 

6-12 hours 30-40 km Stagnant T, HC, q Angevine et al., 

2003; Zhang et 

al., 2011; Barlow, 

2014 

Land-Sea 

Interface 

6-12 hours 100-200 

km 

Stagnant θv, q, U Berman et al., 

1999; Liu et al., 

2001; Pal and 

Lee, 2019a 

Mountain 

and 

Adjacent 

Plains 

4-6 hours 300-500 

km 

Stagnant θ, q, U, W Arritt et al., 1992; 

Stensrud, 1993; 

Pal and Lee, 

2019b 

Frontal 

Boundaries 

1-3 days 500-1000 

km 

Moving T, θ, q, U, V, Q, Γ Bond and 

Fleagle, 1988; 

Shafer and 

Steenburgh, 2008 
Sinclair et al., 

2010; Boutle et 

al., 2010; Jenkner 

et al., 2010 for 

the Alps; Payer et 

al., 2011; Pal et 

al., 2020a 

1.4.1 ABL across Urban Rural Interface 

For the urban rural interface, surface inhomogeneities between the urban and rural 

settings (i.e., concrete, roads and buildings versus natural terrain) cause more intense 

surface heat fluxes over the urban region compared to the rural areas. This allows the 

ABL over the urban region to be deeper compared to the rural setting. The surface and 

ABL characteristics of the urban site allow for a temperature gradient or urban heat island 
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(UHI) to set up with the urban site being warmer than the rural site. This process is 

magnified during the overnight hours due to the rural site being able to cool more 

efficiently compared to the urban site (Rizwan et al., 2008). Additionally, the underlying 

large-scale wind causes the ABL over the urban setting to be advected downwind over 

the rural setting thus impacting the ABL thermodynamics characteristics and pollutant 

concentrations over the downwind rural setting (Heaviside et al., 2015).  

Angevine et al., (2003) analyzed observations that contributed to the 

understanding of urban-rural contrasts and the urban heat island over the Nashville region 

in 1999. Measurements were done through radar wind profilers and airborne ozone and 

aerosol lidar. A deeper mixed layer was observed over downtown Nashville which in 

some cases was up to 700 m or 45% increase relative to the rural areas (Angevine et al., 

2003) (Fig. 1.5). This “dome” was coupled with the lower rural ABL and this region on 

deeper mixing was usually advected downwind. A strong gradient in daytime sensible 

heat flux was the reason behind the deeper (shallower) mixing depth over the urban 

(rural) area. 

 

Fig. 1.5. ABL depth (zi) from wind profiler measurements at five sites for 30 June and 4 

July 1999. Solid line with dots is Cornelia Fort (urban site), dashed line is Dickson (rural 

site), dash–dot line is Gallatin (rural site), dotted line is Eagleville (rural site), and plain 

solid line is Cumberland (rural site) (Source: Angevine et al., 2003). 
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1.4.2 ABL over coastal regions across land-water interfaces  

In the land sea interface, differential heating between the marine and coastal land 

environment occurs due to water having a higher specific heat capacity cause localized 

pressure and ABL differences over the region. This pressure difference results in an 

onshore flow or “sea breeze” to develop in coastal locations allowing the marine ABL to 

be advected over the coastal continental ABL and this impacting the ABL characteristics 

over these coastal locations as a result (Simpson, 1994). An onshore or offshore flow due 

to synoptic conditions can enhance or temper this process. Additionally, complexities in 

the coastline can highly influence ABL thermodynamics and zi (Liu et al., 2001; Yang et 

al. 2018). 

Berman et al. (1999) examined temporal and spatial variations in zi in the 

northeast U.S. zi was determined through rawinsonde balloon soundings made every 4 h 

during 13 ozone episode days in the summer months of 1995. From this study, it was 

concluded that shallower zi (500-700 m) were observed along the coastal zones around 

Cape Cod due to the persistent presence of the marine layer. For other coastal locations 

(e.g. New Jersey shore and coastal Maine, deeper zi (1300–1800 m) was observed during 

periods of offshore flow and greater mixing, while shallower zi occurred during times of 

onshore flow. A strong zi gradient existed on Long Island due to prevailing southerly 

flow varying from 1400–1800 m at interior locations, dropping to 300–800 m for 

locations along the southern shore. Similar findings were observed for interior and 

coastal locations in the Chesapeake Bay. Overall, locations more influenced by the 

marine boundary layer generally observed shallower zi, while interior location less 

influenced by the marine boundary layer generally observed deeper zi. 

Pal and Lee (2019) used rawinsonde measurements over 25 years at 18 coastal 

sites across the U.S. and analyzed the seasonal cycles of zi for these sites (Fig. 1.6). 

Through this analysis, they determined noteworthy differences in zi under onshore flow 

and offshore flow periods, thus showing the impact of advecting a marine BL through an 

onshore flow. For an offshore flow, higher zi, compared to an onshore flow, were 

observed with a seasonal pattern similar to those of continental sites. The seasonal pattern 

was greatly reduced when an onshore flow was observed. However, for the Pacific coast 

sites, the seasonal contrast of the zi was much higher for onshore flow periods with a 
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magnitude of approximately 1400 m implying the impact of downslope flow due to the 

mountains. 

 

 

Fig. 1.6. Climatological averaged seasonal cycle patterns of median zi for 18 coastal sites 

as marked on the y axis. Winter: December–February (DJF); spring: March–May 

(MAM); summer: June–August (JJA); and fall: September–November (SON). Contours 

denote an overall seasonal median zi for a particular site for both offshore (a) and onshore 

(b) flows. Seasonal contrast in zi for all the sites (c); red and blue circles mark the 

seasonal contrasts for offshore and onshore flows, respectively; AGL = above ground 

level (Source: Pal and Lee, 2019). 

 

1.4.3 ABL over Plains located downwind of Mountains 

Elevated mixed layers (EML) form when an ABL that develops and deepens over 

the higher mountainous terrain gets advected over the lower elevations of the plains 

downwind of the mountainous terrain. EML’s advecting off the complex mountainous 

terrain have been shown to impact the underlying ABL characteristics and potential 

convection initiation over the adjacent plains. EMLs help to provide a ‘cap’ on 

convection initiation until enough heating, mixing and upward motion occurs within the 

underlying ABL to allow it to complete merge with the overlying EML increasing the 

likelihood of storm thunderstorm updrafts. EMLs are observed commonly downwind of 
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major mountain chains across the globe where the terrain and landscape have little to no 

variation (i.e., Great Plains in the central U.S. and the Southwestern U.S downwind of the 

Rocky Mountains, central and eastern Europe downwind of mountain ranges in Spain, 

and North China plains downwind of the Himalayas).  

Stensrud (1993) examined the region over central Arizona and found that synoptic 

flow patterns and orographically generated circulations lead to advection of residual 

mixed layers off elevated terrain (Fig. 1.7). They suggested that a mountain-plain 

circulation could be present in the region between Phoenix and the southern edge of the 

Colorado Plateau. In terms of EML structure and how they influence the surface ABL, 

EMLs have an impact in the potential temperature and mixing ratio profiles at the surface 

by moistening and being entrained down quicker due to their deeper inversion layer 

(Stensrud, 1993). Generally, EMLs have a lower mixing ratio compared to the surface 

BL. However, an exception to that is when convection occurs over the elevated terrain, 

thus changing the characteristics of the EML. 

 

 

Fig. 1.7. Idealized schematic depicting the development of an elevated residual layer (ERL) 

over the lower terrain. A stable (solid line) or well mixed (dash dotted line) boundary layer 

is produced on the elevated terrain and advected downwind over the lower terrain as 

indicated by the arrows (Source: Stensrud, D.J. 1993). 
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1.5 ABL Thermodynamics in a Frontal Environment 

Unlike the previous three advective processes, midlatitude cyclones modify the 

atmosphere, and thus the ABL, on a larger scale (Bond and Fleagle, 1988; Sinclair et al., 

2010; Boutle et al., 2010). Advection in the context of frontal passages modifying the 

ABL features not only contribute to the airmass exchange associated with advective flux 

abut also but also impact the LAFP via extensive cloudiness, enhanced precipitation, 

increase in soil moisture and heat fluxes. Previous studies provided some comprehensive 

details on the dynamics of zi on different time scales (diurnal, seasonal, annual, 

interannual) various time scales (diurnal to yearly; Bianco et al., 2011; Lee and Pal, 2017; 

Mehta et al., 2017; Guo et al., 2011; Chan and Wood 2013) and excellent climatologies 

of surface frontal passages over different areas through various front-relevant parameters 

(e.g., stability, thermal advection, heat and moisture flux changes) (Shafer and 

Steenburgh, 2008; Sinclair, 2013). But our knowledge about zi variability during the 

course of synoptic-scale weather systems up to this time remains underexplored. 

In a frontal environment over the southwest US, an EML advected off the higher 

elevations of Mexican Plateau often transport over the adjacent plains (i.e., Southern 

Great Plains) via westerly or southwesterly mid-level flows. These EMLs have three 

distinct features: (1) clearly separated EML and local ABL; (2) EML and local ABL 

completely merged; and (3) an interim regime of 1 and 2 with EML merging with ABL. 

The horizontal advection of the EML, formed over elevated terrain due to diurnal surface 

heating, influences convection initiation in the adjacent plains (e.g., Lanicci & Warner, 

1991). In the frontal environment, often these EMLs play an important role in building up 

low level instability as the midlevel winds push steep lapse rates from the high terrain 

atop the moist Gulf air yielding conditional instability.  

Additionally, the extension of EMLs off the mountains dominates more than 100-

200 km in downwind (e.g., Arritt et al., 1992; Stensrud, 1993; Pal and Lee, 2019b; 

Burgos-Cuevas et al., 2021). Thus, an exploration of ABL depth in frontal environment 

remains incomplete without the consideration of an EML for a region where they 

frequently appear. Therefore, front-relative zi variability was explored in different EML 

regimes. Additionally, Hoch and Markowski (2005) found that a moisture boundary often 

occurs before the cold front passages at the interface of west/southwesterly (drier 
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airmass) and southerly/southeasterly (humid airmass) flows in the Southwest U.S. region 

resulting in the formation of a dryline (i.e., leading edge of the dry air mass).  

A very limited number of studies explored zi variability during frontal passages 

(Bond and Fleagle 1988; Shafer and Steenburgh 2008; Boutle et al. 2010; Sinclair et al. 

2010; Pal et al., 2020a). It can be hypothesized that horizontal thermal advection 

associated with the frontal passages impact zi variability over land since fronts 

extensively modify the ABL thermodynamics by advecting different airmasses on a 

larger region (warm-humid-southerly flows and cold-dry-northerly during prefrontal and 

postfrontal conditions, respectively, Sinclair et al., 2010; Pal et al., 2020a). Sinclair et al. 

2010 noted that negative heat fluxes were observed in the warm sector, while positive 

heat fluxes observed in the cold sector of the synoptic frontal system due to cold air 

moving over the much warmer sea surface. These heat fluxes resulted in small 

momentum fluxes in the warm sector and large momentum fluxes in the cold sector. As a 

result, large gradients in both heat and momentum fluxes were observed across the cold 

front thus resulting in a large zi gradient.  

Additionally, the cold front and large scale subsidence behind it helps to entrain 

FT air and mass into the ABL. This mass is then transported to convergent regions in the 

synoptic system and returned to the FT through large scale rising motion. Overall, the 

advection of different airmasses and mass budget can significantly change local ABL 

features, thus, zi (Fig. 1.8). Precipitation associated with the frontal passages change 

LAFP via increasing the soil moisture and hence help reduce zi. Relatively less attention 

was paid to zi changes via weather, in particular, over arid region (Hua et al., 2016).  
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Fig. 1.8. Idealized schematic showing vertical ABL structure on the synoptic scale, the 

location of the processes that determine the structure of the ABL and the transport of 

mass through the ABL and between the ABL and FT. Surface isobars are indicated by 

thin black lines. zi is indicated by dashed green line. Air flow is indicated by solid blue 

arrows. Entrainment is indicated by counterclockwise oriented arrows. Surface heat 

fluxes are indicated by upward and downward solid red arrows. Cold air (warm air) 

advection indicated by dashed light blue (purple) arrows. Location of high (low) pressure 

are indicated by black H (L). Finally regions of divergence (convergence) are indicated 

by blue D (C). (Source: Sinclair et al., 2010).  

 

1.6 ABL Depth Measurements using Radiosonde and Lidar 
Measurements 

 Historically, radiosonde profiles have been utilized to derive zi (Seibert et al., 

2000). This measurement technique allows for obtaining detailed measurements of air 

temperature, pressure, humidity/moisture, and wind speed and direction from sensors 

lifted up through the troposphere by a Helium-inflated balloon. Also, with an extensive 

spatial coverage of launch sites and decades of historical data worldwide, one can obtain 
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a well understanding of zi variability under different climate conditions (Durre et al., 

2006).  

The most common method to determine zi from radiosonde profiles is based on 

the bulk Richardson number (Rib) method (Collaud Coen et al., 2014; Banks et al., 2015). 

Rib is a dimensionless value that is an approximates local gradients in virtual potential 

temperature (θv) and horizontal wind components (U and V) through finite differences 

across respective levels and indicates the presence of turbulence (Stull, 1988; American 

Meteorological Society, 2012). The zi is determined at the height where Rib equals the 

critical Richardson number (Ribc) of 0.25 (Vogelezang and Holtslag, 1996; Menut et al., 

1999; Jeričević and Grisogono, 2006). The Ribc is based on the assumption that 

continuous turbulence within the ABL dissipates beyond this value. Rib is observed to be 

lower than the Ribc in the ABL indicating the unstable dynamics within the layer. In 

contrast, Rib is observed to be higher than Ribc above the zi in the FT (Fig 1.9b). Another 

method used to determine zi from radiosonde profiles is the parcel method (Collaud Coen 

et al., 2014). This method defines the zi at the height where the temperature at the surface 

can rise from the ground adiabatically from thermals. Quantitatively, the zi is the height 

where the temperature profile crosses the dry adiabatic lapse rate line or where the 

potential temperature (θ) at the zi is equal to the potential temperature at the surface (Fig 

1.9a). Finally, a gradient-based approach can be used to determine zi. This method locates 

the strongest gradients of potential temperature (i.e., dθ/dz) and mixing ratio (i.e., dq/dz) 

and the height at which these gradients occur is considered to be the zi for that respective 

profile (Hennemuth and Lammert, 2006; Pal et al., 2010; Seidel et al. 2010). 
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Fig. 1.9. zi detection methods based on temperature profiles: (a) parcel method applied to 

microwave radiometer temperature and θ profiles and (b) bulk Richardson number 

method applied to the θ profile (Source: Collaud Coen et al., 2014).  

 

Utilizing radiosonde measurements can provide a general picture of the zi 

variability during a frontal passage. However, Lee and Pal (2020) performed some 

detailed analyses on the impact of differently resolved thermodynamic parameters from 

radiosonde profiles on zi retrieval. This does result in some errors in (1) in the rawinsonde 

measurements themselves based on manufacturer-reported uncertainties, and 2) errors 

caused by the environment (e.g., radiative effects on the thermodynamic measurements). 

Additionally, one of the main limitations is that measurements of the convective ABL are 

only provided every 12 hours in the United States (0000 and 12 UTC). The 12 UTC 

sounding provides more of a view of the nocturnal boundary layer before the early 

morning transition to the convective boundary layer (CBL). The 0000 UTC sounding 

generally provides a view of the well mixed convective ABL during the late afternoon 

hours except during the shorter winter months when the convective ABL transitions to a 

residual layer and the nocturnal boundary layer develops beneath it after sunset. Due to 

this, it is very unlikely to retrieve zi measurements in the frontal sector of the synoptic 

system. As a result, one would expect an incomplete/inaccurate depiction of zi variability 

during the course of a frontal passage. To resolve this, we can utilize vertical backscatter 

measurements through lidar instrumentation. These measurements are continuous and 
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instantaneous resulting in higher resolution profiles. Additionally, by removing a time 

gap between measurements, it would provide zi measurements in all three sectors of the 

synoptic system (prefrontal, frontal, and postfrontal) resulting in a more accurate 

depiction of the zi variability during this time period.  

Previous studies have delved into determining zi from aerosol backscatter lidar 

measurements. Pal et al., 2010 determined three different methods to acquire a zi value 

from a vertical backscatter profile ((1) Logarithm Gradient Method, (2) Inflection Point 

Method, (3) Haar wavelength covariance transform (WCT) method). For the logarithm 

gradient method, the zi is determined by calculating the vertical gradient of the logarithm 

of the range-square-corrected lidar backscattered signal. The altitude where the minimum 

of the derivative (D(z)) (Eqn. 2) with respect to the range-square-corrected lidar 

backscattered signal is located is taken as the zi for that particular profile. Next, to 

determine the zi through the inflection point method, it involves locating the altitude 

where the minimum of the 2nd derivative of the logarithm of the rand-square-corrected 

signal as explained by Menut et al. (1999). Finally, the Haar WCT method utilizes 

coefficient values (dilation parameter (a) and translation (b)), and a normalization factor. 

The coefficient values are large where the profile has large gradients. This method has 

been utilized by many past studies to determine zi (Cohn and Angevine, 2000; Brooks, 

2003). 

𝐷(𝑧) =
𝑑(ln(𝑃(𝑧)𝑧2))

𝑑𝑧
 ≈  

ln(𝑃(𝑧2)𝑧2
2)− ln(𝑃(𝑧1)𝑧1

2)

𝑧2−𝑧1
   (2) 

Some of these aforementioned methods have been previously utilized on 

backscatter lidar profiles in the Paris region under different meteorological conditions 

(Menut et al., 1999). Lidar measurements have been used previously to determine mixed 

layer evolution with inclusion of the turbulent structure. This is done by locating 

gradients in aerosol concentration between the ABL and FA. These measurements were 

then compared with various mixed layer models to assess the validity of the models and 

with nearby soundings in central Illinois (Boers et al., 1984). It was determined that lidar 

measurements are a good indicator in determining and depicting the evolution of zi during 

the course of the day and are relatively accurate when compared with measurements from 

acoustic sounders, radar and temperature soundings (Kaimal et al., 1982; Hooper et al., 
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1986). Additionally, a new algorithm, called POLARIS (PBL height estimation based on 

lidar depolarization), has been implemented to improve the detection of zi in regions of 

complex terrain and EMLs. This method has a similar process to the Harr Wavelet 

Transform method by detecting a sharp decrease of the aerosol load with height using the 

range-corrected signal and on the relative changes in the aerosol particle shape with 

height using the perpendicular-to-parallel signal ratio (Bravo-Aranda et al., 2017). 

However, limited if any studies have used these lidar based zi retrieval methods in arid 

and semi-arid regions. For this work, the logarithm gradient method has been utilized for 

zi retrieval and will be explained in further detail at the end of the methods chapter in 

section 2.3.1. 

1.7 Overall Goals 

The main goals that hope to be accomplished within this thesis work are to better 

understand ABL development and variability under advection in frontal environment. 

Very few, if any, studies explored ABL depth changes under synoptic scale advection. 

Being able to better depict the ABL under different types of regimes, flows and airmasses 

will help improve short-range, mid-range, and long-range forecasting models depicting 

disturbances embedded within the overall flows. Especially during a time where climate 

change is already modifying the ABL and overall atmosphere thermodynamics, a 

comprehensive overview on ABL depth changes under synoptic scale advective 

processes would help provide a clear outlook on the atmosphere’s response to advection.  

In particular, we aim to explore how zi varies during the course of frontal passages 

through the year over an arid region (i.e. southwest US)? This will be accomplished via 

two approaches through: (1) investigating what changes occur in zi and in the 

meteorological parameters (e.g., T, θ, q, V) in both the ABL and FT during the three 

phases (prefrontal, frontal, and postfrontal) and relevant differential-advection of 

temperature and humidity through radiosonde measurements at two sites located in an 

arid region (i.e., Amarillo and Midland, TX in West Texas) (2) Utilizing the 

instantaneous vertical backscatter lidar measurements at Reese Air Force Base (AFB), 

TX to determine zi in all three sectors of the frontal passage. This second method would 

help to depict the instantaneous zi changes during this time period. Also, these 
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measurements will be compared with surface thermodynamic and wind measurements 

from the West Texas Mesonet (WTM) site at Reese AFB to help justify the instantaneous 

changes in zi and ABL features observed in the vertical backscatter lidar measurements. 

Additionally, with measurements obtained at three arid sites on the high plains 

(Amarillo, TX and Midland, TX, and Reese AFB, TX), how do the presence of EMLs, 

dryline passages and vertical wind shear impact the ABL thermodynamic structures 

during each of the three frontal phases? The presence of EMLs and vertical wind shear 

will be depicted and validated only through the radiosonde measurements at Amarillo and 

Midland respectfully. Finally, can changes in zi during the course of a respective cold 

front passage be explained by the strength of the aforementioned front? We note the 

impact of EMLs and drylines on the ABL might help obtain the effect of advection on 

ABL while the impact of vertical wind shear on the ABL development might complicate 

the analyses of advection effect on the ABL since the effect of shear on ABL depth (or 

growth) is more related to the quasi-stationary ABL regime, without advection. Since the 

presence of vertical wind shear is not uncommon during frontal passages, do changes in zi 

depend on the magnitude of vertical wind shear? However, it remains complicated to 

disentangle the impact of frontal passages and vertical wind shear.  
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CHAPTER II 

DATASETS AND METHODS 

In this section, we provided a comprehensive overview on the datasets used and 

methodologies applied to obtain front-relative zi variability over two radiosonde sites 

(Amarillo and Midland) and the Doppler lidar site (Reese AFB). First, a brief 

presentation of the experimental region and a detailed overview of datasets used is 

provided (e.g., radiosonde profiles, surface meteorological measurements and analyses, 

lidar aerosol backscatter profiles). Next, the rationale behind the selection of the variables 

required to answer the research questions is explained, first for the in-situ and radiosonde 

observations in section 2.2 and then for the Doppler lidar and WTM observations in 

section 2.3.  

2.1 Experimental Region, Instrumentation and Datasets 

2.1.1 Experimental Region 

The southwest US, in particular, West Texas encompasses a complex region at the 

interface of cold semi-arid (BSk), hot semi-arid (BSh), and humid subtropical (Cfa) 

climate (Beck et al., 2018) (Fig. 2.1). The two radiosonde sites located in the 

experimental area (i.e., Amarillo, Midland), in the Texas Panhandle region encounters 

extreme seasonal variability in temperature (seasonal temperature ranges of 28⸰C and 

27⸰C for Amarillo and Midland, respectively). Midland is slightly drier than Amarillo in 

terms of annual precipitation (NWS Amarillo, 2020; NWS Midland, 2020). Both 

Amarillo and Midland are located on flat terrain. Amarillo is located in the grasslands of 

Northern Texas and is surrounded by dense prairies. Midland is located in a large 

sedimentary basin, commonly referred to as the Permian Basin, encompassing western 

Texas and southeastern New Mexico. The Doppler lidar site (Reese AFB) situated in the 

Texas South Plains region just west of Lubbock experiences a similar extreme seasonal 

variability in temperature (22⸰C in nearby Lubbock). Reese AFB receives an annual 

precipitation between Amarillo and Midland (NWS Lubbock, 2020). Like Amarillo and 

Midland, Reese AFB is located on the Llano Estacado with generally flat terrain. 
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Fig. 2.1. Map of the United States depicting the 26 different Köppen climate types. 

Amarillo (red dot), Reese AFB (blue dot) and Midland (green dot) are all located near the 

interface of cold semi-arid (BSk), hot semi-arid (BSh), and humid subtropical (Cfa). 

 

The region is also characterized by frequently occurring mesoscale boundaries 

separating maritime, moist tropical airmass from continental dry airmass from arid 

regions in northern Mexico, eastern New Mexico, and western Texas and is often 

affected by synoptically active weather conditions including dryline passages and 

advection of EMLs from the higher terrain (Rocky Mountains and Mexican Plateau) to 

the west (e.g., Hoch and Markowski 2005). Additionally, in previous studies (e.g., Seidel 

et al., 2012; Lee and Pal, 2017), very deep ABL was observed over the region. However, 

no distinction was made on the role of the EML on ABL thermodynamic features 
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including zi. Frequent passages of drylines with and without the presence of EML also 

make the ABL evolution complex in this region. Thus, this experimental region provides 

an excellent testbed to obtain important empirical evidence on the impact of frontal 

passages on zi variability under different meteorological conditions including presence 

(or absence) of EML and drylines.  

2.1.2 Instrumentations 

Two types of observations were used for this work (1) radiosonde measurements 

available from US upper air network and (2) the Texas Tech Scanning Doppler Lidar (T2-

SDL) collected during a selected number of cases based on weather conditions. 

 

Radiosondes 

 Radiosondes are instrument packages attached to balloons filled with Helium 

launched daily or twice a day from a multitude of surface observing stations across the 

globe (Durre et al., 2006). As this instrument package ascends through the troposphere is 

transmits back measurements to a receiving station at the launch site and are processed 

into the following variables: pressure, temperature, dewpoint depression, and 

geopotential height. The position of the instrument and the balloon are tracked to 

determine wind speed and direction. These thermodynamic and wind observations are 

provided at required pressure levels in specific height increments (1000, 925, 850, 700, 

500, 400, 300, 250, 200, 150, 100, 70, 50, 30, 20, and 10 hPa according to the World 

Meteorological Organization (WMO) and 7, 5, 3, 2, and 1 hPa according to the National 

Weather Service). These measurements and surface observations from the launch site are 

then complied into a sounding profile and then distributed to local, regional and national 

forecasting offices and agencies across the globe (Durre et al., 2006). One of these 

agencies, National Climatic Data Center (NCDC), compiled quality-controlled 

radiosonde observations into a user-friendly, readily accessible dataset referred to as the 

Integrated Global Radiosonde Archive (IGRA, Durre and Yin 2008). 

 

Texas Tech Scanning Doppler Lidar (T2-SDL) 

 The T2-SDL is a remote sensing modular, autonomous, turn-key, pulsed system 

designed by Halo Photonics that utilizes optical technology and 1565 nm pulses to detect 
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naturally occurring aerosols and clouds directly above the instrument as targets (Vakkari 

et al., 2021; Halo Photonics, 2022). The lidar emits linearly polarized light through a 

transceiver aperture of 75 mm at a pulse rate of 10 kHz (resulting 1 s resolution after 

10,000 pulse average during data acquisition) to observe targets and these targets 

backscatter the transmitted pulses to the receiver. The receiver also can observe the 

Doppler shift brought about by the motion of the targets and therefore the vertical 

component of their velocity. 

A detailed schematic and specification of the T2-SDL is shown below in Fig. 2.2. 

A supply voltage box of 24V DC +/- 10% is connected to an external wall outlet. This 

voltage box is connected to a UPS module. The voltage supplied to this UPS module is 

monitored by the lidar system. If the voltage in the UPS module falls to 20.5 V, the lidar 

will immediately shut down. The lidar draws approximately 7 A at 24 DC from the UPS 

module. The lidar contains an internal heater and external fans to maintain a constant 

temperature (Halo Photonics, 2022). The real time aerosol backscatter and vertical 

velocity data is displayed graphically at a vertical resolution of 60 m up to 9 km in real 

time through the Streamline main control software on an external monitor connected 
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directly to the lidar. The software processed the lidar data using an automated LabView 

code and stored the data on a hard disk. 

 

Fig. 2.2. Schematic depicting the various parts and connections for the Texas Tech 

Scanning Doppler Lidar (T2-SDL). A power supply (indicated by the voltage connector) 

is connected to an external outlet. This powers the UPS module which is supplies the 

power for the T2-SDL itself. An external monitor is connected to T2-SDL which displays 

the real time data. 

2.1.3 Datasets 

Integrated Global Radiosonde Archive (IGRA) 

We considered measurements obtained from two radiosonde sites (Amarillo, TX 

(35.2331 ˚N, 101.7092˚W, 1094 m MSL) located in the middle of the Texas Panhandle 

and Midland, TX (31.9425˚ N, 102.1892˚ W, 873 m MSL), located in the Permian Basin 

of the West Texas plains, approximately 387 kilometers south of Amarillo, TX, (Fig. 

2.3a)) and near-surface meteorological stations located in the West Texas region (Fig. 

2.3). Radiosonde profiles were obtained for the entire year 2020 from the Integrated 

Global Radiosonde Archive (IGRA, Durre and Yin, 2008) for both Amarillo and 

Midland. The vertical resolution of the moisture and potential temperature soundings was 

less than 100 m at the surface layer and was 100-200m (depending on the ascent rates) in 

the ABL. These profiles were used to determine zi for each frontal passage case. The 
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vertical resolution of these profiles matter for zi retrieval since profiles with coarser 

vertical resolution could result in errors and uncertainty for this derived parameter.  

 

Texas Tech Scanning Doppler Lidar (T2-SDL)  

Additionally, aerosol backscatter profiles of up to 9 km were obtained from the 

Texas Tech Scanning Doppler Lidar (T2-SDL) deployed at Reese AFB (33.5936° N, 

102.0297° W, 1017 m MSL) just to the west of Lubbock, TX. T2-SDL was placed on a 

flat grassland in the middle of the former air force base with no nearby obstructions. zi 

values were retrieved from these backscatter profiles. Measurements from T2-SDL were 

taken approximately every second. The vertical resolution of the aerosol backscatter 

profiles was 60 meters throughout the entire profile. 

 

Surface Analyses and Observations 

The determination of the frontal passages was based on the surface analysis maps 

(3-hour interval) obtained from the Weather Prediction Center (WPC) (NWS/WPC 

2020). Additionally, to characterize surface meteorological conditions and frontal 

strength and relate them back to the observed zi measurements from the radiosonde 

profiles during the selected cases, we used daily precipitation (i.e., 24-hour accumulation) 

measurements and high-resolution (5-minute) measurements of temperature and dew 

point were obtained at Amarillo and Midland via the Automated Surface Observing 

System (ASOS) network (NWS Amarillo, 2020; NWS Midland, 2020; Iowa State 

University, 2020). In the case of characterizing the surface meteorological conditions for 

the observed instantaneous zi measurements from the T2-SDL aerosol backscatter 

profiles, high-resolution measurements of temperature and dewpoint were obtained at 

Reese AFB via the WTM network (National Wind Institute, 2022). 
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 Fig. 2.3. Overall synoptic setup of the continental US at 0000 UTC on 28 March 2020 

(frontal day of one of the selected cases for this study illustrating a typical frontal regime 

with the passage of a cold front and associated dryline) (a) using the surface map analysis 

obtained from WPC (The locations of the two IGRA sites (Amarillo, TX (red dot) and 

Midland, TX (green dot) in West Texas are also marked: Source of the surface chart: 

NOAA/NWS/WPC 2020. Radiosonde profiles of mixing ratio (g kg-1) (b), potential 

temperature (K) (c) from Amarillo, TX on 17 February 2020 at 0000 UTC with zi 

indicated. 

 

 The following methodology is divided into two sub-sections: (1) analyses of in-

situ and radiosonde measurements and (2) analyses of lidar measurements. Within the 

methods section for the in-situ and radiosonde measurements are three subsections: (1) 

Radiosonde based retrieval of ABL depths, (2) Surface Analyses and Selection and 

Classification of Frontal Cases using Surface Analyses and Radiosonde Measurements, 

(3) Thermodynamic Characteristics and Frontal Strength and (4) Overall Summary of 

Methodology for Radiosonde and In-Situ Measurements. Within the methods section for 

lidar measurements are two subsections: (1) Lidar based ABL Depth Retrieval and (2) 

Surface Analyses and Frontal Case Selection for Lidar Case Studies.  

2.2 Methods: Analyses of In-Situ and Radiosonde Measurements 

2.2.1 Radiosonde based retrieval of ABL depths  

 In the first part of this work, we explored daytime zi changes during frontal 

passages rather than nocturnal zi variability through radiosonde measurements. Thus, we 
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analyzed only the 0000 UTC soundings. Since the experimental region is located in the 

central time zone of the US and daylight-saving time is adopted, 0000 UTC during 

March-November corresponds to 1900 CDT (central daylight time, UTC-5, 7 hours past 

local noon) while for rest of the year 00 UTC corresponds to 1800 CST (central standard 

time, UTC-6, 6 hours past local noon). For brevity, we used 5 specific radiosonde-

derived parameters in our analyses: air temperature, mixing ratio, potential and virtual 

potential temperature, and horizontal wind speed and direction.  

In order to determine the top of the ABL, a gradient-based approach was used to 

determine the height of the strongest gradients of potential temperature (i.e., dθ/dz) and 

mixing ratio (i.e., dq/dz) (Hennemuth and Lammert, 2006; Pal et al., 2010; Seidel et al., 

2010). In Figs. 2.2b and 2.2c, the ABL top height is marked as the location where the 

mixing ratio (potential and virtual potential temperature) sharply decreases (increases) 

with height. This method is the most common and simplest method to easily depict the 

ABL top since the ABL is qualitatively characterized to have a uniform moisture and 

adiabatic potential temperature profile. Virtual potential temperature was analyzed to 

account for the effect of moisture on buoyancy and remove temperature variations caused 

by pressure changes.  

 It should be noted that 0000 UTC sounding for the experimental region in winter 

season soundings take place around sunset. Thus, during the detection of ABL top height, 

we scanned upward in each sounding, and filtered the stable portion of the sounding (i.e., 

(∂θ)/∂z>0). We then determined the zi as the height at which the potential temperature 

inversion occurs (e.g., Vogelezang and Holtslag, 1996; Seidel et al., 2010: Seidel et al., 

2012; Lee and De Wekker, 2016). Doing so allowed us to estimate the depth of quasi-

stationary afternoon ABL. For this method, it is assumed that daytime ABL top becomes 

the top of the residual layer after sunset (Stull, 1988) which was previously used a 

number of studies (e.g., Seidel et al., 2010; Seidel et al., 2012; Lee and De Wekker, 2016; 

Lee and Pal, 2017). 

2.2.2 Surface Analyses, Selection and Classification of Frontal Cases  

Surface synoptic chart analyses obtained from WPC were subjectively used to 

determine the cold front passages (henceforth, referred to as frontal passages only) at the 
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two sites (Amarillo, TX and Midland, TX) between 1 January and 31 December 2020 

(see Fig. 2.2a for an example). We also analyzed the ASOS datasets to confirm those 

frontal passages used in this study via locating the time of sharp temperature and 

dewpoint drop. As illustrated in Fig. 2.4, using the surface synoptic chart, the selection 

was based on the premise that the cold front moved entirely through the respective 

radiosonde site in a sequence of 3-day period meaning that (1) the radiosonde site was 

generally located in the prefrontal sector (i.e., ahead of the frontal boundary and present 

in the warm sector of the cold front, often referred to as pre-cold-frontal region) on the 

day 1 which we referred to as sounding on prefrontal day; (2) approximately just ahead or 

behind the frontal boundary on the day 2 when the cold front passage occurred over the 

site which we referred to as sounding on frontal day; and (3) the day after when the cold 

front passed the radiosonde site which we referred to as sounding on postfrontal day (i.e., 

site was behind the frontal boundary and under the impact of the cold sector regime, often 

referred to as post-cold-frontal region).  

For zi measurements obtained on the day of the frontal passage (frontal regime, 

Fig. 2.4b), some were sampled in the warm sector, like in Fig. 2.4a, while others were 

sampled in the cold sector, like in Fig. 2.4c. This idea helps explain the inconsistent 

variability for the zi measurements on the day of the frontal passage. We note the 

sequential soundings (though with time resolution of 1-day) sampling the prefrontal, 

frontal, and postfrontal conditions (i.e., days here) of a cold front passage and relevant 

impact of zi variability helped provide a complete picture on how the three days (and 

three radio soundings) are related to the position of the front on the map. It was almost 

impossible that a frontal passage took place exactly at the time of radiosonde launch. 

Since ASOS measurements were continuous (i.e., 5 minute temporal resolution) and daily 

radiosonde measurements were used for determination of zi, one must consider that this 

remains one of the limitations of the method.  

For a systematic evaluation of the impact of frontal passages on zi variability, we 

selected at least two frontal passage cases in each month of 2020 in order to help find 
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Fig. 2.4. Schematics illustrating selection of the three types of front-relative zi samplings 

(i.e., in prefrontal condition, often referred to as pre-cold-frontal region, panel a; frontal 

condition, panel b; and postfrontal conditions, often referred to as post-cold-frontal 

region, panel c) using the radiosonde measurements at a site (here Amarillo or Midland) 

indicating how the three days (hence, three radio soundings) are related to the position of 

the front on the map. 

 

seasonal dependence of the frontal signatures on the zi variability (if any) and an unbiased 

statistical representation could be achieved (i.e., similar number of samples). But the 

synoptic conditions in July and August did not allow us to find two cases in those 

months. In general, during July and August, there exist a lack of frontal passages during 

those months since a strong area of high pressure over the region generally dominated in 

most part of summer 2020. Typically, during this time the strengthening and westward 

expansion on the North Atlantic subtropical anticyclone occur due to the increase of solar 

heating and radiation budget in the middle and high latitudes of the northern hemisphere 

(Davis et al., 1997). This anticyclone helps maintain a southerly flow over the region, 

blocking the southward progression of cold fronts over the experimental region (i.e., 

Amarillo and Midland).  

However, for both sites, the months of April and May are the most favorable time 

of the year with most appropriate climatological conditions yielding frequent frontal 

passages and drylines than any other times of the year. Consequently, we selected some 

additional cases which helped provide a holistic view on the impact both the dryline and 

cold front have on the zi and thermodynamic variability. 
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Frontal Case Classification  

 Finally, after analyzing the WPC charts for the entire year, we selected 21 and 24 

frontal passage cases over Amarillo and Midland, respectively. The selection for all the 

frontal cases contained a dryline passage were purely determined through analyzing the 

WPC surface analysis charts while the presence of an EML was purely determined 

through the radiosonde-derived θ profiles. Each frontal passage case comprised of 

prefrontal, frontal, and postfrontal regimes. One should note that the first and second case 

within a month was denoted as C1 and C2, respectfully (see, Tables 3 and 4). Overall, 63 

radiosonde profiles were analyzed for Amarillo and 72 radiosonde profiles were analyzed 

for Midland ending in an overall total of 135 radiosonde profiles for the two sites.  

 Based on the aforementioned studies and our knowledge about the region’s climate, 

we hypothesized zi evolution over the region in influenced not only by classical synoptic 

weather systems and land-surface forcing, but also by the passages of EML and dryline. 

The cases containing an EML were determined by solely looking at the radiosonde 

profiles of potential temperature following Stensrud (1993), while the cases containing a 

dryline were determined by using the WPC surface analysis maps. Consequently, we 

categorized the frontal passage cases into 4 groups: (1) cases with only EML (Type I), (2) 

cases with only dryline (Type II), (3) cases with both EML and dryline (Type III), and (4) 

cases where neither of the features (i.e., drylines and EML, Type IV) were observed as 

illustrated via a conceptual framework in Fig. 2.5. For instance, we categorize a case as 

Type I (i.e., with only EML) when the boundary layer structure is modified from 

prefrontal to frontal day, due to the development of an EML eventually merging with the 

surface ABL, but without a horizontal frontal passage (here cold front). It is not the 

frontal passage that causes the EML in these cases, rather it is the EML coming from the 

higher terrain west of Amarillo and Midland (Rocky Mountains and Mexican Plateau). 

This framework illustrates how the structural differences between an EML case, a dryline 

case and a case with both features impact zi during cold front passage. All the cases were 

segregated using the above criteria and Table 3.1 provides an overview of all the cases 

with frequency for four different categories (Types I, II, III and IV).  
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Fig. 2.5. An idealized schematic illustrating zi variability for (I) cases with only EML 

(left), (II) cases with only dryline (middle), (III) cases with both EML and dryline (right). 

Both ABL and EML have an adiabatic profile. Light blue, green boxes, and white region 

above mark ABL, EML, and FA, respectively. Brown line with half circle denote the 

passage of dryline from west to east over the sites. Both dry and moist sectors are 

marked. Dotted curve indicates the zi. Type I, II and III depict the impact the EML and 

dryline have on the zi evolution in the prefrontal sector, while Type IV depicts the zi 

evolution from the prefrontal sector to the postfrontal sector. 
 

Based on this framework (Fig. 2.5), we hypothesize that an EML in a frontal 

environment (Type I) results in a shallower zi. However, if the capping inversion 

associated with the ABL top is weak, the EML would eventually merge with the ABL 

over the site the following day and result in a deeper zi. In terms of zi during the dryline 

passage (Type II), we hypothesize zi would increase once the dryline moves east of the 

respective site due to greater mixing behind the dryline (Fig. 2.5) (Hoch and Markowski 

2005). For Type III, we hypothesize that the stronger the EML and thus capping 

inversion at the base of the EML, the shallower the zi in the moist sector of the dryline 

due to limited turbulent mixing within the ABL. In essence, Type II and III are 

essentially similar. In the pre dryline sector, one would generally observe an EML due to 

westerly winds aloft advecting the ABL from the higher terrain above the moist surface 

ABL. However, a weak EML could have developed and merged with the surface ABL 

and was not properly observed at the time of the radiosonde measurements (in this case, 

an interval of 24 hours in between two radiosonde profiles). Finally, if neither an EML or 

dryline is present in the frontal environment (Type IV), we hypothesize that there will be 
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a deeper zi present ahead of the cold front, with a shallower zi observed behind the cold 

front due to cold air advection and subsidence limiting the depth of mixing. 

 

ABL-FT Wind Shear 

Finally, we analyzed the relationship between zi and wind shear at the top of the 

ABL. According to Pino et al., (2003) and Conzemius and Fedorovich, (2006), shear in 

the EZ of the CBL under homogeneous conditions can result in the ABL growing faster 

and thus result in a greater depth compared to a ABL with no shear. The presence of 

shear at the EZ of the ABL helps to enhance the entrainment fluxes thus leading to 

increased growth in the boundary layer. The wind shear at the ABL top was obtained by 

calculating the change in wind speed around that respective altitude across a depth of 1 

km for each sounding.  

For brevity, we segmented the shear values for each case based on the three 

frontal regimes (prefrontal, frontal, and postfrontal) to produce an analysis showing the 

shear values observed for the three-day period of each case. We did not analyze wind 

shear based on the four aforementioned front-relative categories (Types 1-IV) above as 

such analyses would have further reduced the sample size. From this analysis, we also 

grouped zi with their predetermined frontal regime into associated shear ranges, and 

developed analyses of the mean, standard deviation, and ranges of these zi samples on 

two different shear ranges (e.g., 2.5 to 7.5 m s-1 km-1 and 7.5 to 12.5 m s-1 km-1) for the 

three frontal sectors (prefrontal, frontal, and postfrontal). The shear ranges were set at an 

interval of 5 m s-1 km-1 in order to provide a large enough sample size within each range 

for the subsequent analysis. 

2.2.3 Thermodynamic Characteristics and Frontal Strength 

In addition to zi variability, we also investigated the impact of frontal passages on 

ABL thermodynamics through determining the changes in mixing ratio and potential 

temperature from the ABL to FT. This was accomplished through analyzing the mean, 

standard deviation and range of mixing ratio and potential temperature in the ABL and 

FT for each frontal passage case over both radiosonde sites as illustrated in idealized 

vertical profiles of θ (potential temperature) and q (mixing ratio) for both prefrontal 
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(warm sector marked in red) and postfrontal (cold sector marked in blue) sectors where zi 

for both profiles are also marked (Fig. 2.6).  

The purpose of these analyses was first to investigate the front-relative changes in 

both ABL and FT moisture and potential temperatures individually and then identify how 

ABL-to-FT changes in both parameters varied during the frontal passage cases. To 

estimate the mean ABL temperature and moisture for all cases, we averaged the q and θ 

observations across approximately 400 m thickness overall keeping the altitude of zi/2 at 

center. This was a reasonable depth for these measurements given the average zi for all 

the cases as well as the aforementioned vertical resolution of the moisture and potential 

temperature soundings. We selected a number of samples (i.e. 400 m thickness) to reveal 

the variability within the ABL and FT (if any). Otherwise, one sample or mean value 

chosen may not be representative of ABL and FT. 

 

Fig. 2.6. Idealized vertical profiles of potential temperature (θ, left panel) and mixing 

ratio (q, right panel) for both prefrontal (i.e., warm sector) and postfrontal (i.e., cold 

sector) with zi marked using black arrows for both profiles. Red and blue lines mark θ for 

prefrontal and postfrontal conditions, respectively in the left panel while green and brown 

lines mark q for prefrontal and postfrontal conditions, respectively, in the right panel. The 

methods for estimating ABL-θ and ABL-q and relevant ABL-to-FT contrasts in both θ 

and q are also shown which helps fulfill the objective of connecting all variables derived 

from the radio sounding data. 
 

For estimating the mean FT temperature and moisture, we averaged the q and T 

observations sampled across the altitude of 2zi. Finally, we classified ABL-to-FT 
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contrasts in both parameters (q and θ) for the three frontal sectors (i.e., prefrontal, frontal, 

and postfrontal) to investigate the changes in the thermodynamic parameters during the 

course of an individual case and then for all the cases. 

 Additionally, near-surface temperature and dewpoint measurements (high 

resolution ASOS measurements) were used to determine frontal strength of each case 

using two approaches. Within the first method, we analyzed the changes in the 

temperature and moisture from the time of the frontal passage (i.e., actual hour of frontal 

passage) to twenty-four hours after the time of the frontal passage while for the other 

method, we analyzed the change in the temperature and moisture over a six-hour period 

during the frontal passage (one hour before to five hours after the frontal passage) (Alpert 

1947). The 6-hour method helps to show short term temperature and moisture advection 

caused by the front itself, while the 24-hour method shows both the temperature and 

moisture advection caused by the front as well as removing diurnal cycle impact on these 

two parameters. For instance, +24 hours from the time of frontal passage is actually 

day+1 relative to the day of frontal passage. 

2.2.4 Framework for front-relative zi changes  

 An overview of the methodology to determine the front-relative changes in zi and 

ABL thermodynamic features during frontal passages over the two radiosonde sites is 

shown in Fig. 2.7. The flowchart depicts how the datasets were used via the methods to 

achieve the research goals and connect the dots between the dependent and independent 

variables through four major analyses: (1) how the classification of frontal types is used 

to determine how different frontal types influence the changes in zi from prefrontal 

through frontal to postfrontal conditions; (2) how different shear environment impact the 

front-relative zi changes as explained in section 2.2.2; (3) exploiting the dependence of 

ABL-to-FT q and θ contrasts on frontal passages via comparing the findings during 

prefrontal versus postfrontal conditions; and (4) regression analyses between the frontal 

strengths and magnitude and changes in zi due to frontal passages for all the cases to 

determine if there was any correlation between temperature change and zi change caused 

by the cold front. We made the best effort to capture the temperature and moisture change 

and hence frontal strength from the instantaneous moment the front moves through the 
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site to both 6 and 24 hours after the front moves through the site.

 

Fig. 2.7. A flowchart showing an overall methodology to explore the front-relative zi 

variability and changes in the vertical structures of ABL features (e.g., ABL-to-FT q 

contrasts, ABL-FT shear) using IGRA radiosonde profiles obtained at two upper air 

sounding sites (Amarillo and Midland), surface analysis maps, and near-surface 

meteorological measurements at ASOS sites. The green and blue text in the lowermost 

rows indicate the dependent and independent variables considered for exploring the 

frontal modification of ABL features from prefrontal through frontal to postfrontal 

conditions.  

2.3 Methods: Analyses of Lidar Measurements 

The following section describes the methodology utilized for the T2-SDL 

measurements obtained for two case studies: (1) a cold front passage during the evening 

hours of 21 March 2022 and (2) a dryline passage during the late morning hours of 2 May 

2022. 

2.3.1 Lidar based ABL Depth Retrieval  

For the zi retrieval through the T2-SDL, a logarithm gradient method as explained 

by Pal et. al 2010 was utilized. The zi was determined by calculating the vertical gradient 

of the logarithm of the range-square-corrected lidar backscattered signal. This method 

helps to generally show a local variation in the lidar backscatter signal between the ABL 

and FT with the higher aerosol concentration located in the ABL and little to no aerosol 

concentration in the FT. The altitude where the minimum derivative (D(z)) is located is 

taken as the zi for that particular profile. The zi for each instantaneous profile were then 

collected together and plotted along with the measured aerosol backscatter vertical 

measurements. The temporal resolution of the zi measurements were varied by adjusting 

the time averaging of the instantaneous backscatter profiles. The lower the time average, 

the higher number of zi measurements and vice versa. Through this, one could see 

instantaneous changes in the zi throughout the entire time series. In the end, the zi retrieval 
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for the 21 March case had a vertical spatial resolution of 60 m from a height of 

approximately 300 m to 4000 m and a temporal resolution of 60 seconds (1 minute). For 

the 2 May case, the zi retrieval had a vertical spatial resolution of 60 m from a height of 

approximately 400 m to 4000 m and a temporal resolution of 180 seconds (3 minutes). 

The temporal resolution of zi varied between the two cases in order to provide an accurate 

depiction of the instantaneous changes during the measurement period. For the 2 May 

case, multiple aerosol layers were encountered resulting in inaccuracies in the 1 minute zi 

retrieval, therefore a 3 minute zi retrieval was utilized.  

Additionally, zi was determined from the nearby radiosonde profiles (Amarillo 

and Midland) to compare the zi measurements from the T2-SDL aerosol backscatter 

profiles. However, given the two radiosonde sites were not collocated with the Doppler 

lidar measurements at Reese AFB (224 km south of Amarillo and 217 km north of 

Midland), it should be noted that some spatial variability in zi was present. 

2.3.2 Frontal Selection, Surface Analyses and Observations for Lidar Case Studies 

Surface synoptic chart analyses and forecasts obtained from WPC were 

subjectively used to determine the cold front and dryline passages at Reese AFB during 

the spring months of 2022. We also analyzed the WTM datasets to confirm the frontal 

and dryline passages used in this study via locating the time of sharp temperature and 

dewpoint drop (or solely dewpoint drop in the case of the dryline passage case). The 

WTM datasets also helped to justify the instantaneous changes in zi and ABL features 

due to the variability in surface thermodynamic and wind measurements at the site. The 

length of the measurements during the time period was based on the premise that the cold 

front moved entirely through the Reese AFB such that (1) the T2-SDL was generally 

located in the prefrontal sector at the beginning of the measurement day; (2) exactly at 

the frontal boundary when the cold front or dryline passage occurred over the site; and 

(3) when the cold front passed the site and was in the postfrontal sector at the end of the 

measurement day. Unlike with the radiosonde measurements the T2-SDL could provide 

continuous measurements and instantaneous zi variability during the frontal passage and 

not just a snapshot of the average ABL profile.  
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CHAPTER III 

 RADIOSONDE-BASED INVESTIGATION OF ABL DEPTH 

CHANGES IN A SYNOPTICALLY ACTIVE ENVIRONMENT 

 This chapter presents the results of zi and ABL thermodynamic variability during 

several cold front passages throughout the year 2020 at the two radiosonde sites 

explained in Chapter II (Amarillo and Midland, TX). The chapter is organized into five 

sections: (1) Overall zi Variability at Amarillo (KAMA) and Midland (KMAF), (2) 

Classification of zi features relative to Frontal Boundaries, (3) ABL-to-FT Differences in 

Potential Temperature and Moisture, (4) Front-relative Variability in Surface 

Meteorological Parameters, and (5) Dependence of zi on Frontal Strength. The second 

section is further divided into two subsections (Composite Impact of EML and Dryline 

on zi and Variability Impact of Shear on zi during Frontal Passages) since shear has a 

unique impact on zi variability compared the impact from EMLs and drylines. 

3.1 Overall zi Variability at Amarillo (KAMA) and Midland (KMAF) 

Here, a comprehensive overview is provided on the overall zi variability observed 

over both sites for all the selected cases (prefrontal, frontal, and postfrontal) during 2020. 

Fig. 3.1 shows the observed zi (in m AGL) at each frontal stage for 21 frontal cases 

observed for Amarillo and 24 frontal cases observed for Midland. For most frontal cases 

at both sites, the deeper zi was generally observed during the prefrontal stage and the 

shallower zi was generally observed during the postfrontal stage, with some exceptions 

(e.g., 24-26 May 2020, 14-16 October 2020 and 24-26 November 2020 in Amarillo and 

12-14 April 2020, 22-24 June 2020, and 27-29 September 2020 in Midland) (Fig. 3.1). A 

one-to-one intercomparison between the prefrontal versus postfrontal zi also confirms the 

decrease in zi due to the frontal passages over both sites (see Figs. 3.1c and 3.1d for 

Amarillo and Midland, respectively). In particular, over both sites, prefrontal zi were 

found to very deep during spring (~ 4000 m AGL) and late summer months (~ 3000 m 

AGL). These results suggest that at both sites, a frontal passage usually resulted in a 

decrease in zi due to an incoming airmass with different thermodynamic characteristics. 

Additionally, subsidence (wl) often present behind the frontal boundaries might 

have produced shallower postfrontal zi based on the zi tendency equation (Eqn. 1 from 
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section 1.4). The zi variability on the day of frontal passage yielded significant case-to-

case variability throughout the year and did not evince any noticeable seasonal pattern in 

them (Fig. 3.1). A number of 0000 UTC soundings were released during the prefrontal 

and postfrontal stages of the case, with very few soundings released when the surface 

front was exactly over the respective radiosonde site due to the relative timing of the 

radiosonde launches to the frontal passage. One should note that since our methodology 

includes the investigation of zi variability during the entire sequence of frontal passage 

(i.e., prefrontal, frontal, and postfrontal) for multiple cases, we investigated the zi 

variability over both sites for all three regimes. Future investigation using lidar or similar 

ground-based remote sensing measurements of continuous zi variability would allow 

additional insights on zi changes during the frontal passages in addition to the zi 

variability across frontal boundary in pre and postfrontal time-domain.  

 

Fig. 3.1. Observed zi (m AGL) at each stage (prefrontal, frontal, and postfrontal) for all 

frontal cases in both Amarillo (a) and Midland (b). Amarillo contained 21 frontal cases 

and Midland contained 18 cases. C1, and C2. Represents case 1, case 2, respectively 

within a month. The heights in both figures are in m AGL. Intercomparisons between zi 

obtained during prefrontal versus postfrontal regimes for observations obtained over 

Amarillo (c) and Midland (d). The black dotted line in panels c and d marks the 1:1 line 

for comparison indicating an overall decrease in zi due to the frontal passages over both 

sites. 
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Figure 3.1a and 3.1b shows the variability in zi for different cases over Amarillo 

and Midland, respectively. Since we placed an emphasis on the front-relative changes in 

zi, the number of samples to ascertain the seasonal variability in zi (if any) remained 

limited for both pre-and-post frontal zi regimes. The results presented suggest that the 

seasonal amplitude for postfrontal zi regimes (~ 1500 m) was smaller than for the 

prefrontal zi regimes (~ 3000 m change) indicating that cold air advection behind a frontal 

boundary mostly minimizes zi variability which illustrate that the air mass properties have 

a larger impact on zi growth for the postfrontal air mass or that this air mass is less 

variable through the year. Additionally, frontal precipitation would also allow more soil 

moisture which will further reduce the zi. Thus, a combination increased soil moisture 

and a colder air mass helps reduce zi for the postfrontal regimes via soil moisture impact 

on sensible heat fluxes (i.e., higher soil moisture yielding lower sensible heat). However, 

further research is definitely needed to confirm the relationship between airmass types 

and zi variability.  

Also, increase in soil moisture due to precipitations associated with frontal 

passages could be another potential factor in reducing zi for the postfrontal regimes via 

soil moisture impact on sensible heat fluxes and relevant LAFP (Blad and Rosenberg, 

1974; Todd et al., 2000). For instance, when comparing zi in each case with days where 

precipitation was observed, for more than 50% cases, shallower zi (<1000 m) were 

observed on days with precipitation as expected due to decreases in sensible heat fluxes 

and increases in evapotranspiration rates via the impact of precipitation on soil moisture 

in arid regions. Similar impact of soil moisture during prefrontal ABL sampling cannot 

be ignored as well. For instance, during the 19-21 March 2020 case in Amarillo, 3.8 mm 

of precipitation (NWS Amarillo 2020) was observed on the prefrontal day (0000 UTC 19 

March 2020) resulting in a shallower zi of 1004 m. During the 27-29 March 2020 case in 

Amarillo, no precipitation was observed on the prefrontal day (0000 UTC 27 March 

2020), leading to a deeper zi of 2129 m (Fig. 3.1a) (see appendix, Table A1). Similarly, 

during the 19-21 March 2020 case in Midland, 33 mm of precipitation (NWS Midland 

2020) was observed on the prefrontal day (0000 UTC 19 March 2020) resulting in a 

shallower zi of 595 m. During the 27-29 March 2020 case in Midland, no precipitation 
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was observed on the prefrontal day (0000 UTC 27 March 2020), leading to a deeper zi of 

2366 m (Fig. 3.1b) (see appendix, Table A2).  

Based on the previous studies focusing on LAFP related to the impact of soil 

moisture changes on zi (Findell and Eltahir, 2003; Ek and Holtslag, 2004; Smith et al., 

2021), we hypothesized that for our cases an increase in precipitation resulted in an 

increase in soil moisture yielding a smaller amount of sensible heat fluxes and shallower 

zi. Due to lack of comprehensive measurements of soil moisture, heat fluxes and 

precipitation amounts at both sites, it was not possible to determine the relative 

importance of LAFP via soil moisture change versus the impact of frontal passages on the 

zi variability over the sites. Additionally, similar impacts of soil moisture changes on zi 

were found in both meso-scale scale environment (Desai et al., 2006) and anomalously 

high annual precipitation event (Pal et al., 2020b). We note that additional future work 

needs to be performed using measurements at other sites (e.g., SIRTA in Paris (Pal and 

Haeffelin, 2015) and Southern Great Plains Site in the US (Smith et al., 2021)) where 

multi-instrument measurements of both LAFP and zi are available to quantify the relative 

impact of soil moisture changes on zi variability during frontal events. 

3.2 Classification of zi Features Relative to Frontal Boundaries 

3.2.1 Composite Impact of EML and Dryline on zi Variability 

The zi observed at each of the 21 and 24 frontal cases for Amarillo and Midland, 

respectively, were categorized into four groups: cases with EML and dryline, only EML, 

only dryline, and with neither dryline nor EML (Table 3.1). The aim of this separation is 

to show the variability in zi (mean and spread) among the four categories. Consequently, 

the box-and-whisker plots of zi variability for both Amarillo and Midland are shown in 

Fig. 3.2 yielding zi measurements for all four frontal categories (Type I, II, III, and IV) 

for both prefrontal and postfrontal regimes. The number of samples for each case are also 

marked. We note the presence of dryline in a postfrontal airmass (i.e., day 3 here) is not 

anticipated, since the postfrontal airmass generally has uniform moisture characteristics. 

Thus no cases were observed for type II (only dryline) and type III (both EML and 

dryline). In general, the results reveal, the days associated with the deeper zi (> 3000 m) 

were those with only a dryline present in the region (Type II in Fig. 3.2). We note a 
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higher spread in zi for Type II in prefrontal regimes which mainly occurred due to 

location of the sites relative the position of the drylines (i.e., either behind or ahead of the 

dryline). In particular, once site is behind the dryline, there is no longer a capping 

inversion caused by the low- level moisture ahead of the dryline (Fig. 2.5), thus 

increasing the entrainment of air from the FT, and increasing mixing depth of the ABL. 

While comparing pre-versus-post frontal zi variability, we found zi medians of 1004, 

3484, 1896, and 1001 m AGL in the prefrontal regime versus 884 and 934 m AGL in the 

postfrontal regime for Amarillo while for Midland the median in the prefrontal zi samples 

were found to be 716, 2171, 1137 and 1653 m AGL for prefrontal sector versus 945 m 

and 1287 m AGL for postfrontal sector confirming the zi frontal contrasts, in particular, 

for two categories (type I and IV, see Fig. 3.2). 

Table 3.1. An overview of different categories of frontal cases and the number of cases 

within those categories for Amarillo and Midland based on observed EML and/or dryline. 

Month 

2020 

Number of Cases 

with Only EML 

(Type I) 

Number of Cases 

with Only Dryline 

(Type II) 

Number of Cases 

with both EML 

and Dryline (Type 

III) 

Number of Cases 

with neither EML 

nor Dryline (Type 

IV) 

Amarillo Midland Amarillo Midland Amarillo Midland Amarillo Midland 

January 1 1 1 0 0 1 0 0 

February 0 0 0 0 1 1 1 1 

March 1 1 0 0 1 1 0 0 

April  0 0 1 1 1 2 0 0 

May 0 0 0 1 2 2 0 0 

June 0 0 0 0 2 2 0 0 

July  1 1 0 0 0 0 0 0 

August  1 1 0 0 0 0 0 0 

September  0 1 0 0 1 1 0 0 

October  1 0 0 1 1 0 0 1 

November 1 1 0 0 0 1 1 0 

December 2 1 0 0 0 0 0 1 

 

Histogram analyses for all the cases are also shown in the appendix (see Fig. A1) 

illustrating the frequency of days for particular zi ranges for all four frontal passage 

categories. Results also reveal that a higher number of cases with shallower ABL were 

observed for the cases when only an EML was observed (Figs. 3.2c, d). When EMLs are 

advected from the higher terrain west of Midland and Amarillo, the lower part of the 
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layer contains a stout inversion thus limiting the mixing and depth of the ABL below it 

(Stensrud 1993).  

 

Fig. 3.2. Box-and-whisker plots showing the zi variability for different types of cold front 

passage regimes (Type I, II, III and IV, see text and Table 3.1 in appendix for the 

classifications front-relative zi patterns) in prefrontal (warm colors in the boxes) versus 

post frontal (cold color in the boxes) conditions over Amarillo (a) and Midland (b). 

Medians are marked and also number of samples for each category are also shown. 

 

Additionally, based on the thermodynamic profiles containing an EML obtained 

over both sites (as shown on Table 3.1), we found some distinct impact of three different 

types of EML scenarios on zi variability (Fig. 3.3). For instance, results reveal EML 

regimes with different strengths: (1) clearly separated EML and ABL (8 June 2020 for 

Amarillo; 22 June 2020 for Midland; see Figs. 3.3a-b); (2) moderate interaction between 

EML and ABL (19 March 2020 for Amarillo; 25 November. 2020 for Midland; see Figs. 
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3.3c-d); and (3) completely merged EML and ABL with deeper zi the next day (9 June 

2020 for Amarillo; 23 June 2020 for Midland; see panels 3.3e-f).  

 

Fig. 3.3. A multipaneled view (columns are the two sites and the rows are different days 

with variable EML regimes) of radiosonde profiles of potential temperature (i.e., θ in K) 

obtained over Amarillo, TX (a, c, and e) and Midland, TX (b, d, and f) on three days 

(dates are marked) with zi indicated illustrating the varying EML strengths observed over 

the two sites. Each row depicts different EML strengths from well-defined EML (a and b) 

to EML merging with ABL (c and d) to completed merged EML and ABL (e and f) based 

on the vertical potential temperature profile from the aforementioned days. The x-axis 

scales for different cases were kept variable since they were from different seasons. 

 

For moderate interaction, the ABL and EML were in the process of merging with 

each other with a weaker inversion at the lower part of the EML (Figs. 3.3c-d). Also, 

days with moderate zi (between 1500 to 3000 m) usually contained an EML and a dryline 

(Type III) in the region as reported in Figs. 3.2 and A1. Thus, in a nutshell, the zi for a 

particular day greatly depends on the presence, location, vertical depth, and strength of an 

EML over the respective site and whether the site is ahead or behind the dryline boundary 
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in the region. These two features finally help determine how deep the zi is in the late 

afternoon hours.  

3.2.2 Impact of Shear on zi during Frontal Passages 

So far results presented provided some important details on the zi features relative 

to frontal boundaries (section 3.2.1) related to the advection term in equation (1), while 

the analysis in this section is related to the entrainment term in equation (1). However, we 

observed that the frontal passages are often accompanied by temporary changes in 

vertical wind shear and found it important to investigate if the shear caused by a frontal 

passage could help play a role in the zi tendency during the course of a frontal passage. In 

general, in addition to the buoyancy, mechanical turbulence governed by shear around zi 

in the EZ also impacts zi growth rates (Pino et al., 2003).  

However, it remained unclear how shear-dominated turbulence caused by the 

frontal passage structure and associated changes in zi occur over the course of a frontal 

passage during different seasons over land. To accomplish this, we calculated the wind 

shear across the top of the ABL (Fig. 3.4) for each sounding within all the frontal cases of 

the study using a methodology described within section 2.2.2. In general, lower (higher) 

shear values were observed on the day before (during and after) the frontal passage, 
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especially for Amarillo (Fig. 3.4). This could be due to the vertical wind structure of the 

fronts providing more shear for frontal and postfrontal wind profiles. 

 

 

Fig. 3.4. A chronological overview on the observed wind shear (in m s-1 km-1) across the 

top of the boundary layer at each stage (prefrontal (red square), frontal (green circle), and 

postfrontal (blue triangle)) for all frontal cases in both Amarillo (a) and Midland (b) 

during the year 2020. C1, C2, and C3 represent Case 1, 2, and 3, respectively for different 

months indicated. The wind shear magnitude was calculated across a depth of 1 km 

around zi.  

 

To illustrate the relationship between the observed wind shear for each case 

across the top of the ABL to the observed zi and relate the zi tendency during different 

frontal regimes for various shear ranges, zi for the prefrontal, frontal, and postfrontal 
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stages of all cases were grouped with their associated shear ranges (Table 3.2). We 

decided to neglect very low shear values (< 2.5 m s-1 km-1) for this analysis found for 

both sites (Fig. 3.5). Additionally, we performed analyses of the mean, standard 

deviation, and ranges of zi samples on two different shear ranges (e.g., 2.5 to 7.5 m s-1 

km-1 and 7.5 to 12.5 m s-1 km-1) for the three frontal sectors (prefrontal, frontal, and 

postfrontal) (Fig. 3.5). The bins were 5 m s-1 km-1 due to the limitation of number of 

samples Additionally, we did not perform similar analyses for the 12.5-17.5 m s-1 km-1 

and greater than 17.5 m s-1 km-1 due to a limited number of samples. Overall, this analysis 

would help bring together the combined effect of both the entrainment term and the 

advection term (−𝑢𝑗
𝑑𝑧𝑖

d𝑥𝑗
) on the change in zi (Eqn. 1) over the time when the frontal 

passage moves over the respective site. Additionally, one should note that we did not 

further discuss the role of shear separately for the three other sub-categories of zi 

variability in frontal environment (cases with only EML, cases with only dryline, cases 

with both EML and dryline) as those sub-categories and additional decomposition will 

reduce number of samples for each sub-category. It is important to note since zi varies 

greatly throughout the year due to seasonal effects and different thermodynamic 

conditions, a regression analysis comparing zi with shear values would not provide a 

holistic result.  

 

Table 3.2 Observed wind shear across the top of the boundary layer with associated zi at 

the prefrontal, frontal, and postfrontal stages of all frontal cases in both Amarillo and 

Midland, TX. 

Shear 

Ranges  

(m s
-1

 km
-1

) 

zi Values Prefrontal  

(m) 

zi Values Frontal  

(m) 

zi Values Postfrontal  

(m) 

2.5-7.5 Amarillo: 918, 3484, 

2087, 1161, 2756, 

1134, 1017, 315 

Midland: 1137, 595, 

2171, 630, 2179, 

2315, 1653, 751, 582 

Amarillo: 1802, 575, 1369, 

88 

Midland: 2087, 1239, 791, 

3195, 809, 739, 69, 4065, 

1742, 4416, 1446 

Amarillo: 225, 1393, 

934, 2075, 1859, 341 

Midland: 494, 818, 

916, 967, 2075, 1205, 

1685, 853 
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Table 3.2 Continued 

Shear 

Ranges  

(m s
-1

 km
-1

) 

zi Values Prefrontal  

(m) 

zi Values Frontal  

(m) 

zi Values Postfrontal  

(m) 

7.5-12.5 Amarillo: 2129, 5030, 

3994 

Midland: 2366, 1734, 

984, 2489, 2678, 2109 

Amarillo: 713, 1742, 

540 

Midland: 557, 4601, 

3268, 2387, 915 

Amarillo: 933, 963, 2526, 

2351 

Midland: 974, 710, 1993, 

1607, 1489, 867 

12.5-17.5 Amarillo: None 

Midland: 993, 1038, 

607, 3889, 3723 

Amarillo: 469, 925, 

878, 377, 1394 

Midland: 1946, 2949, 

238 

Amarillo: 1267 

Midland: 1855, 748, 

1233, 628 

> 17.5 None for both Midland 

and Amarillo 

Amarillo: 324, 1313, 

3603 

Midland: 2926 

Amarillo: 3730, 1654 

Midland: 783, 1265, 2673 

 

Based on these analyses (Fig. 3.5 and Table 3.2), we found that as shear increases 

the average zi becomes deeper within all three frontal regimes. For both sites, the increase 

in average zi from lower shear range (i.e., 2.5-7.5 m s-1 km-1) to higher shear range (i.e., 

7.5-2.5 m s-1 km-1) is more pronounced for the prefrontal sector compared to the other 

two sectors. This is in line with the schematic we presented in Fig. 2.5 showing that cold 

air advection caused by the frontal passage reduces the zi variability in the frontal and 

postfrontal sector even when grouping them with their respective shear ranges. 

Additionally, since there is a more uniform zi in the postfrontal regimes for all shear 

ranges, the change in zi from the prefrontal to the postfrontal sector ends up being greater 

for higher shear ranges than with lower shear ranges. While comparing the zi variability 

under high sheared environment (i.e., 7.5-12.5 m s-1 km-1) at the two sites, results reveal 

deeper mean zi over Amarillo (Fig. 3.5b) compared to Midland (Fig. 3.5d) for both 

prefrontal and postfrontal regimes.  

One should note that for the cases selected, we had larger number of samples for 

Midland than for the cases in Amarillo for different shear ranges since three more cases 

were conducted at Midland due to the frequent dryline passages in April and May. To 
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reiterate, due to sampling differences, we did not perform further analyses and 

classifications on different shear ranges versus the scenarios of the presence or absence of 

drylines and EML. For instance, for one case we found a very deep zi (zi of 5030 m) and 

it was also associated with the presence of a dryline. Meanwhile, Midland had a larger 

range in frontal zi compared to Amarillo for both shear ranges. It should also be noted 

that over Amarillo, for both shear ranges, we found that deeper zi were associated with 

prefrontal samples with shallower zi for frontal and postfrontal samples. However, this 

tendency was not clear for the observations at Midland. 

 

 

Fig. 3.5. Box and whisker plots depicting the ranges in zi during the prefrontal, frontal 

and postfrontal stage for shear ranges of 2.5-7.5 m s-1 km-1 (a and c) and 7.5-12.5 m s-1 

km-1 (b and d) for both Amarillo (a and b) and Midland, TX (c and d). 
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To conclude, lower (higher) shear generally results in shallower (deeper) zi in the 

prefrontal sector. However, higher shear generally has less of an impact, in terms of 

deeper zi, in both the frontal and postfrontal sector. It should be noted though that 

horizontal wind shear mainly affects zi growth rates while radiosonde provides a 

“snapshot” of the ABL yielding the integrated effect of ABL development. Thus, further 

detailed investigation on the impact of shear on zi growth rates certainly warrants further 

research using continuous measurements of zi (e.g., using lidar, ceilometer, sodar, etc.). 

3.3 ABL-to-FT Differences in Moisture 

So far, we have discussed the changes in the zi due to frontal passages at the 

two sites. Here, we aim to accomplish the goal of explaining how the vertical 

thermodynamic structures change during the course of an individual frontal passage 

which help characterize the frontal passage as well. Indeed, ABL-to-FT differences in 

moisture is inherently dependent on frontal environment and thus, zi changes via the 

intricate processes involving zi development, inversion strength, entrainment mixing 

and finally the ABL-to-FT differences (Stull, 1988). The purpose of these analyses 

(Fig. 3.6 and Fig. 3.8) was to determine the overall changes in the mean, standard 

deviation and range of the moisture and potential temperature values in both ABL and 

FT from the prefrontal through frontal to the postfrontal stage for one individual cold 

front event. In other words, how is the vertical moisture and temperature profile being 

altered during the course of a synoptic frontal passage and what impact does this have 

on the ABL development and overall characteristics. A number of studies investigated 

the impact of frontal passages on the near-surface meteorological features (Shafer and 

Steenburgh, 2008; Sinclair 2013) while we extended those types of analyses for the 

entire ABL and FT.  

For individual frontal cases, the vertical structure of ABL moisture profile was 

found to be more uniform in the cold sector. An example is provided in Fig. 3.6. For 

this frontal case (17-19 February 2020), the ABL moisture increases from the 

prefrontal stage to the frontal stage, before decreasing in the postfrontal stage as 

typically observed the ABL during frontal passages (Pal et al., 2020b). Meanwhile, the 

FT moisture remains constant, with a slight increase during the frontal stage most 
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likely due to the frontal lifting of moisture laden ABL airmass to the FT. As a result, a 

frontal passage decreases the variability in the overall vertical moisture profile (Fig. 

3.6).  

 

Fig. 3.6. Box and whisker plots depicting mixing ratio (g kg-1) variability in the ABL and 

FT at Amarillo for each stage (prefrontal, frontal, and postfrontal) during the time period 

of 17-19 February 2020 illustrating the way the ABL values and FT values, each in their 

own way, impact the contrast in moisture and temperature over the ABL top. The orange 

line in the box represents the mean value around the altitude of zi/2 for the ABL and 

around the altitude of 2zi for the FT. The box ranges for both the ABL and FT represent 

the 25th to 75th percentile values observed around the altitude of zi/2 and 2zi, respectfully. 

This whisker ranges for both the ABL and FT represent the minimum and maximum 

values around the altitude of zi/2 and 2zi, respectfully. 

 

We performed a systematic analysis of ABL-to-FT differences for both moisture 

(Fig. 3.7) for all the cases. For the ABL-to-FT differences in moisture, substantial 

variability among the cases (smaller decrease in moisture during the winter to larger 

decrease during the summer) from the ABL-to-FT is observed (Figs. 3.7a and 3.7b for 

Amarillo and Midland, respectively). Additionally, an intercomparison between ABL-to-

FT moisture differences for prefrontal versus postfrontal regimes also confirms an overall 
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decrease in ABL-to-FT moisture contrasts due to the frontal passages over both sites 

(Figs. 3.7c and 3.7d for Amarillo and Midland, respectively).  

The vertical atmospheric profile is drier in both the prefrontal and postfrontal 

stages during the cooler months, versus during the summer months, resulting in a lower 

magnitude decrease in moisture from the ABL-to-FT. As a result, during the cooler 

months, frontal passages cause the moisture in the vertical profile to go from relatively 

dry in the prefrontal sector to extremely dry in the postfrontal sector. In contrast, during 

summer months, low level moisture increases via the typical southerly/southeasterly flow 

from the Gulf of Mexico due to the presence of broad H-pressure system over the region, 

which leads to higher ABL-to-FT moisture contrast.  

When examining the postfrontal ABL-to-FT mixing ratio contrasts throughout the 

year, mixing ratio has a much greater decrease with height during the summer months 

than during the winter months which could be attributed to the fact that frontal passages 

and associated frontal strengths are weaker in summer than the other seasons (e.g., fall 

and winter). When comparing the two sites, Midland is observed to have a slightly higher 

decrease in moisture content especially during the summer months (Fig. 3.7b). This could 

be due to the location of Midland with the more humid surface air coming from the Gulf 

of Mexico to the east while the westerly winds aloft bring in the drier continental air from 

the higher terrain west of Midland. Also since Midland is further south than Amarillo, 
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frontal passages, advection of drier continental air into the ABL does not extend far south 

in order to create a more uniform ABL-to-FT moisture profile. 

 

 

Fig. 3.7. Differences in average mixing ratio (g kg-1) from the ABL-to-FT at each stage 

(prefrontal, frontal, and postfrontal) for all frontal cases in both Amarillo, TX (a) and 

Midland, TX (b) during the year 2020. C1 represents Case 1 of respective month. 

Intercomparisons between ABL-to-FT q contrasts obtained during prefrontal versus 

postfrontal regimes for observations obtained over Amarillo (c) and Midland (d). The 

grey dotted line in panels c and d marks the 1:1 line for comparison confirming an overall 

decrease in ABL-to-FT q contrasts due to the frontal passages over both sites. 

3.4 ABL-to-FT Differences in Potential Temperature 

 For individual frontal cases, the vertical variability in ABL potential temperature 

to be more uniform in the warm sector compared to the cold sector. An example is 

provided in Fig. 3.8. The ABL potential temperature decreases with respect to time and 

the FT potential temperature remains constant during the course of the frontal passage. 

Since the potential temperature always increases with height above zi, the frontal passage 
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results in increasing the vertical variability in potential temperature from the prefrontal to 

postfrontal stage (Fig. 3.8). 

 

Fig. 3.8. Same as Fig. 3.6. but for potential temperature (K). 

 

For the ABL-to-FT differences in θ, the increase in θ with height is usually greater 

in the postfrontal profiles versus the prefrontal profile at both sites with a few exceptions 

(Figs. 3.9a and 3.9b). The intercomparison between ABL-to-FT θ differences shown in 

Figs. Figs. 3.9c and 3.9d for prefrontal versus postfrontal regimes also confirms a 

substantial increase in ABL-to-FT θ contrasts due to the frontal passages over both sites. 

This shows that the postfrontal vertical profiles are generally more stable than the 

prefrontal vertical profiles due to the cold air advection behind the front. However, future 

work will help to better understand the high variability in the ABL-to-FT differences in 

potential temperature for frontal regimes at both sites.  

While analyzing the summer cases at both sites, we did not find any substantial 

differences between the prefrontal and postfrontal profiles in terms of potential 

temperature increase with height when compared to those in the late fall to early spring 

cases (Fig. 3.9). Thus, these results suggest that in contrast to winter, frontal passages 

during the summer have trivial impact in terms of affecting the stability of the vertical 

atmospheric profile at both respective sites. This occurs because during the summer 
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months in Northern hemisphere, there is more uniform surface heating when going higher 

in latitude compared to during the winter months, resulting in a lower temperature 

gradient with increasing latitude. With a weaker temperature gradient across the front 

there is thus weaker warm air advection ahead of the front and cold air advection behind 

the front, thus resulting in weaker cold fronts. During the winter, the temperature gradient 

with increasing latitude is stronger, thus leading to stronger warm air advection ahead of 

the front and cold air advection behind the front. As a result, wintertime cold fronts are 

much stronger in terms of moisture and potential temperature changes across the front 

(Lackmann 2015). 

 

Fig. 3.9. Same as Fig. 3.7 but for differences in average potential temperature (K) from 

ABL-to-FT and associated intercomparisons (panels c and d for Amarillo and Midland, 

respectively) confirming an overall increase in ABL-to-FT θ contrasts due to the frontal 

passages over both sites. 

3.5 Front-relative Variability in Surface Meteorological Parameters 

 Finally, we aim to analyze the near-surface meteorological characteristics to 

investigate the front-relative changes in surface features yielding frontal strengths. While 

analyzing the frontal strengths for all the cases, we found that the cases with the sharpest 

change in temperature and moisture during the frontal passage were observed during the 
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fall through early spring period of the year (Fig. 3.10). The summer months had the least 

change in temperature and moisture. This is because summer cold fronts are much 

weaker in intensity compared to winter and spring cold fronts if they can travel far 

enough south (Lagerquist et al., 2020). It is important to note that at both sites, several 

cases throughout the year observed an increase in temperature during the 6 hour period 

after the cold front passage. This is due to the cold front moving over the site during the 

late morning hours when the greatest surface heating occurs due to the diurnal cycle. As a 

result, the cold air advection caused by the cold front is not strong enough to offset and 

overcome the heating from the diurnal cycle (Fig. 3.10a and e). 

For most of the cases presented for both Amarillo and Midland, we observed a 

decrease in moisture behind the frontal passage, which is expected (Figs. 3.10b, d, f, h). 

However, a few frontal cases at both sites had an increase in moisture content behind the 

front (e.g., 17-19 February 2020 for Amarillo, 11-13 December 2020 for Midland). This 

could be due to the northeast wind direction behind the front (which helps advect low 

level moisture and causes upslope flow) as well as some of these cases observing 

precipitation as explained earlier (see appendix, Table A1, A2).  

When comparing the zi front-relative variability at the two sites, we found that 

temperature decrease at Amarillo was slightly stronger (~ 3 to 5˚C) compared to Midland 

in the late winter to early spring months (Figs. 3.10a, c, e, g). This occurs most likely due 

to the fact that Amarillo being further north and thus more susceptible to colder airmasses 

advecting in from the north. Meanwhile, Midland had a greater variation in surface 
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moisture drop throughout the year, especially in the 6-hour change (Figs. 3.10f, h). This 

could be due to Midland’s location relative to the Gulf of Mexico as mentioned before. 

 

Fig. 3.10. 6 hour and 24 hour surface temperature (˚C) and moisture (g kg-1) change for 

Amarillo, TX (a-d) and Midland, TX (e-h) for all cases in 2020. C1 represents Case 1 of 

respective month. 

 

To summarize, there are several takeaways from the analyses of frontal strengths. 

For instance, 6-hour temperature change is greater than the 24-hour temperature change 

at both sites for some cases because the 6-hour temperature change is highly dependent 

on the diurnal temperature change. For example, if the front moves through the site 

during the morning hours, the temperature drop would be much less than if the front 

moves through the site during the evening hours. For moisture change, the variability is 
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greater in the 24-hour method for Amarillo, because it takes a longer time for moisture 

content to change due to Amarillo being further away from the Gulf of Mexico than 

Midland. 

3.6 Dependence of zi on Frontal Strength 

In this section, we examined the relationship between front-relative zi variability and 

frontal strengths for all the cases for both Amarillo and Midland. For both sites, the 

temperature change for both 6 and 24 hours after a frontal passage was compared with zi 

change during the course of a respective frontal passage (Fig. 3.11). Results on the 

regression analyses revealed that temperature change (drop) due to a frontal passage was 

not correlated with changes in zi during the time of the frontal passage. There was also 

high variability in the zi observed on the day of the frontal passage when associated with a 

24-hour temperature drop between 5 to 15 ˚C (Figs. 3.11b, d) and a 6-hour temperature 

drop between 0 and 10 ˚C (Figs. 3.11 a, c). These regression analyses reveal changes in 

surface fluxes do not solely cause the changes in zi in a synoptic frontal environment. 

 Our findings are in contrast with the earlier studies on this topic (e.g., Seidel et al., 

2012) where they compared the seasonal surface temperature changes with mean zi. 

Seidel et al., (2012) averaged out the frontal passages throughout the year in their 

analyses and ignored the role that advection plays in zi variability. In frontal environment, 

the advection of a cooler airmass behind the frontal boundary is the main driver causing 

the changes in zi during the frontal passage rather than the surface temperature change 

solely due to the surface heat fluxes. These results clearly reveal the dominant impact of 

midlatitude cyclones on ABL features including zi changes during the course of cold front 

passage.  
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Fig. 3.11. Magnitude zi change from frontal to postfrontal stage vs 6 (a and c) and 24 

hour (b and d) surface temperature change with time (colored dots) for all 2020 cases at 

Amarillo, TX (a and b) and Midland, TX (c and d). 
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CHAPTER IV 

LIDAR-BASED INVESTIGATION OF ABL DEPTH CHANGES 

UNDER SYNOPTICALLY ACTIVE CONDITIONS 

 We present the measurements and results obtained from the T2-SDL at Reese 

AFB, TX for two selected cases in 2022. The prevailing synoptic conditions during these 

two cases were characterized by: (1) a cold front passage though Reese AFB during the 

late afternoon to early evening hours of 21 March 2022 and (2) a dryline passage through 

Reese AFB during the late morning hours of 2 May 2022. For each case, we provide (1) 

An overview of the synoptic setup for the respective case, (2) Analysis of the aerosol 

backscatter and vertical velocity measurements for the respective case, and (3) 

Verification of the derived zi measurements from nearby radiosonde observations 

(Amarillo and Midland, TX) 

4.1 Case I: 21 March 2022 

 Lidar measurements were conducted at Reese AFB from approximately 1845 UTC 

(1345 local time, LT) to 2345 UTC (1845 LT) on 21 March During the measurement 

period, the experimental site was situated to the west of a dryline and just south of a mid-

level low providing some elevated showers to the region. Late in the period (2300 UTC) a 

cold front pushed in from the north providing a much cooler postfrontal airmass in its wake. 

In the following section, we provided details of the synoptic features leading up to and 

during the measurement period. 

4.1.1 Synoptic Setup and Surface Observations 

An upper-level trough moved into the Western US during the 19 March 2022 

allowing a surface low to form over northeast New Mexico during 20 March 2022 (Fig. 

4.1d). This surface low helped to tighten the pressure gradient at the surface resulting in 

windy conditions on the Caprock in West Texas. Winds throughout the region were 

sustained at 13 to 16 m s-1 causing blowing dust and critical fire weather conditions 

during the afternoon and evening hours. The upper level trough closed off into a low over 

western New Mexico allowing mid to upper level Pacific moisture to be advected into the 

region (Fig. 4.1a and b). Late in the day, low level winds at 850 mb backed to the 

southeast commencing moisture advection from the Gulf of Mexico (Fig. 4.1c). 
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Fig. 4.1. Overall synoptic setup on 0000 UTC 21 March 2022 (1900 local time, LT 20 

March 2022) using 250 mb (a), 500 mb (b), 850 mb (c) and surface (d) level analyses. 

The 250, 500 and 850 mb analyses were obtained from NOAA Storm Prediction Center 

(SPC) and the surface analysis was obtained from NOAA Weather Prediction Center 

(WPC). 
 

On the morning of 21 March 2022, the 500 mb low was positioned over western 

to central New Mexico with a 59 m s-1 jet streak at 250 mb over eastern New Mexico and 

West Texas (Figs. 17a-b). In the low levels at 850 mb, backing southeast winds were 

observed in the Texas Panhandle, South Plains, and Permian Basin allowing more 

moisture from the Gulf of Mexico to be advected into the region (Fig. 4.2c). A surface 

low was positioned at the poleward exit region of the 250 mb jet streak in eastern New 

Mexico with a warm front extending east from this surface low through central and 

southern Texas and a dryline through extreme southeast New Mexico and the Big Bend 

region southwest of the site. Additionally, an “arctic front” was located in southeast 

Colorado and western Kansas and northern New Mexico slowly diving south (Fig. 4.2d). 

Based on the 5-min observations from the Lubbock airport (KLBB) located on the north 

side of town, the dryline pushed through the site around 1600 UTC (1100 LT) with a 

dewpoint of 7.77⸰C at 1555 UTC to -1.11⸰C at 1715 UTC. During the afternoon hours of 
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21 March 2022, southwest winds were generally sustained at around 9 to 11 m s-1 gusting 

up to 18 m s-1. Meanwhile the midlevel and surface low begin to become nearly stacked 

over northeast New Mexico and the Texas panhandle causing some elevated showers in 

the region. One of these showers, ended up clipping Lubbock allowing some stronger 

winds aloft to mix down to the surface and resulting in a wind gust of 22.8 m s-1 at 2055 

UTC. 

 

Fig. 4.2. Same as Fig. 4.1 but for 1200 UTC 21 March 2022. 

 

Between 2100 UTC and 0000 UTC, the “arctic front” pushed south through the 

Texas Panhandle and South Plains with stratiform rain observed behind the front due to 

an increase in surface moisture. The front moved through the Lubbock airport (KLBB) 

and Reese AFB at 2307 UTC allowing winds to back from southwest to north. Based on 

the 0000 UTC upper level, mid-level, and low-level analysis the system was still nearly 

stacked with the 250 mb low in Eastern New Mexico, the 500 mb low in West Texas and 

the surface low located in North Central Texas (Fig. 4.3). All of the experimental region 

was under the cool moist postfrontal airmass by the next morning due to the northerly 

flow. 
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Fig. 4.3. Same as Fig. 4.1 but for 0000 UTC 22 March 2022. 

4.1.2 Lidar Measurements of Aerosol Backscatter and Vertical Velocity Fields 

Aerosol backscatter measurements from the T2-SDL were acquired from 

approximately 1845 UTC to 2345 UTC 21 March at Reese AFB, TX. The lidar 

measurements helped to obtain a better visualization of the ABL thermodynamic and 

ABL depth changes during the course of this cold front passage. Instantaneous vertical 

profiles of aerosol backscatter profiles with a temporal resolution of 1 s and a vertical 

spatial resolution of 60 m were compiled via time-height cross-section as appeared in Fig. 

4.4a. At the time measurements commenced, the site was behind the dryline in the warm 

sector of the synoptic system with extensive cumulus cloud cover for most of the period 

due to mid-level instability caused by the mid-level low in the Texas panhandle (Fig. 

4.3). This can be seen by an air temperature of around 20⸰C and a dewpoint around -4⸰C 

at 1845 UTC (Fig. 4.5). The wind caused by the strong pressure gradient around a 

deepening low pressure system resulted in a dust layer of 600 m near the surface 

sometimes reducing visibilities. This can be seen in the profile through higher backscatter 

concentrations transmitted back to the lidar system. Above the dust layer, there was still a 
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moderate aerosol concentration up to the lifting condensation level (LCL) at 

approximately 3 to 3.5 km which was mainly related to the ABL top heights on this day. 

 Higher aerosol concentration was consistently observed at the level of the LCL 

throughout the time period indicating the presence of low-level cumulus cloud cover. 

Above the cloud layer, aerosol concentration was negligible. Based on this and using the 

logarithmic gradient method as explained in the methodology, the LCL ended up being 

the average zi for aerosol backscatter profile (Fig. 4.4a). This indicated that the site was 

located in a low-pressure regime. Due to a lack of subsidence, it can be determined 

through this profile and from past studies that the LCL is representative of the zi for a 

respective location (Stull 1988). Additionally, this was validated by the vertical velocity 

measurements with a sharp drop off observed at this respective height (Fig 4.4b).  

During the measurement period, there was turbulent mixing observed with many 

thermals and downdrafts observed. The localized upward and downward motions caused 

by these updrafts and downdrafts respectfully were potentially the reason to why there 

was constant variability in zi between 2.5 to 3.5 km during the measurement period. In 

particular, one downdraft that occurred just before 2100 UTC was due to virga caused by 

the mid-level low and was associated with a slight decrease in temperature and an 

increase in dewpoint (Fig. 4.4b and Fig. 4.5b). The virga and associated cooling could be 

the reason why there was a noticeable drop in zi to around 1000 m at those instances.  
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Fig. 4.4. T2-SDL Aerosol backscatter (m-1sr-1×10-6) (a) vertical velocity (m s-1) (b), and 

signal-to-noise ratio measurements (dB) (c) obtained on 21 March 2022 for the entire 

collection period from 1838 UTC to approximately 2345 UTC with zi indicated by the 

black stars. 

 



Texas Tech University, Michael Andrew Anand, August 2022 

68 

 

 

Fig. 4.5. WTM station observations at Reese AFB from 1838 UTC to 2342 UTC on 21 

March 2022 of (a) 1.5 m temperature (⸰C), (b) 1.5 m dewpoint temperature (⸰C), (c) 1.5 m 

mixing ratio (g/kg), and (d) 10 m wind direction (deg) with temperature as colored dots.  
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Around 2110 UTC, a decrease in the aerosol concentration from around 50×10-6 

m-1sr-1 to approximately 50×10-6 m-1sr-1 occurred (Fig. 4.6c). Ten minutes later a wind 

direction change began to take place backing from SSW at 2125 UTC to SSE at 2135 

UTC in the airmass with lower aerosol concentrations (Fig 4.7). This change in wind 

direction was associated with a strong downdraft in the vertical velocity profile (Fig. 

4.6b). The strong downdraft could be attributed to another virga shower caused by the 

mid-level low in the Texas Panhandle (Fig. 4.3b). This downdraft also resulted in another 

temporary decrease in zi to approximately 1000m (Fig. 4.8). Shortly afterwards, weak 

surface thermals allowed the zi to deepen back to around 3 km.  

 

Fig. 4.6. WTM 10 m wind direction at Reese AFB (a), and a zoomed in view of T2-SDL 

Aerosol backscatter measurements (m-1sr-1×10-6) (b), and vertical velocity measurements 

(m s-1) (c) from 2100 UTC to 2230 UTC. 
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During this phase, winds veered to NW by 2140 UTC to NE by 2150 UTC 

possibly due to the development of a surface low east of the region (Fig. 4.7). Overall, the 

wind shift from southwest to northeast during this hour helped to advect relatively 

cleaner air from the east (i.e., the city of Lubbock) over the experimental site as seen by 

the lower backscatter values (Fig. 4.6c). Additionally, this resulted in a reduction in cloud 

cover to occur after 2150 UTC in the hour before the frontal passage as seen by the 

aerosol backscatter profile (Fig. 4.8a and c). This made the zi retrieval through the aerosol 

backscatter measurements more complicated as the sharp gradient in aerosol 

concentration around a depth of 600 m was still present. However, when comparing with 

the vertical velocity profile at the same time period, the zi was around 3 km (Fig. 4.8).  

 

Fig. 4.7. Surface analysis at 2100 UTC showing the development of lee low in central 

Texas (a). Schematic depicting wind direction change in Fig. 4.6a from 2110 to 2150 

UTC caused by development of lee low (b). Finally, a map depicting the overall terrain of 

the region with drier dustier terrain to the west and greener terrain to the east (c). The red 

arrows indicate the wind direction of SSW and SSE at 2110 UTC advecting higher 

concentrations of aerosols over the experimental site. The green arrow indicates a wind 

direction of SSE at 2135 UTC advecting slightly cleaner air over the site. The blue 

arrows indicate a wind direction of NNW at 2140 UTC and NE at 2150 UTC advecting 

even clear air over the site. 
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Fig. 4.8. Same as Fig. 4.4, but from 2100 UTC to approximately 2230 UTC with zi 

indicated by the black stars. 

 

Strong upward motion on the order of 4 m s-1 due to frontal lifting was observed 

around the time when the cold front passed over the site at 2307 UTC with downward 

motion of similar magnitude observed right afterwards as seen in the vertical velocity 

profile (Fig. 4.9b). This indicated that vertical motion associated with the front was 

stronger in magnitude compared to the local thermals and downdrafts caused by surface 

heat fluxes and entrainment of FT air into the ABL since cold fronts can impact ABL 

dynamics on a larger scale confirming the frontal lifting of aerosols over the site. Also, 
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when the cold front moved through a strong dust plume was observed with backscatter 

values as high as 400×10-6 m-1sr-1. This dust plume ended up having a depth as high as 

1200 m reducing visibilities to less than a mile (Fig. 4.9a).  

The dense dust plume was associated with strong cold air advection and moisture 

advection. At the WTM station at Reese AFB, from 2305 to 2328 UTC a temperature 

drop from 16.55⸰C at to 9.85⸰C was observed (Fig. 4.10c). During this same time period 

the dewpoint increased from -3.98 to 3.81⸰C (Fig. 4.10d). About 30 miles to the northeast 

at the Lubbock international airport (KLBB), temperatures dropped from 17.78 to 10⸰C 

and dewpoints increased from -6.11⸰C to 2.78⸰C during the same time period. Wind 

speeds behind the front increased instantaneously due to an increase in surface pressure 

with sustained winds between 13 to 18 m s-1 with a gust of 26.38 m s-1 at 2328 UTC. This 

caused widespread blowing dust dropping visibility to a mile between 2320 to 2353 UTC. 

However, the temperature drop, and dewpoint increase due to the cold front was not 

associated with a wind shift to the north as northerly winds were already observed 

approximately 90 minutes before the frontal passage itself (2140 UTC) (Fig. 4.5d and 

Fig. 4.6a). This again could be due to the midlevel low in the Texas panhandle causing 

surface cyclogenesis in central Texas. The counterclockwise flow around this surface low 

helped result in northerly winds in the region before the cold front passage (Fig 4.3b and 

d). This is a common occurrence in the central U.S. with prefrontal wind shifts associated 

with lee troughing east of the Rocky Mountains as was discussed previously by Schultz 

(2004) where they discussed the frontal passages with and without wind shifts. 

The dust plume and the strong cold air advection behind the front did not impact 

the derived zi until near the end of the measurement period when a shallower zi of 1 to 1.5 

km ended up being observed according to both the aerosol backscatter and vertical 

velocity profiles (Figs. 4.10). This indicated that there is a delay in zi response to cold air 

advection and subsidence in the ABL. This could be the case due to the (1) the residual 

layer above the dust plume being detected as the ABL top and (2) the ABL responding to 

changes in cumulative heat fluxes over the time period due to the advection of different 

thermodynamic properties in the post frontal airmass reflecting the fact of ABL mixing 
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time scale. Further analyses will need to be required to confirm the zi variability at the 

time of frontal passage. 

Additionally, the vertical velocity magnitudes became much lower within the 

surface dust plume with some stronger updrafts and downdrafts observed above the dust 

plume on the order of 2-3 m s-1 (Fig. 4.10b). This indicated that the cooler and more 

stable airmass advected over the site by the cold front resulted in less turbulent mixing 

and a more stable ABL profile. Due to some elevated showers approaching the site. The 

lidar measurements were performed till 2345 UTC. Additionally, showers in general 

wash out the aerosols present in the ABL, making it difficult to determine zi through 

aerosol backscatter measurements.  

Overall, it can be concluded based on these backscatter and velocity profiles, that 

a cold front results in substantial changes in the overall ABL thermodynamic profile and 

height. A delay in zi response immediately following the cold front passage could be due 

to the (1) the residual layer above the dust plume being detected as the ABL top and (2) 

the ABL responding to changes in cumulative heat fluxes over the time period. A major 

takeaway from this case is that no past studies have observed instantaneous zi changes 

during the course of a cold front passages as was evident here. Therefore, the findings 

remain unique for obtaining some comprehensive details on the synoptic controls on 

ABL thermodynamics and associated changes in ABL depths. 
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Fig. 4.9. A zoomed in view of T2-SDL Aerosol backscatter measurements (m-1sr-1×10-6) 

(a), and vertical velocity measurements (m s-1) (b) from 2300 UTC to 2320 UTC. 
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Fig. 4.10. T2-SDL Aerosol backscatter measurements (m-1sr-1×10-6) (a) vertical velocity 

measurements (m s-1) (b), 1.5 m temperature (⸰C), (c) 1.5 m dewpoint temperature (⸰C), 

(d) for last hour of the collection period from 2305 UTC to 2342 UTC. 

4.1.3 zi Verification from Nearby Upper Air Observation Sites 

 Since the experimental region was present in a relatively homogeneous airmass 

before the cold front passage and has generally the same surface characteristics (i.e. soil 

moisture content and type and flat terrain), nearby radiosonde measurements from 

Amarillo and Midland were utilized to validate the derived zi from the T2-SDL aerosol 

backscatter and vertical velocity observations. Radiosonde measurements, while not 
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continuous, help provide a well representation of the zi and ABL thermodynamics at 

fixed locations and times in the region, some of which is not provided by solely Doppler 

lidar measurements. Fig 4.11 and 4.12 shows the θ and q profiles from Amarillo 

(approximately 214 km north of Reese AFB) that were taken before and just after the T2-

SDL observations (0000 UTC 21 March and 0000 UTC 22 March 2022). Unfortunately, 

sounding data at 0000 UTC 22 March from Midland was unavailable, so for that reason, 

we excluded Midland from the verification analysis for this case.  

The upper air profiles from Amarillo help visualize the ABL in the prefrontal 

sector on 21 March and in the postfrontal sector on 22 March. It is important to note that 

Amarillo was further entrenched in the postfrontal airmass compared to Reese AFB at the 

time of the 0000 UTC 22 March sounding, so one would expect the airmass to have a 

greater impact of the ABL over Amarillo. As expected, based on the results presented in 

chapter III, a deeper ABL was observed in the prefrontal airmass with a zi of 1997 m 

(Fig. 4.11) and a very shallow ABL was observed over Amarillo in the postfrontal 

airmass with a zi of 313 m (Fig. 4.12). Additionally, the thermodynamics of the ABL 

changed from a warm dry ABL in the prefrontal sector to a cool moist ABL in the 

postfrontal sector.  

These upper air observations from Amarillo at 0000 UTC 3 May help to provide a 

snapshot of what was observed at the end of the T2-SDL observations: the combination of 

cold air advection and subsidence behind the cold front lead to a reduction in zi over both 

sites. In conclusion, both the lidar at Reese AFB and radiosonde measurements at 

Amarillo during the time period on 21 March depict a deep, warm, and dry ABL in the 

prefrontal sector to a shallow, cool and moist ABL in the postfrontal sector thanks to the 

upslope flow provided behind the cold front.  
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Fig. 4.11. Vertical θ (K) (a) and q (g/kg) (b) profiles at Amarillo, TX on 0000 UTC 21 

March 2022. 
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Fig. 4.12. Same as Fig. 4.11 but for 0000 UTC 22 March 2022. 

4.2 Case II: 2 May 2022 

Lidar measurements were conducted at Reese AFB from approximately 1330 UTC 

(0830 LT) on 2 May 2022 to 0015 UTC (1915 LT) 3 May 2022. During this time, the 

experimental site was situated ahead of a dryline in the moist prefrontal sector with the 

dryline mixing east past the experimental site about three hours into the measurement 

period. The experimental site was then under the post dryline environment for the 

remainder of the measurement period. The following section will go into detail of the 

synoptic features leading up to and during the measurement period. 
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4.2.1 Synoptic Setup and Surface Observations 

On the morning of 1 May 2022, the experimental region was located under an 

upper-level shortwave ridge in between a departing upper-level trough in the northern 

Mississippi River Valley and an incoming upper-level trough in the Pacific Northwest 

(Fig. 4.13a and b). In the low levels, a stationary front in southern Texas was beginning 

to move back north towards the region as a warm front with southeast winds advecting 

moisture from the Gulf of Mexico into the region (Fig. 4.13c and d). During the second 

half of 1 May, the upper-level trough deepened with the base of the trough located in the 

central intermountain West. A subtle shortwave was also observed ahead of the trough in 

West Texas. The region was also located in the right entrance region of an upper level jet 

streak providing enhanced lift (Fig. 4.14a and b). At the surface, a warm front bisected 

West Texas with all except for the northeast Rolling Plains in the warm and moist sector 

(Fig. 4.14c and d). These moist southeast winds had allowed the dryline to back into the 

plains of eastern New Mexico. Due to these conditions, scattered supercell development 

occurred in the late afternoon to early evening hours allowing some of the region to 

receive some beneficial rainfall. This resulted in some areas of higher soil moisture 

content. 

 

Fig. 4.13. Same as Fig. 4.1 but for 1200 UTC 1 May 2022. 
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Fig. 4.14. Same as Fig. 4.1 but for 0000 UTC 2 May 2022. 

 

By the morning of 2 May, the base of upper-level trough was located in northeast 

New Mexico progressing towards the east to northeast (Fig. 4.15a and b). Surface winds 

began to veer to the southwest allowing the dryline to advance through eastern New 

Mexico into West Texas. Daytime heating and continuous southwest to west winds 

allowed remaining low level cloud cover to burn off and the dryline to mix east past 

Reese AFB and Lubbock in the late morning hours (Fig. 4.18). The region was fully 

entrenched in warm dry southwesterly flow through the afternoon hours before a surface 

cold front surged south on the backside of the upper-level trough (Fig. 4.16b and d). This 

cold front moved through the northern and central Texas panhandle during the late 

afternoon and early evening hours and through Lubbock and Reese AFB shortly after 

sunset at 0245 UTC 3 May. Another shortwave ridge moved over the region on 3 May 

resulting in mild and tranquil weather. 
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Fig. 4.15. Same as Fig. 4.1 but for 1200 UTC 2 May 2022. 

 

Fig. 4.16. Same as Fig. 4.1 but for 0000 UTC 3 May 2022. 
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4.2.2 Lidar Measurements of Aerosol Backscatter and Vertical Velocity Fields 

To better depict the instantaneous ABL thermodynamic and height variability 

during this dryline passage, aerosol backscatter measurements from the T2-SDL acquired 

measurements from approximately 0130 UTC (0830 LT) to approximately 0015 UTC 

(1915 LT) at Reese AFB, TX (Fig. 4.17a). Early in the measurements, the experimental 

site was ahead of the dryline with low level moisture still present as indicated by the 

higher backscatter returns. Initial low-level cloud cover burned off and moved east of the 

site just after 0200 UTC thanks to the drier low-level southwesterly flow. This was well 

indicated through the aerosol backscatter profiles with lower values observed after 1430 

UTC. (Fig. 4.17a and Fig. 4.19a).  

The ABL was relatively shallow with a zi between 500-1000 m. Additionally the 

updrafts and downdrafts in this shallow boundary layer were not necessarily strong 

indicating a more stable ABL during this time (Fig. 4.17b). It is possible that the low-

level moisture ahead of the dryline resulted in latent heat fluxes that were not necessarily 

strong and thus that limited the growth of the ABL during this time period.  
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Fig. 4.17. Same as Fig 4.4 but from approximately 1327 UTC 2 May to 0012 UTC 3 May 

2022 for the entire collection period. 
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Fig. 4.18. WTM station observations at Reese AFB from 1327 UTC to 0000 UTC on 2 

May 2022 of (a) 1.5 m temperature (⸰C), (b) 1.5 m dewpoint temperature (⸰C), (c) 1.5 m 

mixing ratio (g/kg). 
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Before the dryline passage, there was gradual growth in the ABL with the zi 

approaching 1 km by 1500 UTC most likely due to surface heat fluxes increasing as 

indicated by increasing surface temperatures (Fig. 4.18a). Thermals and downdrafts in the 

vertical velocity fields began to increase after 1500 UTC possibly due to the beginning of 

some drier air being advected over the site as the dryline approached from the west (Fig 

4.17b, Fig. 4.18b and c, Fig. 4.19b, and Fig. 4.20a). The dryline passed over the site just 

after 1600 UTC based on the surface dewpoint observations at the nearby WTM station 

(8.02⸰C at 1603 UTC to -4.85⸰C at 1637 UTC) (Fig 4.18b). This was also associated with 

winds veering from southwest in the pre dryline sector to west in the post dryline sector 

(Fig. 4.20b and c). Analyzing the vertical velocity profile during this time, a deeper EZ 

was observed allowing even drier air from the FT to entrain towards the surface (Fig 

4.17b and Fig 4.19b). This deeper EZ might have resulted in more intense and deeper 

mixing of FT air into the ABL allowing the zi to deepen to near 2000m by 1700 UTC. 

Based on past studies on the dryline circulation, this is what one would expect to see as 

the dryline helps to promote the process of drier air aloft to mix down to the surface 

(Buban et al., 2007). Additionally, large and intense plumes of alternating updrafts and 

downdrafts every 3-5 minutes were observed in the post dryline environment indicating 

the presence of horizontal convective rolls (HCRs) and open convective cells (OCCs) in 

the post dryline environment, which has been noted in past observational studies 

(Peckham et al., 2004; Xue and Martin, 2006; Buban et al., 2012). These HCRs resulted 

in constant variability in the zi with shallower zi observed after the intense long updrafts 

and deeper zi observed after the intense long downdrafts.  
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Fig. 4.19. Same as Fig 4.17 but from 1400 UTC to 1700 UTC 2 May 2022 during dryline 

passage over site. 
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Fig. 4.20. 1.5 m dewpoint temperature (⸰C) at the WTM station at Reese AFB from 1400 

to 1700 UTC with wind direction (deg) indicated by the color of dots (a) 10 m wind 

direction (deg) from 1400 to 1700 UTC with dewpoint indicated by the color of the dots. 

The two yellow dotted lines on Fig 4.15 a and b indicate the time period when the dryline 

moved over the site. (b) 10 m wind direction (deg) vs. 1.5 m dewpoint temperature (⸰C) at 

the WTM station at Reese AFB from 1400 to 1700 UTC (c). Wind direction is measured 

in degrees with 0 degrees indicating a north wind, 90 degrees indicating an east wind, 

180 degrees indicating a south wind and 270 degrees indicating a west wind. The color of 

the dots indicates the time of the observation. 

 

During the afternoon hours, the zi fluctuated between 2.5 to 3 km as these HCRs 

continued over the site and deepened. In other words, HCRs helped result in a more 

turbulent ABL in the post dryline environment (Fig. 4.17b). Near the end of the 

measurement period, there were instances of updraft regions closer the surface with 

downdraft regions near the zi. This might be due to the westerly advection behind the 

dryline shearing the tops of these updrafts at the surface. The updrafts and downdrafts 



Texas Tech University, Michael Andrew Anand, August 2022 

88 

 

within the ABL died down in intensity at the end of the measurement period indicating a 

reduction in surface heat fluxes as sunset approached. This also corresponded with a 

slightly shallower zi of 2000 m (Fig. 4.17a and b). Based on the overall observations from 

this day, it can be concluded that the dryline helps promote the transition from a stable 

stratified ABL in the pre dryline airmass to a deep convective ABL in the post dryline 

airmass. Another interesting observation from this case is that the zi in this post dryline 

airmass was slightly shallower compared to the 21 March case. This might have occurred 

due to precipitation that fell across the region after an elongated dry period. Even though 

Reese AFB did not receive any precipitation from convective activity on 1 May 2022, 

slightly higher soil moisture in surrounding locations might have could have helped to 

increase evaporation rates and introduce latent heat fluxes contributing to the shallower 

zi.  

4.2.3 zi Verification from Nearby Upper Air Observation Sites 

As with the previous case, nearby radiosonde measurements were utilized to 

verify the derived zi measurements from the T2-SDL aerosol backscatter and vertical 

velocity profiles since the experimental region was present in a relatively uniform 

airmass before the cold front passage in the late evening hours around sunset. However, 

an important point to keep in mind was there was some variability in soil moisture 

content across the experimental region due to the scattered thunderstorm activity initiated 

by the dryline on 1 May. Fig 4.21 and 4.22 shows the potential temperature and mixing 

ratio profiles from Amarillo and Midland respectfully that were taken before and just 

after the T2-SDL observations (00 UTC 2 May and 00 UTC 3 May 2022).  

Both sites were located in the moist prefrontal sector south of the warm front on 

the Oklahoma/Texas border and ahead of the dryline in eastern New Mexico on 00 UTC 

2 May 2022 (Fig 4.21b and d). Due to the high moisture content south of the warm front 

and the westerly winds aloft helping to advect an EML from the higher terrain of New 

Mexico (Fig. 4.21a and c), both sites observed a shallow surface ABL with a zi of 1373 

and 717 m at Amarillo (Fig. 4.21a and b) and Midland (Fig 4.21c and d), respectively. 

The westerly winds aloft also helped advect drier air in the FT above the ABL. 
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Fig. 4.21. Same as Fig. 4.11 but at Amarillo (a and b) and Midland (c and d) on 00 UTC 

2 May 2022. 

 

The upper air profiles on 00 UTC 3 May 2022 help depict both the postfrontal 

sector over Amarillo, TX and the post dryline and prefrontal sector over Midland, TX 

(Fig. 4.22). Based on the θ and q vertical profiles, Midland observed a zi of 2236 m (Fig 

4.22c and d). This closely aligned with the derived zi measurements observed at the T2-

SDL at Reese AFB as it was also located in the same sector of the synoptic system (Fig. 

4.16d and Fig. 4.17). Additionally, like at Reese AFB a thick EZ from the zi to around 

3500 m was observed over Midland indicating an efficient exchange of FT air into the 

ABL. In the case of Amarillo, it observed a very shallow zi of 395 m indicating that the 

subsidence and cold air advection behind the cold front had already aided in the reduction 

of zi over the site (Fig. 4.22a and b). This corresponds well with the findings revealed in 

section 3.6. 

Additionally, the ABL over Amarillo was cooler and contained more moisture 

compared to Midland. Finally, a well-defined EML was observed over the site as 

westerly winds were still observed aloft based on the upper air analysis at the time (Fig. 

4.22a and b). Overall, the radiosonde measurements at Midland at 00 UTC on 3 May, 
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align well with the Doppler lidar measurements at Reese AFB with a deep well mixed 

ABL observed in the prefrontal and post dryline sector. Meanwhile, the radiosonde 

measurements at Amarillo depict a shallower ABL in the postfrontal environment. This 

validates that significant spatial zi variability occurs across the cold front interface. 

 

Fig. 4.22. Same as Fig 4.21 but for 00 UTC 3 May 2022.  
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CHAPTER V 

SUMMARY AND CONCLUSION 

 This chapter provides a summary of the results and analysis of (1) zi and ABL 

thermodynamic variability in a synoptically active environment through upper air 

measurements taken during the course of the year 2020 at two sites in West Texas and (2) 

zi variability for two case studies performed during the spring months of 2022.  

5.1 Key findings: Radiosonde-based ABL depth changes in frontal 
environment 

Within the first part of this work, we analyzed the zi variability across cold frontal 

passages at two sites in West Texas (Amarillo and Midland) based on selected radiosonde 

measurements during 2020 covering the four seasons. The effect of frontal passages was 

determined based on a sequence of three 00 UTC soundings. During the time period of 

these three 00 UTC soundings, several parameters and ABL features were analyzed 

including zi, change in contrast in potential temperature and humidity between ABL and 

FT. Finally, zi variability was investigated for all the cases and associated frontal 

strength, top-of-ABL shear and near-surface meteorological conditions (dry lines, 

rainfall) and upper air conditions (elevated mixed layers, secondary inversions).  

Results revealed a clear contrast in zi from a deeper ABL in the prefrontal sector 

(i.e., warm sector) than in the postfrontal sector (i.e., cold sector). This confirms the fact 

that the ABL undergoes substantial changes over the course of a frontal passage. This is 

first-of-a-kind study reporting systematic observations to determine frontal contrasts in 

ABL depths over two radiosonde sites located in an arid region spanning over a year 

period while recently Clark et al. (2022) presented some general climatological features 

on the impact of frontal passages over more than 18 sites in the US.  

Our analyses for the radiosonde measurements showed how diverse synoptic 

events affected the daytime zi variability throughout the year at the two radiosonde sites 

located in an arid region (Amarillo and Midland in West Texas). In particular, while a 

one-to-one comparison between prefrontal versus postfrontal zi yielded a significant 

reduction in zi in the postfrontal regime. A plausible reason, for this decrease in zi is that a 

strong frontal inversion tops the ABL during the frontal and postfrontal stage. This 
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inversion helps form a cap for ABL mixing, thus limiting the zi in these stages. 

Additionally, the moisture content in the ABL decreases with time resulting in a more 

uniform moisture profile from the ABL to the FT at the postfrontal stage as shown 

through the box and whisker plots. In contrast, the vertical variability of potential 

temperature within the ABL was found to be more uniform in the warm sector than in the 

cold sector which could be mainly attributed to more unstable vertical temperature profile 

in the warm sector compared to the cold sector. The analyses presented provide an 

excellent basis to observe and understand how the zi and ABL and FT thermodynamic 

properties evolved over the course of a particular frontal passage and among the frontal 

passage cases in different seasons throughout the year over two arid region sites in the 

southwest US. 

We also categorized the frontal events into four types: (I) cases with only an 

EML, (II) cases with only a dryline, (III) cases with both an EML and dryline, and (IV) 

cases with neither EML nor dryline. In the experimental region, one would generally 

observe an EML in the pre dryline sector due to westerly winds aloft advecting the ABL 

from the higher terrain above the moist surface ABL (type III). However, a weak EML 

could have developed and merged with the surface ABL and was not properly observed 

at the time of the radiosonde measurements (type II). Thus, EML was present which was 

not captured in the 00-UTC soundings. More analyses using high-resolution soundings in 

this region need to be performed in this regard.  

Nevertheless, each of these four types had certain characteristics in terms of zi. 

For instance, we found the days with only a dryline had the deeper zi, while days where 

only an EML was observed had the shallower zi confirming the hypotheses It was also 

found that the prefrontal ABL remained under three different regimes when zi and EML 

were completely separated, merged and between the two scenarios depending on the 

strength of the ABL inversion itself. However, details on the impact of cold front on the 

day of frontal passage remained inconclusive here because it was not possible to obtain 

cases when the time of the frontal passage and the radiosonde launches (i.e., 00 UTC) 

coincided with each other. Nevertheless, this work is a starting point for investigating the 

impact of mid-latitude cyclones on zi variability over land and could be extended in 
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future via using both ground-based and airborne lidar observations in frontal environment 

(Pal et al., 2021). 

We also found that summer frontal cases were weaker, while winter to early 

spring cases were stronger in terms of temperature and moisture decreases behind the 

front. For Amarillo, we found slightly stronger temperature decrease in late winter/early 

spring. Meanwhile Midland had a greater variation in moisture content throughout the 

year. However, when comparing frontal strength to the change in zi over the period, there 

was not a strong correlation confirming the fact that the surface temperature changes do 

not properly convey changes in zi. Rather the advection of a cooler airmass is the main 

driving factor behind zi changed during the course of a frontal passage. 

5.2 Key findings: Lidar-based Measurements of ABL depths in frontal 
environment  

Although the radiosonde measurements provided some insights on how frontal 

passages impact the zi over time, gaps still remained in the overall evolution of zi changes 

in the frontal environment. For instance, the radiosonde measurements are only taken 

every 12 hours and provides only a “snapshot” view of the thermodynamic conditions of 

the ABL and FT. To address this issue, two case studies using of Doppler lidar 

measurements (T2-SDL at Reese AFB) during early 2022 were presented. These 

measurements were helpful in terms of providing a continuous depiction and evolution of 

the zi changes as well as differences in turbulence and EZ features in the frontal 

environment.  

The first T2-SDL case from 21 March 2022 helped to depict the zi evolution from 

the post dryline prefrontal sector to the beginning of the postfrontal sector. Due to the 

presence of an upper level low and some elevated showers in the region, there was 

turbulent mixing occurring within the ABL resulting in some variability in the zi. The 

elevated showers and virga helped result in strong downdrafts within the ABL and 

instances of shallower zi of approximately 1000 m. The cold front passage at the end of 

the measurement period (2307 UTC) helped advect a deep dust plume over the site. Even 

through a substantial temperature drop and moisture increase occurred due to the cold 
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front, a wind shift occurred 90 minutes beforehand, potentially due to the development of 

a surface low east of the experimental site.  

Another observation to take note of is that the subsidence and advection of a 

shallow cold airmass behind the cold front did not have a major impact on zi until just 

before measurements were terminated. Meanwhile, when analyzing the radiosonde 

observations at further north at Amarillo around the same time, a shallower zi was 

observed. This shows that there is a lag in the zi response from the airmass exchange 

associated with the synoptic system and the cold air advection and subsidence observed 

behind the frontal passage. This could be the case due to the residual layer initially being 

depicted as the ABL and the ABL taking time to respond to a change in cumulative heat 

fluxes due to the advection of different thermodynamic properties in the post frontal 

airmass. 

The second T2-SDL case from 2 May 2022 helped to depict the zi evolution 

during a late morning dryline passage over the experimental site. During this part of the 

day, one would expect to see an increase in zi due to an increase in turbulent mixing from 

strengthening thermals and downdrafts. The dryline passage helped play a contributing 

role in this increase in zi from around 1000 m at 1400 UTC to around 2000 m at 1700 

UTC by enhancing the turbulent mixing. This increase in turbulent mixing allowed drier 

air from the FT to dilute the higher surface moisture near the surface and cause deep 

strong thermals in the post dryline environment. It is important to note that this particular 

dryline passage was more gradual (i.e., decrease in surface moisture occurring over a 60 

to 90 minute period) than typical dryline passages in the region which are in general more 

abrupt (Conder, 2005). The dryline was also associated with a slight wind shift with 

southwest winds in the pre dryline environment veering to more of a westerly direction. 

This wind shift helped contribute to the advection of drier air. Additionally, the presence 

of HCR’s in the post dryline environment helped contribute to this deeper zi and caused 

several rounds of fluctuations in zi between 2500 to 3000 m in the afternoon. It can be 

concluded that the ABL transitions from a stable stratified ABL with little zi variability in 

the pre dryline environment to a convective ABL with more significant zi variability in 
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the post dryline environment. This observational dryline case helped validate 

observations and hypotheses from past similar studies. 
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CHAPTER VI 

OUTLOOK 

Although this work outsets the research work required to better understand the 

ABL dynamical processes at the interface of both timescales, namely, diurnal, and 

synoptic time scales, it was not possible to untangle the zi variability on those timescales 

through radiosonde-based measurements potentially due to lack of additional 

measurements including surface radiation, heat fluxes, soil moisture, EZ processes. The 

two case studies from the T2-SDL helped solve this issue partly by depicting zi variability 

during the course of the day in a synoptically active environment. As a result, this method 

helped remove the aspect of day-to-day ABL variability and helped to depict 

instantaneous ABL features caused by synoptic scale advection.  

Future studies using ground based and aerosol lidar measurements (i.e. 

ceilometers at various airports) during cold front, warm front, and dryline passages will 

help provide a larger database of zi variability in a synoptically active setting and more 

complete representations of ABL and convective initiation processes in NWP models. 

Currently, zi variability is derived from thermodynamic parameters under steady state 

conditions. However, by obtaining zi observations under synoptic scale advection through 

this and future similar studies, this will set the foundation for better ABL 

parameterization schemes in NWP models. In the end, this will help further improve the 

accuracy of the output from these models. To help reduce spatial variability in the 

measurements, radiosonde launches should be made at the lidar site (here Reese AFB). 

One concern that arose from the T2-SDL measurements at the experimental site was that 

a consistent dust layer at the surface of 500 m complicated the determination of zi through 

the aerosol backscatter measurements. Luckily, the corresponding vertical velocity 

measurements helped verify the zi for the two cases. This factor of the near surface dust 

layer will need to be considered for future studies of zi variability in the experimental 

region. 

 Another issue that was faced many times during the period of measurements 

from the T2-SDL was determining frontal cases that occurred during the daytime hours 

when the CBL was present. Unfortunately, during this time period many cold front 
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passages in the experimental region (including the 2 May 2022 case) occurred during the 

overnight hours when the nocturnal boundary layer was present. Since this type of 

boundary layer contains different dynamical processes due to the lack of surface and 

latent heat fluxes and was not the focus of this study, these passages were not chosen as 

cases thus limiting our sample size. However, future studies could still analyze nocturnal 

ABL depth variability during the course of cold front passages as an airmass exchange 

from mesoscale and synoptic systems still occurs during this time. 

Additionally, the 21 March 2022 case from the T2-SDL does not provide a 

complete depiction of the ABL in the postfrontal environment. This was due to sunset 

quickly approaching marking the transition of the CBL to the residual layer as well as 

elevated showers in the region. These elevated showers would wash out the higher 

aerosol concentrations in the ABL. As a result, measurements from T2-SDL would be 

unable to pick up the ABL due to the lack of aerosol concentration post shower activity. 

This is an important complicating factor to consider if any future studies were to obtain 

more cases of zi variability in a frontal environment through vertical Doppler lidar 

measurements. However, importance should be taken on ensuring a long enough period 

of measurements in the postfrontal airmass for future studies in order to make a stronger 

case for zi variability in a frontal environment. 

Our work was the first effort of demonstrating a method to investigate the impact 

of frontal passages on ABL depth variability over land, in particular, over an arid region 

using available fixed and remote sensing observations. We decided to keep the 

investigation at interim time-scale (i.e., between case studies and climatological studies). 

However, further studies and cases on this aspect would be important for a broader 

understanding on the impact of frontal passages on ABL depths over a longer time period 

and at multiple sites over the experimental region or at other arid or semi-arid regions 

across the globe. It is important to note that cold fronts in the experimental region are 

actually shallow density currents and are heavily influenced by the complex terrain and 

nearby Rocky Mountains (Geerts et al., 2006; Bluestein, 2008). Similar future studies 

could be conducted on investigating the impact of frontal passages on ABL depth 
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variability over the eastern U.S. or continental Europe since these fronts behave more like 

synoptic scale fronts rather than like density currents over the southern Great Plains. 

Additionally, a better understanding on the impact of all the factors (surface 

fluxes, soil moisture content, entrainment, shear, advection, and subsidence, especially in 

the postfrontal airmass) during frontal passages would be an excellent baseline to future 

studies for the boundary layer meteorology community. Based on the measurements from 

BLAAST field campaign and LES simulations, Pietersen et al., (2015) estimated the 

contributions of the advection of heat, moisture, and subsidence on the ABL development 

and illustrated the importance of considering advection and subsidence although their 

study did not consider the frontal environment. By taking account of these factors, this 

would provide a complete view on the evolution of the ABL in a frontal environment and 

explicitly inform the development of new ABL parameterizations. 
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APPENDICES 

APPENDIX A 

CLASSIFICATION OF THE FRONTAL CASES FOR BOTH SITES 

Fig. A1 Frequency of days for certain zi ranges for type I, II, III and IV frontal zi regimes 

for both Amarillo (panels a, c, e, and g) and Midland (b, d, f, and h). 
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APPENDIX B 

OBSERVED PRECIPITATION FOR ALL FRONTAL CASES 

According to precipitation climatology, Amarillo and Midland receive annual 

precipitation of 517 mm and 370 mm, respectively (NWS Amarillo 2020; NWS Midland 

2020). For the study period (i.e., in 2020), Amarillo and Midland received annual 

precipitation of 319 mm and 199 mm, respectively (NWS Amarillo; NWS Midland 

2020); thus, yielding lower amount of precipitation than the climatological averages at 

both sites. In terms of annual average temperature in 2020, Midland was found to be 

warmer (19.17 ˚C) than Amarillo (15.28 ˚C) (NWS Amarillo 2020; NWS Midland 2020). 

The purpose of these climate statistics is to determine if the precipitation amounts, and 

temperature have a potential impact on zi differences observed at each respective site. 

The following tables show the observed precipitation during the 21 frontal time 

periods analyzed in Amarillo, TX and 24 frontal time periods in Midland TX. Data from 

these tables were compared with their associated zi in section 3.1 to determine any trends 

between the two parameters. 

 

Table A1 Observed precipitation at Amarillo, TX for all 21 frontal cases analyzed during 

the year 2020 (NWS Amarillo 2020). 

Time Period (UTC) Amarillo, TX Observed Precipitation  

15-17 January 2020 (C1) 3.0 mm on 16 January 2020  

27-29 January 2020 (C2) None 

9-11 February 2020 (C1) 2.3 mm on 10 February 2020 

17-19 February 2020 

(C2) 

None 

19-21 March 2020  

(C1) 

3.8 mm on 19 March 2020  

27-29 March 2020 (C2) None 

2- 4 April 2020 (C1) None 

12-14 April 2020 (C2) 0.8 mm of liquid (15.2 mm of snow) on day of 13 April 2020 

8-10 May 2020 (C1) None 

24-26 May 2020 (C2) 1.3 mm on 23 May 2020 and 3.0 mm on 25 May 2020  

8-10 June 2020 (C1) None 

22-24 June 2020 (C2) 5.3 mm on day of 22 June 2020 

30 July-1 August 2020 None 

27-29 September 2020  None 
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Table A1 Continued 

 

 

Table A2 Observed precipitation at Midland, TX for all 24 frontal cases analyzed during 

the year 2020 (NWS Midland 2020). 

 

Time Period (UTC) Amarillo, TX Observed Precipitation  

14-16 October 2020 (C1) None 

25-27 October 2020 (C2) Trace on day of 25 October 2020 and 10.7 mm of liquid (12.7 

mm of snow) on day of 26 October 2020 

9-11 November 2020 (C1) 1.8 mm on day of 8 November 2020  

24-26 November 2020 

(C2) 

0.8 mm on day of 24 November 2020  

1-3 December 2020 (C1) 1.0 mm of liquid (33.0 mm of snow) on day of 2 December 

2020  

10-12 December 2020 

(C2) 

None 

Time Period (UTC) Midland, TX Observed Precipitation 

10-12 January 2020 (C1) 1.5 mm on day of 11 January 2020 

15-17 January 2020 (C2) 6.6 mm on day of 16 January 2020  

9-11 February 2020 (C1) 1.3 mm on day of 10 February 2020  

17-19 February 2020 (C2) None 

19-21 March 2020  

(C1) 

33.0 mm on day of 18 March 2020 and trace on 20 March 

2020  

27-29 March 2020 (C2) None 

2- 4 April 2020 (C1) None 

12-14 April 2020 (C2) None 

28-30 April 2020 (C3) None 

4-6 May 2020 (C1) None 

7-9 May 2020 (C2) None 

24-26 2020 May (C3) None 

8-10 June 2020 (C1) None 

22-24 June 2020 (C2) 9.7 mm on day of 22 June 2020 and trace on 23 June 2020  

30 July-1 August 2020  0.3 mm in on day of 31 July 2020 

16-18 August 2020 Moderate rain reported on 00 UTC 17 August 2020 obs; 5.1 

mm of rain on day 18 August 2020 

8-10 September 2020 

(C1) 

20.8 mm on day of 8 September 2020 

27-29 September 2020 

(C2) 

None 
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Table A2 Continued 

 

Time Period (UTC) Midland, TX Observed Precipitation 

14-16 October 2020 (C1) None 

23-24 Oct 2020 (C2) None 

24-26 November 2020 

(C2) 

None 

1-3 December 2020 (C1) None 

11-13 December 2020 

(C2) 

6.1 mm on day of 10 Dec 2020 and 0.3 mm on 11 Dec 2020  




